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SIMULTANEOUS MULTIELEMENT ATOMIC-EMISSION 
SPECTROMETRY WITH A CHARGE-INJECTION DEVICE 

DETECTOR 

Summary-Simultaneous multielement atomic-emission spectrometry with a charge-injection device 
(CID) 2s a multichannel optical detector is described. The system used in this study employs a standard 
commercial DC. plasma source, a modified echelle spectrometer, and a special digital camera system that 
uses a two-dimensional CID array sensor. A description of the modified spectrometer is given along with 
performance results. Computer algorithms for acquiring and analyzing spectral information are described. 
Detection limits for several elements are determined simultaneously. Results of simultaneous deter- 
mination of several elements in an NBS standard reference material (SRM 1643A) are given. These results 
indicate that the CID detector is capable of reasonably good accuracy and high sensitivity in the 
simultaneous determination of several elements in complex samples. 

Inductively coupled plasma and direct current 
plasma atomic-emission spectrometry (AES) 
have become two of the most widely accepted 
techniques for elemental determinations. These 
emission sources are excellent for this appli- 
cation, providing the high excitation energy 
necessary for high emission intensity and low 
chemical interference. For accurate determi- 
nations with atomic-emission spectrometry, the 
spectral line for the determination of a given 
element must often be chosen with due consider- 
ation of possible spectral interferences from 
other components of the sample. It is also highly 
desirable to be able to determine several el- 
ements in a sample simultaneously in order to 
conserve both sample and laboratory resources. 
Ultimately, the ideal spectroscopic system helps 
to guide the analyst in the selection of the 
optimum spectral lines for a given sample, and 
then rapidly and simultaneously determines the 
desired elements. 

benefit is that weak ionic or non-resonance 
transition lines may be used to quantify species 
at high concentrations, thereby minimizing 
analysis time. 

It is also desirable that the detector for simul- 
taneous AES be an integrating detector. With 
this capability, transient signals, such as those 
encountered when using electrothermal atom- 
ization or monitoring chromatographic effluents 
are detected in an optimum fashion. 

The ideal situation for simultaneous multi- 
element AES would be the capability to make 
simultaneous measurements at all wavelengths 
from the near infrared to the ultraviolet with 
high spectral resolution. Some of the advantages 
to this approach are that both analytical 
line and background information are simulta- 
neously obtained, and the relative intensities of 
several emission lines for a given element can 
be checked to determine whether any spectral 
interferences are present. Another important 

For many years, interest has been focused on 
using one of a variety of multichannel imaging 
detectors, originally developed for television 
applications, for simultaneous multielement 
AES. A variety of devices, both of tube type and 
solid state, have been investigated for potential 
use for this application, but none has been 
found to be completely suitable, for one or more 
of a number of reasons. To be generally suitable 
for most spectroscopic applications, a detector 
must have good quantum efficiency over a wide 
spectral range, low readout noise, dynamic 
range in excess of six orders of magnitude, direct 
electronic readout, a large number of resolution 
elements, no cross-talk or blooming among 
individual detector elements, and no readout 
lag, and also be economically feasible to acquire 
and operate. 

Tube-type imaging detectors, principally vari- 
ous types of vidicons, intensified vidicons, and 
the image dissector, have been evaluated by a 
number of investigators.‘-6 The vidicons and 
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intensified vidicons suffer from limited dynamic 
range, blooming, cross-talk, and a variety of 
other problems. Good single-element detection 
limits have been reported for an image dissector, 
but high background caused by stray electrons 
emitted from regions of the photocathode other 
than the one being monitored is a problem.* 
This background is especially severe when 
samples containing a large number of elements 
at high concentrations are being analyzed. 

In recent years, several solid-state linear and 
imaging detectors have been developed and 
employed as multichannel spectroscopic detec- 
tors. Among these are the photodiode array,’ 
the charge-coupled device,’ and the charge- 
injection device (CID). Each of these devices has 
characteristics which make it the superior detec- 
tor for specific applications. For AES, the CID 
is a superior choice because of its good quantum 
efficiency over a wide dynamic range, resistance 
to charge blooming, and the high effective 
dynamic range and low readout noise made 
possible through the use of its unique readout 
mode.’ 

useful in reducing the effective temporal readout 
noise and increasing the effective dynamic range 
for the CID.9911 The NDRO capability allows 
use of variable integration times for different 
spectroscopic features within a single exposure. 
This means that the moderately high dynamic 
range of the raw spectrum (ratio of the charge 
capacity of the pixels to the temporal readout 
noise) can be expanded to over 10’ by changing 
the integration times for different pixels within 
a single exposure. This is in contrast to other 
solid-state detectors which must make multiple 
exposures to increase the dynamic range syn- 
thetically. 

Charge -injection device 

The CID is a two-dimensional array of opti- 
cal detectors (pixels) constructed by using 
metal-oxide semiconductor integrated-circuit 
technology. The principles of operation of this 
device and its electro-optical characteristics 
have been described elsewhere.8-‘0 The CID has 
been demonstrated to have high sensitivity from 
ultraviolet to near infrared wavelengths, good 
linearity over a wide dynamic range, low dark 
current (when operated at liquid-nitrogen tem- 
perature), and freedom from readout lag. The 
geometry of the CID prevents spill-over of 
charge from saturated pixels into adjacent pixels 
(charge blooming). Though the CID does suffer 
from two related forms of signal cross-talk, 
termed rowcolumn cross-talk and column- 
column cross-talk, the effect is understood and 
is easily removed. ‘O In addition, a very small 
hysteresis effect has been observed, arising from 
interactions of the accumulated charge with 
energy levels between the conduction and va- 
lence bands which occur at the silicon-silicon 
dioxide interface.” 

The ability to access pixels rapidly in a 
pseudo-random manner is an additional import- 
ant property of the CID. This permits data- 
acquisition from pixels of interest without 
having to read or purge the charge from pixels 
containing no useful information. All pixels 
may be simultaneously accessed in order to 
clear charge simultaneously from all pixels. By 
combinination of pseudo-random access with 
NDRO, a particular spectral feature may be 
dynamically monitored while an integration is 
proceeding. This gives the capability of allowing 
an integration to proceed only as long as neces- 
sary to yield a desired signal-to-noise ratio. 

Optical systems for imaging detectors 

Electronic imaging detectors such as vidicons, 
image dissectors, and CIDs are only available in 
a limited size, with restricted spatial resolution. 
This means that optimum use of the available 
detector elements must be made. Optical dis- 
persion in two dimensions is preferable to the 
one-dimensional dispersion provided by tra- 
ditional spectrometers. An echelle grating spec- 
trometer using either an echellette grating or 
a prism for cross-dispersion is the optical 
approach most widely used for imaging detec- 
tors. The echelle spectrometer not only has 
format advantages, but also exhibits high dis- 
persion and resolution, and limits most grating 
stray light to a single order, making it ideal for 
the complex and intense spectra encountered in 
AES. 

Previous results and scope of the present work 

The CID can be operated in a unique readout We have previously reported single-element 
mode that uses the intra-cell charge-transfer detection limits for species with emission wave- 
method of charge-sensing in a reversible man- lengths ranging from the near infrared (K at 
ner, which allows nondestructive quantification 766.49 nm) to the ultraviolet (Zn at 202.55 nm). 
of accumulated charge. This capability, called These results were obtained with the CID cam- 
nondestructive readout (NDRO), is especially era system used in this work and an unmodified 
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SpectraMetrics SpectraSpan III Spectrometer.” 
The detection limits for the CID system were 
superior to those obtained with photomultiplier 
tube (PMT) detection for near infrared wave- 
lengths, approximately equal to them for visible 
region wavelengths, and somewhat inferior in 
the ultraviolet. In the worst case, the CID 
camera system gave a detection limit that was 
poorer by a factor of 13 than the literature value 
obtained with a PMT detector. This difference 
in performance for CID and PMT detectors is 
attributed to the relatively greater quantum 
efficiency of the CID in the near infrared and 
lower relative quantum efficiency in the ultra- 
violet. 

In this paper, we address the issues of sensi- 
tivity and accuracy for simultaneous multi- 
element determinations, on a type of sample 
that may be routinely encountered, done with 
the CID detector and a modified spectrometer. 
The spectrometer was modified to allow obser- 
vation of a larger spectral range than was 
previously allowed, but even with these modifi- 
cations only a few analytically useful spectral 
lines can be simultaneously viewed. There are 
several analytical emission lines for several 
elements between 310 and 470 nm, so a portion 
of this wavelength range was selected for this 
evaluation. 

EXPERIMENTAL 

Apparatus 

The CID used in this work was a General 
Electric CID1 1 B normally used in an RS170 
format video camera that supports only normal 
video output. Because this camera does not 
support many of the capabilities of the CID, 
new camera electronics optimized for atomic 
spectroscopy were designed and constructed at 
the University of Arizona. This system consists 
of a sensor head cooled with liquid nitrogen, 
a high-speed digital camera controller, and a 
host computer. Table 1 summarizes the opto- 
electronic characteristics of the CID1 1 B sensor 

Table I. Summary of CID1 IB characteristics 

Pixel format: 244 (horizontal) x 248 (vertical) 
Pixel size: 47 pm (horizontal) x 35 pm (vertical) 
Read noise: 630 charge carriers/read 

156 carriers with 36 NDROs 
Dark current: 4.6 x IO6 carriers set at 296 K 

undetectable at 77 K 
Full well: 2.3 x IO6 carriers 
Raw spectrum 26OO:l with I readout 

dynamic range: 105OO:l with 36 NDROs 
Spectral range: 2OC-1000 nm 

as operated in the UA/CID 11 B camera system 
as previously reported.’ 

The UA/CIDl 1 B camera system supports the 
many capabilities of the CID1 1B detector, in- 
cluding NDRO, pseudo-random pixel access, 
simultaneous clearing of all pixels, readout of 
any arbitrary subarray size and position, and 
the operation of an optical shutter. In addition, 
the charge level of all pixels of the array can 
be truncated to a preset level which prevents 
severe column-column cross-talk.‘” The CID is 
cooled with liquid nitrogen by contact with a 
copper cold finger, in order to eliminate thermal 
charge-generation. Intensity data are digitized 
to 12 bits precision. Readout time for a single 
pixel is 30 psec; the maximum latency in access- 
ing a pixel is 90 psec. The camera has already 
been described in further detail.‘,” 

The host computer system is a PDPl l/23 with 
standard peripherals, including graphics termi- 
nal, mass storage devices, printer, and plotter. 
The language used for software development is 
CONVERS V3.1; a FORTH-like threaded code 
interpretive compiler language developed in 
these laboratories. Details of the host system 
have been published elsewhere.9 

The spectrometer used in these studies is a 
modified commercial echelle spectrometer 
(SpectraMetrics model SpectraSpan III, 
SpectraMetrics Inc., Andover, MD). Figure 1 
shows top and side views of the configuration of 
the optical elements in the modified spec- 
trometer. A description of each optical element 
is given in Table 2. 

The primary modifications to the commercial 
echelle spectrometer consisted of replacing the 
collimating mirror with an off-axis section of a 
parabolic mirror and replacing the focusing 
mirror with a shorter focal length spherical 
mirror. The mounts for the grating and prism 
were not modified, but the apparatus used in 
the stock instrument to position the grating in 
the horizontal and vertical axis was removed 
and replaced by simple adjusting screws. A 
laboratory-constructed mount was used for the 
focusing mirror. This mount was attached to a 
precision translation stage (Newport model 420, 
Newport Corporation, Fountain Valley, CA) to 
permit accurate focusing. The stock mount was 
used for the collimating mirror. 

The focusing mirror was tilted so as to locate 
the center of the focal plane 5.8 cm above the 
horizontal optical plane of the spectrometer. 
This avoids vignetting of any optical paths by 
the camera head cryostat. The CID is oriented 
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Fig. 1. Top (A) and side (8) views of the optical configuration for the moditied echelle spectrometer 
The dotted lines represent the optical path through the spectrometer. 

in the cryostat so that the long axis {axis with 
248 pixels, 1.17 cm length) of the sensor is in the 
direction of grating dispersion, 

The stock spectrometer cover was replaced 
with one of similar construction but tall enough 
to accommodate the height of the cryostat. 
Removable hatches on the cover allowed access 
to fill the camera head cryostat with liquid 
nitrogen and to adjust the grating angles. The 
internal surfaces of the cover were insulated 
with l-in. thick polystyrene foam and the entire 

Table 2. Echelle spectrometer components 

Focusing mirror: 42 cm focal length, f 4.1 spherical mirror. 
Collirrtoting mirror: 75 cm focal length,f 13 off-axis parabola. 

Section taken 10.2 cm off center axis of a 35.6 cm blank. 
Cryostat window: fused-silica window 0.64 cm thick, 4.3 cm 

diameter. The two planar surfaces are angled at I .s” with 
respect to each other. Window is coated with an MgF, 
antireflection coating optimized for 400-906 nm wave- 
length range. 

Order-sorting prism: fused-silica 30” Littrow prism taken 
from a commercial spectrometer. 

Echelle grating: 79 groove/mm, 63”26’ blaze grating with a 
groove length of 5.6 cm and a ruled width of 12.g cm, 
taken from a commercial spectrometer. 

Entrance slits: Adjustable in the horizontal direction to 25, 
50, 100, 200 and 500 nm and in the vertical direction to 
100, ZOO, 300 and 500 ,um. Taken from a commercial 
spectrometer. 

Enfrance lens: 30 cm focal length, f 13 fused-silica lens 
taken from a commercial spectrometer. 

spectrometer and camera head was thermally 
regulated to 30 +_ 0.5” by a strip heater, propor- 
tional temperature controller, and recirculating 
fan mounted on the spectrometer base within 
the cover. This not only stabilized the mechani- 
cal components of the spectrometer, but also the 
sensitive analog components in the camera 
head. 

An electric shutter (Rex No. I, Rex Co., 
Rochester, NY) was mounted on the spec- 
trometer and used to control the exposure time 
for the CID camera, It was located between the 
input lens and the input slits. The shutter was 
controlled by the computer through a parallel 
interface module (Model DRVl lJ, Digital 
Equipment Corp., Maynard, MA), 

Two red-light emitting diodes (LEDs) were 
attached to the sides of the focusing mirror 
mount and pointed towards the CID. These 
LEDs were used to illuminate the CID in order 
to introduce a bias charge (see next section). 
They were turned on and off under computer 
control through the parallel interface module 
discussed in the previous paragraph. 

The DC plasma source and nebulizer were 
SpectraMetrics SpectraJet III, operated in 
accordance with the manufacturer’s suggested 
settings. 
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Reagents 

Standards (1000 pgg/ml) for detection limit 
studies were made in 5% v/v nitric acid, from 
spectroscopic grade metals (Cr, Cu, Fe, Ni), 
metal carbonate (Pb), ACS grade nitric acid, 
and distilled demineralized water. Standards for 
the NBS standard reference material analysis 
were plasma-grade standards purchased from 
Spex Industries (Metuchen, NJ). All dilutions of 
primary standards were made with 5% v/v nitric 
acid. 

DATA-ACQUISITION AND ANALYSIS 
ALGORITHMS 

The CID 11 B as operated in the UA/CID 11 B 
camera system has the capability to read sub- 
arrays of pixels of any size in a pseudo-random 
manner. This capability is used to read only 
those pixels that contain spectroscopic infor- 
mation of interest. The approach used for 
data acquisition is to take sequentially the co- 
ordinates of spectral lines from a database, 
nondestructively read a subarray at the location 
of the line to determine the signal intensity, then 
nondestructively read a subarray several times 
until an adequate signal is reached. The intensi- 
ties of the spectral lines are checked constantly, 
in the order of their placement in the database, 
while the integration is proceeding. The check- 
ing process continues until either the integration 
produces an adequate signal, or integration has 
proceeded for a preset maximum period, typi- 
cally 2 min. At this point, any spectral lines that 
did not produce the threshold integration are 
read several times and the data-acquisition 
process is terminated. 

When data are acquired as part of an analy- 
sis, a 10 x 3 pixel subarray, called a “spectral 
window”, is used. This permits reading both the 
spectral line intensity and character of the back- 
ground. When a spectral line is checked for 
intensity, a smaller 3 x 3 pixel subarray, called 
an “examination window”, is used. This causes 
the intensity check to proceed faster than if the 
spectral window is used. 

The coordinates of analytical spectral lines 
are determined manually and put into a master 
database. The coordinates are computed and 
stored relative to a position-reference spectral 
line. The barium line at 381.978 nm was used as 
this position reference. The location of the 
position-reference line is updated before each 
analysis session by nebulizing a barium nitrate 
solution and determining the exact position of 

the maximum emission intensity. If the barium 
line is found to have moved more than 2 pixels 
in any direction since the last update, the rela- 
tive locations of all analytical lines in the data- 
base are re-established by nebulizing a solution 
consisting of a mixture of each element being 
determined, and determining the position of 
maximum intensity for each analytical line. The 
updated coordinates are then used to update the 
database for future use. 

The CID must be prepared for an exposure by 
precharging it with a “bias charge” of at least 
6.73 x 10’ photoelectrons in order for it to give 
a linear response function9 The spectrometer 
contains light-emitting diodes (LEDs) which are 
under computer control for this purpose. The 
LEDs are positioned to illuminate the entire 
array uniformly. The bias charge is introduced 
in a program loop under computer control. In 
this procedure, a 10 x 10 pixel subarray near the 
center of the array is established, the entire 
array is cleared of charge, then a loop is entered 
in which the LEDs are flashed on and off for 
1 msec and the subarray is read. The subarray 
data are averaged, and if the result is greater 
than or equal to the required bias signal, the 
process is terminated. Otherwise, the flash-and- 
read loop is repeated. 

Once the CID is precharged, the exact bias 
signal for each pixel to be used in the analysis 
must be determined. This not only establishes 
an exact baseline for each pixel, but also elimi- 
nates the effect of shot noise from the bias 
charge. ‘.” To read the bias signal for each 
spectral window, the relative coordinates of the 
spectral lines used in the analysis are read from 
a disk file, then absolute coordinates are deter- 
mined from the most recent update of the 
barium calibration line coordinates. All analyti- 
cal lines are then given an “active” status, 
meaning that analysis for those lines has not 
been completed. Next, a loop is entered in which 
the spectral window coordinates for a line are 
computed, the pixels in that window are read 
repeatedly, and the data are summed in a data 
array. This is repeated for each line of the 
database. The pixel data are stored as a negative 
number so that when the same pixels are again 
read after the integration is complete, the new 
data can simply be summed in the array. This 
expedites the data-acquisition process during a 
time-critical step. 

The algorithm used to collect analytical data 
during the integration is shown in Fig. 2. An 
exposure is started while the solution under 
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Fig. 2. Flow chart for the main data-acquisition routine. Spectral lines are checked p&iodically until 
either the integrated intensity is near to exceeding the capacity of the CID, or until a maximum time has 

elapsed. 

analysis is being nebulized into the plasma means that the charge capacity of pixels in that 
source. A computer-controlled clock with window has nearly been reached, and thus 
1 msec resolution is reset to zero and the shutter integration for that line should be terminated. 
is opened. An indefinite loop is then entered Charge truncation is then executed to ensure 
where the examination window for each line is that there is no interference from column- 
read in sequential order until either the data column cross-talk.g Next, the spectral window is 
from one window indicate that a preset read repeatedly and the data are summed in the 
threshold has been exceeded or the elapsed time same array as the previous bias data. The 
has exceeded a preset maximum. If the data read elapsed time is then read and stored, and the 
from one window exceed the threshold, that status of that line is changed to “inactive,” 
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meaning it will no longer be checked during this 
analysis run. If the elapsed time exceeds a preset 
maximum, the shutter is closed and the spectral 
windows of all remaining active lines are read, 
and the elapsed time is recorded in the same 
fashion as described above. 

Once the exposure is complete, the data sum 
for each spectral window is divided by the 
number of readings used. Summation of the 
spectral data with the negative bias data 
effectively performs bias subtraction. 

Reduction of the collected data takes two 
general forms, depending on the type of analysis 
being performed. If the profile of a spectral line 
and its associated background are to be deter- 
mined, computations involving cross-talk cor- 
rections and pixel sensitivity variations are 
performed.” If the nature of an analytical line 
is to be determined but not the background 
information, an analysis can be made on a blank 
solution, followed by another analysis of a 
sample solution. The data from a spectral win- 
dow of the blank can then be subtracted on a 
pixel-by-pixel basis from the data from the 
spectral window of the sample. As a result, a 
spectral line which is not observable in a sample 
because of a high complex background can be 
made apparent. 

Figure 3 illustrates this point. Figure 3A is 
a 2-min integration of a spectral window at 
the 352.454 nm nickel line. The sample solution 
contained 0.080 pg/ml nickel. Figure 3B is 
an identical integration of a blank solution. 
Figure 3C is the result of subtracting the data of 
Fig. 3B from those of 3A. Note the change in 
vertical scale between Fig. 3A and 3C. The 
irregular nature of the background at this wave- 
length completely obscures the nickel emission 
unless the blank subtraction is performed. 

Data reduction is straightforward if the only 
information required is relative intensity as a 
function of concentration. The procedure nor- 
mally used involves summing data from pixels 
located at the spectral line position and sub- 
tracting data from pixels at the wings of the line 
for background correction. A 3 x 3 pixel group 
at the center of the spectral window is typically 
used as the “signal” pixels from which data are 
summed and normalized. Two groups of pixels 
on both sides of the signal pixels are summed 
and normalized as the background. The back- 
ground groups are 1 (horizontal) x 3 (vertical) 
and are typically located at equal horizontal 
spacings from the center of the analytical. 
emission line. Optimum spacing is chosen for 

(A) 
2000 - 

RELATIVE ROW 

A& 
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I 2 c@@ 
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RELATIVE ROW 
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Fig. 3. (A) Readout of a spectral window located at the 
nickel 352.454 nm emission line. A nickel solution contain- 
ing 0.08 &ml was nebulii into the plasma source. The 
high irregular background has obscured the spectral line. 
ADV = arbitrary data unit. (B) Readout of the. same spec- 
tral window as in (A). A blank solution was nebulii. 
Note the similarity between this and (A). (C) Subtraction of 
the data in (B) from the data in (A). The nickel 352.454 nm 

spectral line is now clearly visible. 
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different spectrometer entrance-slit widths, A 
spacing of plus and minus three pixels is nor- 
mally used for 100 ,um slits. 

When this type of data-reduction is em- 
ployed, all measurements are relative, thus no 
cross-talk or sensitivity variation corrections are 
made. Only column-column cross-talk has the 
potential of causing an error in this measure- 
ment and this is controlled in the data-collection 
algorithm by charge truncation. All results 
discussed in the remainder of this paper were 
performed by this straightforward relative 
measurement algorithm. 

RESULTS AND DISCUSSION 

Modljied echelle spectrometer optical character- 
istics 

The most significant change in the optical 
system of the stock spectrometer is the change 
in the focusing mirror. The substitution of the 
shorter focal length mirror reduces both the slit 
image size and the linear dispersion by a factor 
of 1.78. This permits a greater spectral range to 
be simultaneously viewed with the CID than is 
permitted with the stock focusing mirror. 

Figure 4 illustrates the spectrometer output 
format and typical CID spectral coverage. Grat- 
ing orders 42-77, covering the range from 542 
to 291 nm, are shown in this figure. Note that 
the vertical scale in this figure has been greatly 
expanded to permit wavelengths to be listed on 
each order. The rectangle drawn illustrates one 
spectral range that can be simultaneously ob- 
served with the CID. This “observation win- 
dow” can be relocated to new wavelengths by 
changing the orientation of the echelle grating in 
the manner employed in the commercial spec- 
trometer. 

The reciprocal linear dispersion of the 
modified spectrometer ranges from 0.0029 1 nm/ 
pixel at 400 nm to 0.01175 nm/pixel at 800 nm. 
Dispersion and resolution are illustrated by 
Fig. 5. This is a plot of relative intensity us. pixel 
number on a CID row illuminated with the 
mercury 3 13 nm doublet. A low-pressure mer- 
cury pen lamp (Pen-Ray model SC-l with model 
SCT-1 power supply, Ultra-Violet Products 
Inc., San Gabriel, CA.) was used as the light 
source. The entrance slits were set to 25 pm 
horizontal, 300 pm vertical. The more intense 
line is 313.155 nm, the less intense 313.183 nm; 
a difference of 0.028 nm. The separation of these 
lines is 164 ,um, or 3.5 pixels. Note the nearly 
baseline resolution of the doublet. 

Figure 6 illustrates the effect of slit width on 
resolution and throughput. A mercury pen lamp 
was again utilized as the light source. The 
emission line studied was the mercury 546.1 nm 
line. The entrance slit height was set to 300 pm 
and the slit width varied from 100 pm (Fig. 6A), 
to 50 pm (6B) and 25 pm (6C). For each 
spectrum, the echelle grating rotation was ad- 
justed so that the spectral line peak was centered 
on one pixel. Otherwise, identical exposure 
times and other conditions were used. 

In the switch from 25 pm to 100 pm slit 
width, the intensity of illumination of the 
central pixel increased by a factor of 1.5, while 
the intensity of the adjacent two pixels increased 
by a factor of 5. This indicates that significant 
improvement in resolution can be obtained with 
the smaller slit settings, without a major com- 
promise in optical throughput. 

The instruction manual for the SpectraSpan 
III spectrometer lists a “practical resolution” 
which is a factor of 12.4 smaller than the linear 
dispersion at a given wavelength when 25 pm 
exit slits are used. For the unmodified spec- 
trometer, this value is 0.005 nm resolution at 
200 nm (grating order 112) and 0.020 nm resol- 
ution at 800 nm (grating order 28). At 313 nm, 
the practical resolution is expected to be ap- 
proximately 0.0086 nm. Although no criterion 
for “practical resolution” is given, it could be 
interpreted as being the point at which two 
adjacent spectral lines of Gaussian profile can 
be discriminated. 

The value for practical resolution suggested 
by the spectrometer manual is far below the 
theoretical resolving power of the echelle grat- 
ing. The reason for this is probably optical 
aberrations in the commercial optical system. 
The aberrations can be largely attributed to the 
spherical collimation and focusing mirrors. The 
modified spectrometer employs an off-axis 
parabolic mirror for the collimator, thus dimin- 
ishing aberrations from this element. A spheri- 
cal mirror was retained for the focusing mirror, 
as a parabolic mirror would suffer from comatic 
aberrations at the edges of the field of view that 
far exceed the spherical aberration. 

Because the modified spectrometer has an 
image quality sufficient to put nearly all the 
energy into the width of a single pixel when 
25 pm entrance slits are used, the “practical 
resolution” can be considered to be the Nyquist 
limit of 2 pixels. This is equal to 0.0058 nm at 
400 nm and 0.0235 nm at 800 nm. This is nearly 
the same as the commercial spectrometer 
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Fig. 4, Spectral output fommt of the modified echelle spectrometer. Th~ reetattgte repr~erits a typical 
spectral raJage that can ix: sime3taneously examined with the CID camera. 

configuration, with twice the linear dispersion. 
This improvement can be attributed to the 
parabolic collimating mirror and the configur- 
ation of the focusing mirror, which causes most 
of the eomatic aberration to be perpendicular to 
the direction of grating dispersion rather than 
parallel to it as is the case with the stock 
spectrometer. 

System tinearity and dynamic range 

Precious work has demonstrated that the 
UA/CIDi lB camera system is highly linear 
over a wide dynamic range. The raw spectral. 
dynamic range is greater than 6000:1 when 
readout noise is reduced by use of 16 non- 
destructive repeated readings? 
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RELATIVE PIXEL NUMBER 
Fig. 5. Plot demonstrating dispersion and resolution of the 
modified echelle spectrometer. The mercury doublet with 

emission lines at 313.183 and 313.155 nm is shown. 

Approximately 2 msec are required to read 
one examination window and decide whether 
the maximum charge threshold has been ex- 
ceeded. Approximately 60 msec are required to 
read a spectral window 15 times, store the data, 

(A) 
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(1 
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Fig. 6. Plots demonstrating the effect of entrance-slit width Fig. 7. Graph showing the high dynamic range of analytical 
on the resolution and throughput for the modified echelle signals for several spectral lines of magnesium. The wave- 
spectrometer. Slit widths are 100 pm (A), 50 pm (B), and lengths for these lines are 279.553 nm (open circles), 

25 pm (C). 285.213 nm (triangles), and 279.806 nm (closed circles]). 

and record the elapsed time. During an analysis 
in which 10 spectral lines are used, each spectral 
line is checked every 20 msec. In the event that 
one spectral line must be read out during a 
check loop, up to 80 msec may elapse before a 
line is rechecked. If the maximum integration 
time allowed is 2 min, the minimum extension of 
the CID raw spectrum dynamic range is by a 
factor of 120/0.08 or 1500. Under these con- 
ditions, the CID system will have a composite 
dynamic range of 9 x 106. Note that the dy- 
namic range will be even wider if it is not 
necessary to read out a line during a check loop 
or if longer integration times are allowed. The 
maximum achievable composite dynamic range 
is dictated by the number of analytical lines used 
and the composition of the sample. 

The single-element dynamic range of several 
spectral lines was determined experimentally by 
analyzing solutions of various elements over the 
range from 0.003 to 10000 pg/ml. Results for 
the simultaneous analysis of three spectral lines 
of magnesium are given in Fig. 7. Shown are 
plots of relative signal for the 279.553 nm ion 
line (open circles), the 285.213 nm atomic line 
(triangles), and a third line believed to be the 
nonresonant line at 279.806 nm (closed circles). 
It should be noted that both the atomic and 
ionic line responses are linear over a wide range, 
with indications of self-absorption at concentra- 
tions above 100 pg/ml. This is consistent with 
results obtained with photomultiplier tube de- 
tectors.‘* The weak nonresonance line shows no 
self-absorption and gives linear results up to 
7000 pg/ml. Results obtained for emission lines 
of other elements are similar and indicate 
that the composite dynamic range of the 
UA/CIDl 1 B camera system is more than 
sufficient for typical analytical applications. The 
widely different linear ranges exhibited by these 
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Table 3. Multiple element detection limits 

Detection limit, pgcglml 
Wavelength, 

Element nm This study* Theoretical? 

Ca 396.847 0.002 
Ca 443.496 0.127 
Cr 435.235 0.021 0.023 
Cr 357.869 0.018 0.017 
cu 327.396 0.013 0.012 
cu 324.754 
Fe 358.120 0.103 0.108 
Fe 382.043 0.324 
Ni 352.454 0.028 
Ni 341.476 0.007 
Pb 363.995 0.109 

*Detection limit for this study is defined as the concen- 
tration which gives a signal equal to 3 times the standard 
deviation of a blank solution. 

TEstimated theoretical detection limit based on the numbers 
of signal and background photoelectrons detected by the 
CID. 

three emission lines of magnesium also demon- 
strate the importance of the capability to moni- 
tor many emission lines for an element, even 
those that are not normally used as analytical 
lines. 

Simultaneous multielement detection limits 

Detection limits for several spectral lines of 6 
elements were simultaneously determined; the 
results are listed in Table 3. The values listed are 
computed according to the IUPAC recommen- 
dation of the concentration needed to give a 
signal equal to three times the standard devi- 
ation of a blank solution. The standard devi- 
ation of the blank was determined from 20 
trials. The detection limits of each line were 
determined in three different instances and the 
results averaged. In each instance, the instru- 
mental conditions were the same: the maximum 
integration time was 2 min; entrance slits were 
set to 300 pm vertical and 100 pm horizontal. 
The plasma position and settings were not opti- 
mized for any one element but were set to best 
overall conditions. Nitric acid (5% v/v) was 
used for the blank. 

A detection limit of 0.010 pg/ml has been 
previously reportedI for the 341.476 nm emis- 
sion line for nickel, obtained with an un- 
modified SpectraSpan III system using PMT 
detection under conditions quite similar to those 
reported in this work. This compares favorably 
with the 0.007 pgg/ml detection limit found in 
this work. Two significant differences exist in 
how these two values were determined. In the 
cited value, lo-set integrations of the PMT 
signal were used and the detection limit was 
calculated as a signal equal to twice the standard 

deviation of a blank solution. In this work, a 
120-set integration time was used and the detec- 
tion limit was calculated as a signal equal to 
three times the standard deviation of a blank 
solution. These results reinforce the previously 
reported conclusions that the CID detector can 
perform approximately the same as PMT detec- 
tors in terms of sensitivity in this wavelength 
region.” 

Theoretical detection limits for some lines 
were calculated as the concentration of analyte 
necessary to produce a signal (in photo- 
electrons) equal to three times the shot noise 
from the background radiation. The back- 
ground shot noise was calculated as the square 
root of the mean background intensity. These 
theoretical values are also listed in Table 3. Note 
that they approximate the experimentally deter- 
mined detection limits, which indicates that the 
detection limits obtained are controlled primar- 
ily by the background intensity. This implies 
that detection limits can be improved only by 
increasing the total number of photons detected. 

Accuracy 

The accuracy of the CID camera system was 
evaluated by simultaneous determination of 
several elements in an NBS standard reference 
material (SRM 1643a: trace elements in water). 
The method of standard additions was used. 
Aliquots of the standard reference material were 
spiked with increments of a solution consisting 
of a mixture of all the elements being deter- 
mined. Spectrometer slit settings were 300 pm 
height and 100 pm width. Maximum integration 
time was 2 min. The raw data were processed 
by subtracting the averaged background from 
the signal and dividing by the integration time. 
No cross-talk or pixel sensitivity variation 
corrections were made. 

Plots of relative intensity as a function of 
concentration are shown for several representa- 
tive emission lines in Fig. 8. The experimentally 
determined values, the equivalent standard devi- 
ations for each analytical line, and the NBS 
certified values are listed in Table 4. Note that 
the levels determined for all lines are near or 
below the detection limits for the instrument. 
All experimental values fall within one standard 
deviation of the certified values, with the excep- 
tion of results for the chromium 357.869 nm 
line. The accuracy of the determination using 
this line was affected by a relatively strong 
emission line of iron at 358.120 nm. The rising 
background to the chromium line, caused by the 
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Fig. 8. Signal us. concentration plots for several spectral 
lines used in the multielement, multiwavelength analysis of 
a standard reference material. The elements and wave- 
lengths are: Fe 358.120 nm (open triangles), Ni 341.476 nm 
(closed triangles), Cr 435.235 nm (open circles), and Cu 

327.396 nm (closed circles). 

incremental addition of iron, resulted in an 
underestimation of the emission signal for the 
chromium additions, which in turn led to an 
overestimation of the chromium concentration. 

The erroneous results for this one spectral line 
illustrate the value of simultaneously monitor- 
ing several spectral lines for each element. Be- 
cause the result from the two spectral lines used 
in the determination of chromium do not corre- 
late, it is obvious that a problem exists. Once the 
problem is traced to a spectral interference, the 
erroneous result can be discounted with good 
cause. 

CONCLUSIONS 

The results described in this paper clearly 
demonstrate that the CID is a unique detector 
highly suitable for simultaneous multielement 
atomic-emission spectrometry. The system de- 
scribed is shown to have excellent sensitivity, 
dynamic range, accuracy, and precision, while 
having the advantages of flexible multielement 

Table 4. Analysis results for SRM 1643a 

Certified Experimental 
Wavelength, value, value, 

Element nm pgcglml pgcglml 

Cr 435.235 0.0186 0.0183 + 0.0065 
Cr 357.869 0.0186 0.0292 & 0.0065 
cu 327.396 0.0219 0.0202 & 0.0042 
Fe 358.120 0.099 0.099 + 0.026 
Fe 382.043 0.099 0.130+0.11 
Ni 352.454 0.049 0.0504 & 0.0091 
Ni 341.476 0.049 0.0491 * 0.0022 

Notes: 
(1) Error values shown for experimental values are equal to 

one standard deviation. 
(2) The determination of chromium at the 357.869 nm line 

was affected by interference from an iron emission line. 

and multiwavelength capability. The problems 
encountered when using other types of multi- 
channel detectors for this application, such as 
uncorrectable cross-talk, blooming, limited 
spectral range, and high noise, do not arise with 
the CID. 

One significant limitation exhibited by the 
system described in this work is that only a 
limited portion of the total desired spectral 
range can be simultaneously viewed. Any de- 
sired wavelength can be examined by adjusting 
the orientation of the echelle grating, but this is 
inconvenient and prevents the full advantage of 
this approach from being realized. A CID detec- 
tor with higher spatial resolution combined with 
improved optical systems is necessary to cover 
a wider spectral range and maintain adequate 
spectral resolution. A system using the newer, 
higher resolution CID 17B detector combined 
with a new generation echelle system has been 
designed to meet these problems.‘4 The CID17 
also has higher quantum efficiency in the ultra- 
violet; thus better detection limits are expected 
for many analytical lines. With these improve- 
ments in detector resolution and performance, 
almost the entire spectral range encountered in 
atomic emission spectrometry can be simul- 
taneously monitored without adjusting the 
dispersion optics. 

With this capability, a system can be con- 
ceived that will approach the optimum system 
for simultaneous AES described in the intro- 
duction. Such a system will provide rapid 
intelligent qualitative and semiquantitative 
analysis of samples without significant operator 
intervention and will help the analyst design 
optimum methods for quantification, avoiding 
various interferences that could give rise to 
erroneous results in a diverse range of sample 
types. 
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Summary-Studies into the use of simultaneous multiwavelength detection over a broad wavelength 
region (220-520 nm) demonstrate the power and flexibility offered by a charge-injection device for 
detection in atomic-emission spectrometry. An echelle monochromator and a charge-injection device 
utilizing the General Electric CIDl7B array detector are used in conjunction with a direct current plasma 
source to perform multi-line analysis for Mg, Sr, Fe, Dy, Ho and Yb, increasing the sensitivity and limits 
of detection. By monitoring the 341-nm OH band and background Ar emission lines, changes in the 
nebulization and excitation conditions are easily detected. The presence of an organic matrix component 
not present in the standards is detected by observing the C(I) emission at 247.8 nm. These diagnostic tools 
can be combined with the use of an internal standard to obtain a reliability not previously available in 
automated AES instrumentation. 

The detector most often used for atomic- 
emission spectrometry (AES) is currently the 
photomultiplier tube (PMT).’ The PMT is 
an extremely sensitive, wide dynamic range 
detector. Before the dominance of PMT- 
equipped instrumentation, AES systems often 
used photographic emulsions. The use of photo- 
graphic film allowed the integration and simul- 
taneous determination of emission lines over a 
wide spectral region. However, the difficulty in 
quantification, and the narrow dynamic range 
of film contributed to the replacement of film by 
photomultiplier tubes. The recent appearance of 
two-dimensional detectors with formats large 
enough to supply the number of resolution 
elements required in AES, with a sensitivity and 
dynamic range matching or exceeding those of 
the PMT has prompted several studies into 
replacing the PMT with these new detectors. 
The detector used in these studies, the charge- 
injection device (CID), has a number of charac- 
teristics which make it well suited to AES.2.3 
This paper describes an approach to AES 
with CID detection that greatly increases the 
flexibility and diagnostic ability of AES. 

The CID is a solid-state silicon detector with 
a two-dimensional rectangular array format. 
The CID used in these studies, the CID17B, 
is composed of a 244 x 388 array of detector 
elements. The detector integrates signal infor- 
mation much like photographic film. After a 
desired integration period, the detector is read, 

and the charge information at each individual 
detector element is proportional to the amount 
of light striking that element. When properly 
operated and cooled, the CID has a negligible 
dark current (co.08 photoelectron/set). For a 
dark current of this level, many months are 
required before the device is saturated solely 
by the dark current. In addition, the quantum 
efficiency of the detector is extremely high com- 
pared to the photocathode materials used in 
PMTs.’ 

The CID detector has several other character- 
istics which make it particularly well suited 
for AES compared to other solid-state array 
detectors. Of prime importance to AES, CIDs 
are extremely resistant to the phenomenon 
called charge blooming. Blooming is the process 
in which excess photogenerated charge from a 
detector element exposed to a bright spectral 
feature spills into nearby detector elements, 
obscuring adjacent spectral features. In addi- 
tion, the CID architecture allows random access 
to any detector element, permitting an individ- 
ual detector element to be interrogated without 
reading all of the other elements. Lastly, the 
CID readout process can be nondestructive, 
so an individual detector element can be in- 
terrogated during the course of an exposure, to 
monitor the accumulation of integrated signal 
without affecting the integration process. By 
utilizing the nondestructive readout and selec- 
tive interrogation in a process called random 
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access integration (RAI), the system interrog- 
ates each detector element to determine the level 
of photogenerated signal during the course of 
each analysis. 3A No prior kno wledge is needed 
regarding line intensity, because the system 
determines the intensity during the course of 
the analysis. Background is measured simul- 
taneously on both sides of the line, allowing 
a variety of sophisticated background cor- 
rection algorithms to be used. The interested 
reader is referred to several recent descriptions 
of the architecture, operating methods and 
spectroscopic performance of CIDS.‘-~ 

In this study, several new capabilities of the 
AES system that are made possible by using a 
CID detector are investigated. Simultaneous 
multi-line analysis allows the choice of the most 
appropriate lines for analysis. Determining 
which lines will be most analytically useful 
depends on such things as the composition of 
the sample (the concentration of each analyte as 
well as of the potentially interfering species), the 
solvent, and the plasma background. The use 
of multiple lines from a particular element can 
be used to improve the overall analysis in a 
number of ways. The linear dynamic range can 
be increased by using the most sensitive lines for 
low concentrations of the analyte and less sensi- 
tive lines for higher concentrations. The limit of 
detection (defined here as 3 times the standard 
deviation of the blank) can be improved by 

summing the signal from multiple lines. This 
summing of the signals can result in increases in 
the sensitivity (slope of the calibration curve). 
Various improved diagnostic procedures are 
demonstrated, including monitoring and quan- 
tifying the presence of an organic matrix com- 
ponent and detecting changes in nebulization 
and excitation conditions by monitoring OH 
and Ar emission features in the background. 
Employing such methods increases the re- 
liability of the analytical results by alerting 
the user to potential problems. Utilizing an 
internal standard, along with judicious choice 
of analyte and internal standard emission lines, 
is shown to greatly increase the analytical per- 
formance of the system and provide a means of 
semiquantitative analysis. 

EXPERIMENTAL 

An echelle spectrometer (Fig. 1) equipped 
with a GE CIDl7B array detector (388 x 244) 
is used.4*8,” The block diagram of the system 
is shown in Fig. 2. The source is a three- 
electrode direct current plasma (ARL, Sunland, 
CA). Stock solutions were prepared from 
Mg(NO,),.6H,O, Sr(NO,),, LuCl,*6H,O and 
high-purity Fe, Cr and Al wire. All solutions 
were diluted with 5% v/v nitric acid (Mallinck- 
rodt). All glassware was soaked for a minimum 
of 24 hr in a bath of O.lM EDTA and stored 

Schmidt telescope 

h 

f- 

Prism 

Fig. 1. Optical diagram of the echelle spectrometer designed for use with CID detection. A focal plane 
image covering the wavelength range from 225 to 515 nm is created in an area of 6.5 x 8.7 mm, compatible 

with the General Electric CID17 detector. 
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Fig. 2. Schematic diagram of the CID17 AES system. Array detector operation is provided by a 
Photometrics Ltd (Tucson, AZ) camera controller which receives instructions from the host Motorola 

68,000 based computer. 

with 5% v/v nitric acid. The spectroscopic refer- 
ence blank in all cases was 5% v/v nitric acid. 
The organic diluent in the organic matrix study 
was 95% ethanol (Mallinckrodt). 

RESULTS AND DISCUSSION 

Multi-line analysis 

Multi-line analysis can be used to monitor 
for the presence of chemical and spectral inter- 
ferences. As examples, the presence of easily 
ionized elements can significantly alter plasma 
conditions and the 385.8 nm Ni(1) line can 
interfere with the commonly used 386.0 nm 
Fe(I) line. Multi-line analysis can be employed 
to confirm the validity of the results. If the 
values obtained from different lines are in good 
agreement, averaging all the values results in 
increased precision. If a discrepancy in the 
results from the individual lines exists, examin- 
ation of changes in the background may in- 
dicate a decrease in the excitation energy of the 
plasma. In this case, more reliable results are 
obtained from low-lying neutral ground-state 
transitions. If no such trend is apparent, the 
discrepancy may be due to spectral or chemical 
interferences. By display of the entire spectrum 
and comparison of the locations of the spectral 
lines with a spectral library of element lines, 
qualitative elemental identification is obtained. 
Employment of appropriate multi-line pattern- 

recognition routines can be used to confirm the 
presence of spectral and chemical interferences 
and allow appropriate lines to be used to arrive 
at a valid result. 

The results of summing multiple lines for Fe, 
Mg, Sr, Dy, Ho, and Yb are shown in Table 1. 
One example of a summed working curve for Fe 
is shown in Fig. 3. Summing the line intensities 
from three Fe lines increases the sensitivity by 
90% and halves the limit of detection (LOD). 
The Fe lines selected are reasonably equivalent 
in terms of their analytical sensitivity, with 
similar single-line LODs. This is necessary when 
working at the detection limit because less 
sensitive lines make little or no contribution to 
improving the summed-line working curve at 
the detection limit of the more sensitive lines. 
However, the less sensitive lines can be used to 
extend the linear dynamic range. The LOD is 
inversely proportional to the square root of the 
number of lines used, when all the summed lines 
are equivalent and the noise sources of the lines 
are uncorrelated. Many noise sources for each 
spectral line are independent from line to line. 
For example, background shot noise fr,om each 
line is independent. However, overall system 
noises such as fluctuations in power supply to 
the DCP, or nebulizer instability are, to a large 
extent, correlated for all spectral lines; in this 
case, summing multiple spectral lines in a deter- 
mination does not lead to great improvements 
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in sensitivity. Because a “square root” improve- 
ment in the limit of detection is observed in 
these investigations as the number of summed 
lines is increased, the dominant noise source 
for these spectral lines at these low levels is 
uncorrelated among the different spectral lines. 

System diagnostics 

Emission bands from OH and Ar are present 
during every analysis with the system used. 
Normally, this background emission is sub- 
tracted, leaving only the spectrum of analytical 
interest. Subtraction of the background is valid 
only if there is little or no change in any of the 
experimental parameters between the measure- 
ment of the sample and the blank. With careful 
monitoring of the background and comparison 
of the background between sample and blank, 
the user can be alerted to changes in the system 
status and appropriate action can be initiated, 
such as ignoring that result or re-running the 
analysis under more appropriate conditions. 

One such area concerns changes in nebuliz- 
ation. In order to simulate nebulizer problems, 
the nebulization rate was varied by increasing 
the pump rate. This can affect the analytical 
results in several ways. Increasing the rate of 
sample introduction provides more analyte to 
the plasma and consequently increases the 
emission signal. On the other hand, increasing 
the sample introduction rate increases the sol- 
vent load, which can cool the plasma, thereby 
decreasing the emission signal. To determine the 
effect of solvent load on the excitation condi- 
tions, a mixture of 5% methane in argon was 
used as the nebulizer gas. This provides a con- 
stant amount of carbon to the plasma, indepen- 
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Fig. 3. Comparison of the summed and individual work- 
ing curves for three iron spectral lines-358.1, 373.7 and 

386.0 nm. 

dent of the sample pump rate. The pump rate 
of the peristaltic pump which delivers sample 
to the nebulizer was varied over the range from 
0.5 to >2 ml/min. The carbon emission was 
monitored as a function of the pump rate, and 
observed to decrease by only about 6% as the 
pump rate was increased from 0.5 to about 2.6 
ml/min (Fig. 4). If the excitation conditions for 
the analyte behave in a similar fashion, then 
mass transport of the analyte into the plasma 
is the most important consideration over this 
range of pump rates. A linear relationship is 
obtained between pump rate and the OH emis- 
sion at 341 nm. Because changes in nebulization 
rate outside this range are unlikely, monitoring 
the OH emission allows the nebulizer perform- 
ance to be followed during the analysis. When 
the differences in OH emission from one analy- 
sis to the next exceeds a threshold value, the user 
is alerted. 

Table 1. Improvement in LOD and sensitivity by summing multiple lines 

LOD for 
Element and No of lines summed lines, Improvement Increase in 
wavelengths summed nglml in LOD,* % sensitivity, % 

Mg 3 0.1 60 110 
279.6, 280.3, 
285.2 nm 

Fe 3 7 50 90 
358.1, 373.7, 
386.0 nm 

Sr 2 8 30 50 
421.6, 460.7 nm 

DY 2 8 30 95 
364.5, 353.2 nm 

Ho 3 2 35 70 
345.6, 379.7, 
389.1 nm 

Yb 2 0.3 25 50 
369.4, 398.8 nm 

*Multiple-line LOD expressed as a fraction of single-line LOD. 
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As previously mentioned, atom and ion lines 
from argon are present in every plasma spec- 
trum obtained. Because changes in the excita- 
tion conditions affecting the emission of the 
analyte species also effect the argon emission 
spectrum, the plasma excitation conditions 
can be monitored during every analysis. The 
presence of easily ionized elements (EIEs) can 
enhance the atom line emission from the 
analyte, particularly the emission from the 
alkali and alkaline-earth metals in the DCP. 
Thus, the presence of EIEs in the sample but 
not in the standards can lead to erroneous 
results. Figure 5 shows the argon atom and 
argon ion emission and their ratio as a function 
of EIE concentration (the EIE in this case is 
Na). The results are consistent with the changes 
expected in the ionization equilibrium on in- 
crease in the number of electrons in the plasma; 
thus atom emission is enhanced and ion emis- 
sion is suppressed. By monitoring of the argon 
emission, any changes in the excitation condi- 
tions are detected during the course of each 
analysis. 
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Fig. 4. Effect of increasing solvent load on the plasma, for 
C(1) 247.8 nm emission. 
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Fig. 5. (A) Effect of EIE on plasma excitation conditions, 
monitored by following behavior of the argon background. 
(B) Data from (A) redisplayed as ratio of Ar (I) to Ar(II). 
This ratio is more sensitive to initial changes than is either 

Ar(I) or Ar(I1) emission alone. 

Internal standards 

Many of the difficulties in nebulization and 
excitation can be overcome by the use of appro- 
priate internal standards and the judicious 
choice of internal standard emission lines. 
Ideally, an intensity ratio of the analyte emis- 
sion line and an internal standard line works 
best if these lines have similar ionization and 
excitation characteristics. Because the analyti- 
cally important lines include both ionic and 
atomic transitions occurring over a wide wave- 
length range, the internal standard should have 
many atomic and ionic emission lines through- 
out the wavelength region of interest but not 
cause spectral interference problems. Lutetium 
was chosen for these studies because it is not 
commonly found in samples to be analyzed, is 
rarely of analytical interest, has intense emission 
lines throughout the observation region of the 
system, and is an effective ionization buffer. 

To determine the effectiveness of Lu as 
an internal standard, the response of five repre- 
sentative elements was recorded, for various 
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nebulization rates. The results obtained with 
a 100 ppm Lu internal standard are shown 
in Table 2. The use of the line ratios almost 
completely compensates for the nebulization 
changes and provides an excellent means of 
internal standardization in a wide variety of 
applications. 

Another potentially useful aspect of employ- 
ing internal standards is the development of 
an automated semiquantitative analysis scheme 
for all elements present in the sample. Linear 
working curves for all elements investigated 
are obtained by proper choice of analyte and 
internal standard lines. Each of the analyte to 
internal standard emission intensity ratios was 
measured 15 times over the course of several 
weeks. The variation in the ratios for a set of 

(A) 
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Fig. 6. Dependence of Mg lines on ethanol content of 
sample: (A) 279 nm; (B) 280 nm; (C) 285 nm. 

Table 2. Comparison of change in emission intensity 
and line ratio due to changes in nebulization 

Line Change, % Change ratio,* % 

Mg(1) 285 nm 6 0.5 
Q(I) 461 nm 12 0.8 
Ni(I) 349 nm 7 3.0 
Cr(1) 359 nm 12 1.0 
Al(I) 403 nm 6 0.1 

*Ratio to change in Lu(I) 328 nm line. 

test elements (Al, Mg, Ni, Cu and Sr) was less 
than 30%, indicating that by simply spiking the 
sample with the Lu standard, semiquantitative 
results can be simultaneously obtained without 
the need for concentration standards, by use of 
previously determined working curves of the 
intensity ratio of the analyte line to internal 
standard line. 

Presence of organic matrix components 

The presence of volatile organic solvents 
has been observed to cause instability in 
the plasma source,‘2,‘3 solvent loading of the 
plasma, increased analyte emission and strong 
background emission (C,, CH, CN). A working 
curve of carbon emission intensity vs. % ethanol 
shows that monitoring the carbon atomic C(1) 
247.8 nm line allows detection and quanti- 
fication of carbon from ethanol present at rela- 
tively high levels, from < 1 to > 95%. The effect 
of changes in % ethanol present for three lines 
of Mg is shown in Fig. 6. The two ion lines 
(279.5 and 280.2 nm), the strongest and most 
often used emission lines of Mg, show larger 
changes in emission intensity as a function of % 
ethanol than does the Mg(1) 285.2 nm line. 
Thus, when the presence of an ethanol matrix 
component is detected during the course of 
analysis by monitoring the carbon emission 
intensity, the most reliable results are obtained, 
without further sample preparation, by using 
the Mg 285.2 nm line. Similarly, Fe and Sr 
emissions are affected by the presence of the 
organic matrix component. Unfortunately, no 
one line from either element gives an acceptable 
answer without further standard preparation 
(error < 20%). 

These studies demonstrate that during the 
analysis of an unknown sample, a change in 
the solvent can easily be brought to the spectro- 
scopist’s attention. In certain instances, the 
appropriate lines can be used to minimize the 
errors introduced by the solvent changes, with- 
out additional sample preparation or recali- 
bration. Even in cases where appropriate line 
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selection does not allow accurate results, notify- 
ing the operator prevents erroneous results 
from being accepted as correct and directs the 
analyst to provide more appropriate calibration 
standards or additional sample preparation. 

CONCLUSIONS 

Atomic-emission spectroscopy is one of the 
most widely used techniques for elemental 
analysis. A large demand exists for the commer- 
cial market to provide automated instrumen- 
tation for quality control, and research and 
development. In quality control applications 
where a great deal of prior knowledge exists 
concerning a sample, the current technology, 
such as direct readers, has been successful in 
providing acceptable precision and sensitivity. 
However, in analyses where there is little prior 
knowledge about the sample, current commer- 
cial systems can easily fail to provide proper 
analysis, owing to their limited spectral data 
interrogation. 

Use of a properly configured array- 
detector echelle spectrograph provides adequate 
resolution for AES with simultaneous detection. 
Examining and using the large amounts of 
spectral information generated with this system 
does not require additional analysis time. This 
is in contrast to scanning systems where moni- 
toring background or additional spectral lines 
can lead to an increase in analysis time and a 
loss in sensitivity because the original spectral 
line is not being examined during other 
measurements. Because of the simultaneous 
nature of CID detection, the system generates 
information which can deal with a large 
compositional variation in samples.14 

The examples of multi-line analysis, deter- 
mination of the presence of organic matrix 
components, and system diagnostics, serve to 
demonstrate that the CID17 echelle system is 
capable of addressing the important analytical 
question: how valid are the data obtained in any 
given analysis? Modern automated instrumen- 
tation arrives at answers; however, the ability of 
most analytical instrumentation to determine 
the validity of an answer is usually limited. 
The CID/echelle system is able to monitor for 
several possible error conditions associated with 
an unknown sample, and either take appro- 

priate action and/or alert the user. Great 
strides in the development of expert systems are 
potentially realized by using the large amount 
of data generated during the course of each 
analysis, as active feedback to correct the system 
response as necessary. Only a few of the tech- 
niques to improve the reliability of AES have 
been demonstrated. The full potential of this 
technology will require the development of 
sophisticated software which extracts analytical 
information from the large amount of spectral 
information available. The studies reported 
here demonstrate the promise of simultaneous 
multiwavelength for AES. 
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Summary-The utility of a spectrally segmented photodiode array spectrometer was examined by using 
inductively coupled plasma atomic-emission spectrometry (ICP-AES). The spectrometer used in this study 
is capable of high resolution (reciprocal linear dispersion of approximately 0.08 nm/mm at 300 nm) over 
a wide spectral range (190-415 nm). The effect of using spectral peak areas instead of peak heights as 
a signal definition was examined by using the emission signals from 10 molybdenum lines obtained with 
various photodiode-array integration periods. In addition, a procedure to determine the detection limits 
obtainable with such a spectrometer is proposed. It was found that a signal definition involving a 
summation over a range of 5 pixels offered the best signal-to-noise ratio when the noise was defined as 
the standard deviation of the residual values from the line fitted to the sideband background level. A 
detection limit of 6 ng/ml was determined in this way for molybdenum. The multichannel capability of 
the spectrometer was found to permit continuous background correction, thereby reducing errors caused 
by low-frequency noise or plasma drift. The linearity of response was found to extend over three orders 
of magnitude with use of a single integration period. However, by use of different integration periods, 
the linear range of the detector could be extended to at least four orders of magnitude. The precision 
(RSD) of the spectrometer for a molybdenum concentration of 0.5 pg/ml was found to be about 3-4% 
for molybdenum peaks where the background emission was relatively low. 

Multichannel detectors such as vidicon tubes, 
linear photodiode arrays, and charge-transfer 
devices have been evaluated as detection sys- 
tems for inductively coupled plasma atomic- 
emission spectrometry (ICP-AES).‘-’ Spec- 
trometers which utilize solid-state multichannel 
detectors are generally considered to be less 
sensitive to ultraviolet light than are those using 
photomultiplier-tubes and to suffer from either 
poor spectral resolution or limited spectral 
range. However, with the rapid development of 
solid-state technology, the sensitivity of linear 
photodiode arrays has improved dramatically. 
Recently, a spectrally segmented photodiode- 
array spectrometer (Plasmarray@, LECO Cor- 
poration) has been made commercially available 
for ICP-AES.S-7 The unique optical arrange- 
ment of the spectrometer enables the simul- 

*On leave from The National Institute for Environmental 
Studies, 16-2 Onogawa, Tsukuba, Ibaraki 305, Japan. 

TAuthor for correspondence. 

taneous measurement of a number of emission 
lines over a wide spectral range (190-415 nm) 
with a high degree of spectral resolution. The 
spectrometer is easily reconfigured for examina- 
tion of different sets of spectral lines. As such, 
it is in essence a field-reprogrammable direct- 
reading spectrometer. >’ In the present study, 
several different definitions of noise and signal 
were examined, in order to establish realistic 
detection limits obtainable with the spectrome- 
ter. A total of ten molybdenum lines were 
measured. Because of the number and variety of 
molybdenum spectral lines that were investi- 
gated, the findings of this study can be extended 
to any spectral line when due consideration has 
been given to the definition of both the signal 
and the noise. 

EXPERIMENTAL 

Instrumentation 

The linear photodiode-array spectrometer 
used in this study has been discussed thoroughly 

TAL 37114 
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Fig. 1. Schematic diagram of the Plasmarray spectrometer. 

in earlier papet+’ and will be described only 
briefly here. The optical system is shown sche- 
matically in Fig. 1. The unique combination of 
wide spectral range and high resolution offered 
by this arrangement is derived from the com- 
bined use of three optical elements: a predisper- 
sion grating, an optical mask, and an echelle 
grating. The source (an ICP was used in this 
study) is imaged by lens 1 onto a low-resolution 
(590 grooves/mm) predispersion grating. The 
resulting dispersed light falls upon a demount- 
able mask which has slots cut in it at positions 
corresponding to the elemental spectral lines of 
interest. The masks are designed and fabricated 
for specific sets of analytical lines and are 
readily interchanged. Light which is passed by 
slots in the optical mask is recollimated by 
mirror 1, “un-dispersed” by grating 2, and is 
then incident on an echelle grating (31.6 
grooves/mm, 63.5” blaze angle) for final disper- 
sion onto the photodiode array. The lack of a 
cross-dispersing element results in a spectrum at 

the photodiode array which represents the 
union of many orders from the echelle grating. 
Accordingly, the spectral display is unconven- 
tional, but elemental lines can be identified 
either by empirical calibration or computer 
modeling.‘-’ 

The mask used in this study was cut specifi- 
cally for ten molybdenum spectral lines and 
contained ten slots. Table 1 relates the labeled 
spectral peak numbers in Fig. 2(d) with the type 
of emission (i.e., ionic or atomic), the actual 
peak wavelengths, the grating order in which the 
dispersed spectral line falls, the reciprocal linear 
dispersion at the location of incidence on the 
photodiode array, and the measured resolution 
calculated as full width at half maximum. 
Figure 2 shows a series of spectra obtained with 
this mask. Spectrum (a) is a typical dark-current 
signal from the photodiode array. Spectrum (b) 
is a blank signal obtained from the continuous 
nebulization of water into an inductively cou- 
pled plasma. The dark-current signal shown in 

Peak 
number* 

Table 1. Peak specifications for peaks I-10 (see Fig. 2) 

Spectral Wavelength, Echelle Dispersion, Resolution,t 
line nm order pm lmm Pm 

MO 1 386.411 147 106.7 8.6 
MO II 287.151 198 79.2 8.8 
MO II 281.615 202 77.6 9.0 
MO II 277.540 205 76.5 8.1 
MO II 284.823 200 78.4 8.4 
MO I 379.825 150 104.5 10.0 
MO II 390.296 146 107.4 9.4 
MO II 263.876 216 72.6 7.6 
MO II 292.339 195 80.4 9.1 
MO I 313.259 182 86.2 9.7 

*Peak numbers refer to designations on the spectrum in Fig. 2(d). 
tcalculated as full width at half maximum. 
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spectrum (a) has been subtracted from the signal 
obtained for the blank. Spectrum (c) is a dark- 
current-subtracted spectrum showing the signal 
obtained from a 5 pg/ml solution of molyb- 
denum. Spectrum (d) is the signal obtained by 
subtracting (b) from spectrum (c). 

O~rati~g parameters 

The observation height in the ICP was fixed 
at 20 mm above the load coil, on the basis of 
visual observation of the emission from a 1000 
j.6ggiml solution of yttrium. Signal-to-noise ratios 
for the analytical lines of molybdenum were 
optimized by changing independently the 
plasma input power and the carrier-gas flow- 
rate. The emission spectra obtained under opti- 
mal conditions for (a) atomic emission and (b) 
ionic emission are shown in Fig. 3. The optimal 
conditions for atomic emission were an ICP 
power of 1 .I kW and a carrier (central) gas 
flow-rate of 1.0 l./min. Throughout this 
study, the ICP was operated under conditions 
optimized for ionic emission, listed in 
Table 2. 

Experimental procedure 

Because of the unconventional spectral pre- 
sentation at the photodiode array, it is essential 
to define carefully both signal and noise in order 
to assign realistic detection limits. Three differ- 
ent methods of determining noise were evalu- 
ated. First, a conventional approach was taken 
in which noise was defined as the standard 
deviation of ten independent measurements of a 
blank solution, at the spectral location of inter- 
est. For this definition of the detection limit, the 
effect of integrating both the signal and the 
background over different numbers of pixels 
was examined. For a given determination, the 
number of pixels used to compute both the 
signal and the background area was equal Each 
spectral line was examined for signal definitions 
covering a range from 1 to 13 pixels, centered at 
the peak of the line (i.e., peak + 0 pixels, 
peak + 1 pixel, peak + 2 pixels, . . . , peak + 6 
pixels). This procedure is illustrated in Fig. 4(a) 
and (b), where signal and background defi- 
nitions covering a five-pixel range are shown. 
For each of these definitions, four different 

I...... * .I I 

i 
(d) 

1024 1 1024 
Channel Channel 

Fig. 2. Spectra obtained from the photodiode array, IO-set integration, vertical scales are identical for 
all spectra: (a) dark current; (b) dark-current-subtracted blank spectrum; (c) dark-current-subtracted 
sample spectrum from 5 fig/ml rnoiy~en~ solution; (d) blank-subtracted MO spectrum [spectrum 

(c) - spectrum (b)]. 
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Fig. 3. Spectra obtained under optimized operating conditions for (a) atomic emission and (b) ionic 
emission. Optimized conditions for atomic emission: plasma forward power, 1.1 kW; sample delivery rate, 
1 .O ml/min. All other parameters were the same as the optimized conditions for ionic emission, listed in 
Table 2. Spectral lines are identified in Table 1; peaks 1, 6, and 10 arise from the neutral atom, while all 

other numbered peaks correspond to MO ion lines. 

photodiode array integration times were exam- 
ined: 10, 30, 50, and 100 sec. From the definition 
of S (signal) and N (noise), the detection limit, 
DL, for analyte x was defined in the conven- 
tional manner: 

DL = 3(o/S)[x] (1) 

where D is the standard deviation of the 10 blank 
measurements, and S is the average signal mag- 
nitude of 10 sample injections having an analyte 
concentration [x]. In addition to providing in- 
formation regarding detection limits, these data 
helped to evaluate the precision of the tech- 
nique. For this latter portion of the study, a 
concentration of 0.5 pgg/ml molybdenum was 
used. 

A second definition of noise involved utilizing 
the multichannel capability of the spectrometer 
to monitor simultaneously the signal and the 
neighbouring background. By this method [see 

Fig. 4(c)], selected regions on each side of a 
spectral line could be defined as the back- 
ground. A total of six pixels were used to define 
the background region. During data processing, 

Table 2. Instrumental parameters optimized for MO II 
emission 

Plasma forward power 
Gas flow-rates 

Outer 
Intermediate 
Inner (carrier) 

Sample delivery rate 

Observation height 

Magnification of ICP image 

Prepolychromator 
Entrance slit width 
Entrance slit height 

Photodiode array detector 
(1024 channels) 
Temperature - 

1.9 kW 

16.0 l./min 
0.5 l./min 
0.9 l./min 

1.6 ml/min 

20 mm above the load coil 

1 

25 pm 
5 mm 

,4o”c 
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a best-fit line was established for these back- 
ground regions. This best-fit line represents the 
average baseline above which the actual signal 
was determined. The noise was then defined as 
the standard deviation of the residuals between 
the best-fit line and the values at individual 
pixels. The signal was defined as the difference 
between the best-fit line and the actual value of 
a particular pixel. Once again, the effect of using 
different pixel ranges, from 1 to 13 pixels, as an 
integrated signal value was examined. 

The third method for defining noise was more 
empirical but practical in nature and was used 
as a standard against which the other definitions 
could be evaluated. This method [see Fig. 4(d)] 
involved determining a peak-to-trough value for 
the noise neighboring each spectral line, and 
taking this as equal to 50. The noise was 
evaluated in the region of signal levels which 

were not more than about 10 times the detection 
limit. The standard definition of the detection 
limit [equation (l)] was then used to ascertain a 
detection-limit value. In essence, these empirical 
detection limits indicate the concentration at 
which a signal peak begins to disappear in the 
baseline noise and serve as a convenient &facto 
standard. 

The software required for data processing 
was supplied with the spectrometer. Solutions of 
0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50, and 100 pg/ml 
molybdenum were used to obtain data for detec- 
tion limits, linearity, and dynamic range. Detec- 
tion limits calculated on the basis of the 
sideband-noise definition represent the average 
of those obtained from solutions having a 
molybdenum concentration within one or two 
orders of magnitude of the determined detection 
limit. 

Signal c 

, I, I . . . . . 9 I 

Channel 

(b) Peak pixel 

Sideband -2 

, I . I . . . .I I. 

Channel 

Fig. 4. Signal definitions. (a) Dark-current-subtracted blank trace illustrating the procedure for obtaining 
noise for the background-based detection limit. The noise was defined as the standard deviation of the 
peak areas obtained for 10 blank determinations. The number of pixels integrated for the total signal was 
varied. (b) Blank-subtracted peak illustrating the procedure for defining the signal for the background- 
based detection limit. A best-fit line was obtained from selected regions in the sideband background. The 
signal was defined as the summation of the difference values between the signal and the best-fit line. The 
number of pixels integrated for the total signal was varied. (c) Blank-subtracted peak illustrating the 
procedure for defining the signal and noise for the sideband-based detection limit. The noise was defined 
as the standard deviation of the pixel values in the defined sideband regions. The signal was defined in 
the same manner as in (b). (d) Blank-subtracted peak illustrating the procedure for defining the signal 
and noise for the empirically-based detection limit. The peak-to-trough pixel values of the surrounding 
sideband regions were defined as being equal to 5~. The signal was defined as the peak height above a 

best-fit line which was obtained from the surrounding sideband regions. 
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Reagents 

A 1000 pug/ml standard stock solution of 
molybdenum (Aldrich) was used for prepara- 
tion of the dilute molybdenum solutions used in 
this study. The stock solution was prepared by 
the manufacturer by dissolving ammonium 
heptamolybdate tetrahydrate in water, and 
was appropriately diluted with distilled and 
demineralized water and stored in precleaned 
polypropylene containers (Nalgene). 

RESULTS 

Detection limits 

In the foregoing discussion, the noise was 
taken simply as the standard deviation of the 
residuals of the sideband pixels, 0. However, if 
the background noise is random, i.e., normally 

distributed, the standard deviation of the sum of 
n pixels should be bn ‘1’; that is, because the 
noise on individual pixels is random, the indi- 
vidual variances (a*) are additive. Accordingly, 
if the peak signal area, A, is obtained as a 
summation of n pixels, the proper sideband 
noise to employ in assigning a detection limit is 
on I’*. Therefore 

DLcside) = [M01(3~r/A)n”* (2) 

where [MO] is the concentration of molybdenum 
resulting in the defined signal peak area A. 

The consistency in the detection limits that 
are based upon sideband noise (see Tables 3 and 
4) for peak areas covering 3-13 pixels is an 
indication of the general applicability of this 
sideband definition of the detection limit. In 
every case, the use of a single pixel for the 

Table 3. Detection limits (rig/m/// for peaks 1-4 

Detection limit 

Peak 1 Peak 2 Peak 3 Peak 4 
No. of MO I (386.41 I) MO II (287.151) MO II (281.615) MO II (277.540) 
pixels* 

(n) Emp.t Backg.§ Side3 Emp. Backg. Side Emp. Backg. Side Emp. Backg. Side 

IO-see integration 

1 91 164 98 28 61 39 26 52 20 
3 116 66 49 25 49 13 
5 125 67 60 22 54 11 
7 158 71 70 23 56 12 
9 206 76 74 24 66 12 

11 221 82 83 25 68 13 
13 245 87 94 26 79 14 

30-see integration 

1 62 47 50 19 36 18 24 33 22 
3 40 36 40 12 23 14 
5 56 36 48 11 26 13 
7 79 38 56 11 26 13 
9 74 41 62 11 32 13 

II 93 44 72 12 37 14 
13 110 46 79 13 41 15 

50-set integration 

I 43 88 41 II 35 19 7 26 14 
3 93 29 35 13 27 9 
5 115 29 44 12 29 8 
7 133 31 49 12 33 8 
9 154 33 56 12 33 9 

II 163 35 63 13 37 9 
13 173 37 65 14 39 10 

100-see integration 

I 33 138 31 12 32 10 7 21 11 
3 173 21 36 6 23 7 
5 219 22 42 6 24 6 
7 282 23 47 6 25 7 
9 334 25 51 6 27 7 

11 320 26 54 7 30 7 
13 250 27 61 7 32 8 

*Number of pixels used in determining both signal integral and blank (background) noise. 
TEmpirical detection limit. 
PBackground-based detection limit. 
SSideband-based detection limit. 

68 112 42 
54 27 
65 25 
62 26 
92 26 
98 28 
89 29 

29 47 33 
44 21 
59 20 
69 20 
80 21 
97 22 

114 24 

16 27 27 
24 17 
36 16 
39 16 
44 17 
48 18 
52 19 

18 34 14 
35 9 
41 8 
49 9 
61 9 
77 10 
90 10 
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determination of the sideband detection limit 
results in a value significantly different from the 
value obtained by using 3-13 pixels. 

The detection limits obtained for peaks l-4 
and peaks 5-10 (see peak designations in Table 
1) are listed in Tables 3 and 4, respectively. 
Figures 5 and 6 show examples of the signals 
obtained with different integration periods for 
peaks l-4 and for peaks 5-10. No empirical 
detection limits are given in Table 4 for those 
peaks (i.e., peaks 5, 6, 8 and 9) which were 
neighbored by interfering spectral lines, since 
the empirical detection limit obtained in such a 
situation would be unrealistically high. 

as the number of pixels used in the peak defin- 
ition is raised. Additionally, for peaks 1, 7 and 
10, as the integration time is increased from 10 
to 100 set, the background-based detection limit 
increases whereas the empirical detection limit is 
lowered. Significantly, peaks 1, 7 and 10 all 
appear at positions on the photodiode array 
that are dominated by strong background emis- 
sion [see Fig. 4(c)]. The consistency of detection 
limits obtained by using the sideband definition 
of noise when the background emission is 
high, indicates the importance of the multiplex 
advantage offered by the photodiode-array 
spectrometer. 

The results compiled in Tables 3 and 4 show Detection limits for all three signal definitions 
that detection limits based upon the normalized tend to improve for peaks 1, 2, 3, 4, 7 and 10 
sideband noise are more consistent with the as the integration time is raised from 10 to 100 
empirical values than are those based upon the sec. However, significant improvements in both 
background noise. For example, detection limits the empirical and the background-based defini- 
based upon background noise tend to increase tions are not observed as the integration time is 

Table 4. Detection limits @g/ml) for peaks S-10 (designations as in Table 3) 

Detection limit 

Peak 5 Peak 6 Peak 7 Peak 8 Peak 9 
MO II MO I MO II MO II MO II Peak 10 

No. of (284.823) (379.825) (390.296) (263.876) (292.339) MO I (313.259) 
pixels 

(n) Backg. Side Backg. Side Emp. Backg. Side Backg. Side Backg. Side Emp. Backg. Side 

I 
3 
5 
7 
9 

11 
13 

1 
3 
5 
7 
9 

11 
13 

1 
3 
5 
7 
9 

II 
13 

1 
3 
5 
7 
9 

II 
13 

IO-set integration 

145 104 147 217 154 267 306 572 358 281 368 204 507 191 
97 66 145 146 347 208 458 225 275 230 456 122 
85 59 199 141 302 203 497 199 326 211 411 111 
94 60 228 148 344 212 523 200 351 215 462 111 

102 63 221 159 436 225 647 212 416 228 481 115 
95 67 256 171 524 240 808 228 451 246 665 122 

108 72 309 183 590 255 864 243 560 267 774 130 

30-set integration 

66 35 239 124 74 486 108 363 168 238 168 121 416 182 
59 23 200 86 458 76 310 105 201 105 336 121 
75 21 186 83 480 76 363 96 216 98 300 109 
88 21 170 86 527 80 385 98 232 100 312 109 
98 22 153 90 567 85 475 103 262 105 384 112 

113 24 198 95 616 90 557 109 263 111 453 118 
131 25 222 101 731 95 669 116 280 119 533 125 

50-see integration 

57 19 149 51 68 327 60 187 246 147 187 57 403 101 
51 12 198 35 345 43 194 158 142 121 300 65 
59 II 196 34 279 42 220 145 154 112 237 59 
66 12 179 36 298 45 284 149 163 115 227 59 
81 12 280 38 311 47 331 158 189 122 243 61 
93 13 392 40 345 50 384 169 223 130 265 64 

104 14 427 42 403 53 441 180 279 138 303 68 

lOO-set integration 

62 39 514 119 46 635 50 264 306 326 290 50 941 88 
64 25 364 80 705 34 316 195 245 183 840 56 
71 24 127 78 720 33 420 180 167 166 730 51 
84 24 571 84 661 35 525 186 235 169 679 52 
93 26 1334 92 659 37 576 196 478 181 779 54 

103 28 2021 100 843 39 627 207 814 193 953 57 
119 31 2268 108 1113 41 731 220 1277 208 1085 60 
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(0) 10 second integration 
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Fig. 5. Spectra obtained for peaks l-4 by using signal-integration periods of (a) 10 set, (b) 30 set, (c) 50 
set and (d) 100 sec. The molybdenum concentration was 100 ng/ml. 
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Fig. 6. Spectra obtained for peaks 5-10 with signal integration periods of (a) 10 set, (b) 30 SC, (c) 50 
set and (d) 100 sec. The molybdenum concentration was 500 ng/ml. 
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Table 5. Linearity and linear dynamic range of blank-corrected peak areas obtained from five pixels 

Peak 2 Peak 3 Peak 4 

Integration time, set 10 100 10 100 10 100 

Linear dynamic range, pg/ml 0.05-100 0.01-10 0.05-100 0.01-10 0.5-100 0.05-10 
Slope * rJ 263.6 f 0.8 2347 + 4 396.0 k 0.5 3437 + 8 184.0 + 0.6 159Ok2 
y-intercept f u -40 * 30 lo*20 -40+20 -2Ok30 - 40.0 + 30 Ok 10 
Correlation coefficient, r 1.000 1.000 1.000 1.000 1.000 1.000 

increased from 50 to 100 sec. This result indi- 
cates that the dominant source of noise at 
integration periods longer than 50 set is prob- 
ably source flicker. 

Consistently, the best values for sideband- 
based detection limits are derived for peak 
integrals obtained from five pixels. Similar re- 
sults have been published elsewhere.’ Because of 
the number, spectral range, and the variety 
(ionic and atomic) of peaks used in this study, 
we feel that this conclusion can be generalized 
to include peaks from other elements, even 
under circumstances in which the signal is in a 
region dominated by background emission. 

Linearity and dynamic range 

Table 5 shows the results obtained for linear- 
ity and dynamic range for peaks 224. Similar 
results were obtained for peaks 1 and 5-10. The 
fact that the slopes reported for the lOO-see 
integration period differ from the slopes re- 
ported for the IO-set integration period by a 
factor other than 10 indicates that the instru- 
ment response is slightly different for these two 
integration periods. The linear dynamic range 
when a single integration time is used is approx- 
imately three orders of magnitude. If integration 
periods of 10 and 100 set are both used, the 
dynamic range of the instrument covers an 
additional order of magnitude. However, accu- 
racy is best when the instrument is calibrated 
individually for each integration period. 

Precision 

Table 6 shows the precision of the instrument 
for all 10 peaks at a molybdenum concentration 
of 0.5 pg/ml. The values were obtained with a 
50-set integration time and are based on a peak 
definition of 5 pixels. Sideband baseline correc- 
tion was used. The data were collected over a 
period of 1.5 hr. The reported precision for 
peaks 24 (334%) is significantly better than 
that for peaks 1 and 5 (8%) and peaks 6-10 
(l&20%). The deterioration in precision for 
peak 1 and for peaks 5-10 can be attributed to 
the complex background emission observed 

in these regions of the photodiode array (see 
Fig. 2 and 6). 

DISCUSSION 

The ability of a multichannel spectrometer to 
monitor simultaneously both the signal and 
the sideband background offers the capability 
to correct for low-frequency fluctuations in 
background emission. In this sense, such a 
spectrometer offers a distinct advantage over 
single-channel photomultiplier-based systems. 

When detection limits are determined with a 
multichannel spectrometer, the best definition 
of noise involves measuring the pixel-to-pixel 
fluctuations in background on each side of the 
spectral line. The signal definition which empiri- 
cally provides the highest signal-to-noise ratio is 
derived from integrating a range of five pixels 
centered at the spectral peak. If such a peak area 
is employed, the noise must be normalized by a 
factor of n ‘D where n is the number of pixels 
(five, here) in the peak-area definition. This 
definition of noise results in detection limits 
which are similar to those obtained by empirical 
methods. 

The linearity of the spectrometer response 
extends over three orders of magnitude when a 
single integration period of 100 set is used, but 
can be extended to at least four orders of 
magnitude by use of additional integration 
times. However, when multiple integration peri- 
ods are employed, each period must be cali- 
brated independently. 

Table 6. Precision for a signal definition of 5 pixels 

Wavelength, Precision 
Peak number nm (%R.S.D.) 

1 386.411 7.8 
2 287.151 4.0 
3 281.615 2.7 
4 277.540 3.8 
5 284.823 7.6 
6 379.825 17.0 
7 390.296 14.3 

; 
263.876 15.2 
292.339 14.0 

10 313.259 19.6 
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The precision attainable is dependent on the 
level of background emission; in instances 
where the background emission is relatively low, 
a precision of about 34% can be expected for 
an integration period of 50 set (for 0.5 pgg/ml 
MO). 
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Suuunary-A program has been developed to evaluate the number of spectral windows required to 
perform elemental analysis by ICP-AES, given a certain spectral window width. The data indicate that 
photodiode array systems (sequential slew scan) with as few as 7 or 8 acquisitions (windows) might be 
viable. With smaller windows, approaching in size those used by direct-reading spectrometers, it appears 
that conventionally designed spectrometers with photomultiplier tube detectors could use between 29 and 
37 windows to determine 59 elements. This indicates that a general purpose direct-reading spectrometer 
may be feasible. 

We have discussed elsewhere the performance of 
linear photodiode arrays with respect to their 
potential for atomic-emission spectrometry.‘-4 
Though linear arrays continue to increase in 
size, there is no indication that this simple 
format, so well suited to simple grating systems, 
will reach a length and pixel count sufficient for 
plasma emission spectrometry with a single 
device. This is unfortunate, because these 
devices can provide simultaneous background 
spectral information which can be of enormous 
value, particularly when primitive (one and two 
point) spectral stripping schemes will fail. 
We have often wondered how a slew scanning 
(multiwindow) system might perform. Our pre- 
vious work’ indicated that photodiode arrays 
(PDAs) can give performance comparable to 
that of systems based on photomultiplier tube 
(PMT) detectors, although longer integration 
times may be necessary for unintensified sys- 
tems. The real questions seem to be (1) how 
many windows would be needed and (2) how 
wide should these windows be? Certainly the 
combined concerns of window width and num- 
ber of pixel elements required would dictate the 
length and consequently the cost of the system. 

We recently acquired a direct-reading spec- 
trometer equipped with a refractor plate for 
background correction purposes. The spectral 
window accessed by this system varies with 
wavelength, but is approximately 0.18 nm. We 
investigated the possibility of using a conven- 
tional system of this type for multielement 

*Author to whom correspondence should be addressed. 

analysis within a given window. Our hope was 
that a scanning capability combined with a 
judicious choice of compromise windows might 
allow the manufacture of systems designed to 
solve specific problems with a significant reduc- 
tion in the number of “channels” (exit-slit 
assemblies). Alternatively, a conventional multi- 
channel spectrometer with broad applicability 
could be developed. Compared with a PDA- 
based system, the spectral windows used in 
photomultiplier-based systems are of course 
much smaller, though the methodology of inves- 
tigation is the same. We report below the rest&s 
of an investigation of spectral windows for both 
types of instrument. 

EXPERIMENTAL 

We set about this investigation by using the 
PROLOG language. PROLOG is a logic-based 
language and well suited to questions such as 
“How many 20 nm windows are needed to cover 
the best lines of elements X, Y and Z?“. In 
addition to its logic-based orientation, it has 
inherent database-management facilities which 
were useful in the program development. We 
used a compiler version of PROLOG, Turbo 
PROLOG, rather than the more common in- 
terpreter form, because of the speed advantage 
expected from a compiled program. We utilized 
a somewhat modified version of the atomic 
spectral line database published by Winge er aL5 
as well as information provided by P. W. J. M. 
Boumans.6 Though the database may not be 
as complete as some versions, it was quite 
adequate for the limited searching that we had 
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Table 1. List of elements used 

Ag Al As AU B Ba Be Bi C Ca Cd 
Ce Co Cr Cu Fe Ga Ge Hg In Li Mg 
Mn MO Nb Ni P Pb Pt Sb Se Si Sn 
Sr Ta Te Th Ti Tl U V W Zn Zr 

in mind. A program called Windows-I was 
developed initially to investigate this problem. 
The program was provided with several sets of 
elements randomly selected from the list in 
Table 1. The program was also provided with a 
Degradation Factor2 and a Window Width (in 
nm). All these parameters were read in from 
a file to allow convenient batch processing. 
Several of the parameters will be discussed in 
more detail below. 

When initiated, the program reads in the 
selected set of elements. The Degradation Fac- 
tor is used to extract the analytical lines of the 
various elements into the line set. It simply 
delineates the maximum level of detection limit 
degradation allowed during the line selection 
process.* For example, with a Degradation Fac- 
tor (DF) of 3 and an element for which the best 
line has a detection limit (DL) of 1 ng/ml, all 
the element’s lines with detection limits of 
DL*DF = 3 ng/ml or less would be read into the 
database. For simplicity, in our experiments, the 
same Degradation Factor has been applied to 
all elements in the set. 

After the full database has been read in and 
pruned as described above, the window selec- 
tion procedure begins. The time required for a 
given computation depends on both the number 

of lines (variable, depending on the DF) and the 
number of elements. The relationship of the two 
factors can be estimated by examining the times 
in Table 2 for various numbers of lines and 
windows. All computation times reported were 
based on times obtained by using a 10 MHz 
80286 CPU system with zero wait state memory. 
When computations were done on other 8088 or 
80286 CPU machines the values were corrected 
for the speed difference, based on a calibration 
program run on both machines. When the el- 
ement set consisted of 15 or more elements, the 
search time became excessive. In several cases 
we simply were not able to get data values even 
though we ran the search continuously for 
7 days. 

Windows-I utilizes a method of search for 
which PROLOG is particularly well configured. 
This is a “breadth first” method. It will search 
first for any combination of lines which will 
satisfy the requirements in a single window. 
Then it will try two windows, then three. . . etc. 

The search strategy utilized by Windows-I is 
exhaustive and so ensures that the best solution 
at any number of windows, if one exists, is 
found. 

As the data in Table 2 indicate, processing 
time becomes excessive for Windows-I when 

Table 2. List of times (see) for Windows-I and Windows-II 

Windows-I Windows-II 

5 elements, 10 nm, DF3 2.5 x 10’ 8.9 x 10” 
10 elements, 10 nm, DF3 5.7 x 10’ 3.2 x 10’ 
15 elements, 10 nm, DF3 N/A 1.1 x 102 
20 elements, 10 nm, DF3 N/A 2.2 x lo2 
25 elements, 10 nm, DF3 N/A 3.9 x 102 
30 elements, 10 nm, DF3 N/A 6.6 x 102 

5 elements, 10 nm, DFlO 2.1 x 10’ 2.2 x 10’ 
10 elements, 10 nm, DFlO 4.7 x 10’ 8.6 x 10’ 
15 elements, 10 nm, DFlO N/A 2.5 x lo2 
20 elements, 10 nm, DFlO N/A 5.0 x 102 
25 elements, 10 nm, DFlO N/A 7.9 x 102 
30 elements, 10 nm, DFIO N/A 1.4 x 103 

5 elements, 20 nm, DF3 1.7 x 10’ 1.1 x 10’ 
10 elements, 20 nm, DF3 8.8 x 102 2.8 x 10’ 
15 elements, 20 nm, DF3 1.8 x IO4 1.1 x 102 
20 elements, 20 nm, DF3 N/A 2.0 x 102 
25 elements, 20 nm, DF3 N/A 3.7 x 102 
30 elements, 20 nm, DF3 N/A 7.1 x 102 

5 elements, 20 nm, DFlO 3.4 x IO’ 2.2 x 10’ 
10 elements, 20 nm, DFlO 7.6 x IO2 8.1 x 10’ 
15 elements, 20 nm, DFlO 4.4 x 104 2.4 x lo2 
20 elements, 20 nm, DFlO N/A 4.7 x 102 
25 elements, 20 nm, DFlO N/A 8.5 x lo* 
30 elements, 20 nm, DFlO N/A 1.6 x lo3 
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Fig. I. Lines for elements in Table I with detection limits less than 10 ng/ml. 

larger data sets are involved. These times are 
obviously unacceptable for operation in real 
time. To overcome this problem a second pro- 
gram called Windows-II was developed, which 
we called the heuristic program, because it used 
an intelligent search strategy rather than the 
brute force, “test all possible combinations”, 
approach used by Windows-I. 

The histogram in Fig. 1 indicates that the vast 
majority of the lines we would be interested in 
fall in a narrow spectral range (200-360 nm). 
This suggested to us that an efficient and accept- 
able, but not necessarily perfect, solution to the 
window selection problem might be found by 
simply selecting windows based on the number 
of elements (elemental lines) which each window 
eliminated from the list of elements. In other 
words, whichever spectral window contains the 
most elements becomes the first window. The 
second window is the one which finds the most 
elements remaining in the line set. . .etc. This 

is the approach used by Windows-II. This algor- 
ithm is well suited to a recursive approach and 
encouraged us in our decision to use PROLOG 
again for Windows-II. 

RESULTS AND DISCUSSION 

As the data in Table 2 indicate, the scheme 
used in Windows-II is much faster; indeed, it 
seems to be fast enough to be implemented on 
a fast microcomputer for real time operation of 
a windowed slew scan system. It must be kept 
in mind that there are at least two common 
32-bit CPUs (80386 and 68030) now used in 
microcomputers, which operate at 25 MHz. 
Data from Windows-I and Windows-II are 
plotted together in Figs. 2-5. The lower set 
of data has been slightly offset to the right to 
allow the error bars to be seen. The data from 
Windows-I runs are limited to very small data 
sets, because of the computation time required. 

0’ 
0 

I 

5 

I I I I I 1 

10 16 20 25 30 35 

No. of elements 

* Windows I -@- Windows II 

Fig. 2. Number of 20 nm windows needed with DF of 3. In Figs. 2-5 the error bars represent one standard 
deviation. 
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Fig. 4. Number of 10 nm windows needed with DF of 3. 
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Fig. 5. Number of IO nm windows needed with DF of 10. 
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It is encouraging to note that the data provided 
by Windows-II runs are very similar or identical 
to those of Windows-I, indicating that our 
heuristic approach was good. The reader should 
keep in mind that Windows-I always finds 
the best solution. Windows-II uses a faster 
approach which will find a solution, but not 
necessarily the best. 

As the data in Figs. 2-5 indicate, the number 
of windows required does not always increase 
linearly as the number of elements increases; 
however, it certainly has linear characteristics 
up to 25 elements. As would be expected, the 
lines/window ratio increases as the DF in- 
creases, simply because more lines become 
available, thereby enhancing the probability of 
solving the problem with fewer windows. We 
found the comparison between the data in 
Figs. 2 and 3 to be particularly interesting. With 
a lOOO-element linear array, there would be a 
spacing of 0.02 nm between element lines. 
There appears to be little advantage in using 
a Degradation Factor of 10. A Degradation 
Factor of 3 would allow most 30-element 
spectral analysis problems to be solved with 7 
windows. By the use of a rapid scanning drive 
system and assuming that IO-set integrations 
would be adequate, over half the analyses could 
be completed in about 70 sec. If the resolution 
must be doubled, then the data in Figs. 4 and 5 
become applicable. Even in this situation, 
almost half of the problems can be solved with 
8 windows. 

To obtain similar quality data (with similar 
information for background correction) in the 
region of a single spectral line with a direct- 
reading spectrometer specifically configured for 
those elements might reasonably take from 30 to 
60 set if 60 spectral positions (0.03 nm between 
positions) were used with 0.5 or 1 set integration 
at each position. It should be noted that the 60 
positions and 0.18 nm window are typical of our 
spectrometer system. The time required for a 
conventional scanning system to cover 30 el- 
ements could then be estimated at 900 sec. If 
almost zero translation time and only 10 set per 
element are assumed, the time spent would still 
be 300 sec. A scanning windowed system would 
offer flexibility in wavelength selection and 
would appear to have some advantage with 
respect to throughput at moderate to high 
light levels. It is probable, however, that an 
unintensified photodiode array operated in a 
typical linear dispersion system will not have a 
sufficient flux to allow use of 10 set integration 

times for low light levels in the shorter wave- 
length regions of the spectrum.* 

This brings forth the question, “What can 
conventional multichannel PMT-based systems 
with spectrum shifters do?” The Windows-II 
program was used for all this work, so superior 
solutions may be possible. The window width 
was set to three different values, 1.8, 0.4 and 
0.18 nm. A 0.4 nm window is used in a modified 
Jarrell Ash system’ which drives the galvan- 
ometer through a larger angle. The value of 0.18 
nm is provided by the normal Jarrell Ash soft- 
ware on the Model 61 system. The wider 1.8 nm 
spectral coverage is possible with the same 
system by simply placing a thicker refractor 
plate in the system. Using only the 1.8 nm 
windows and a variety of 30 element sets, with 
a Degradation Factor of 3, it is possible to 
determine 30 elements in an average of 13.4 
windows (standard deviation 1.2). The maxi- 
mum number of windows found necessary was 
16. If a Degradation Factor of 10 can be 
accepted, the average number of windows re- 
quired is 10.9, with a standard deviation of 1.2. 
The maximum found necessary was 13. The 
question then arises, “How many windows are 
needed to cover all the elements?’ In this case 
we consulted several experts about elements 
that were monitored for environmental impact 
or used in common industrial processes. We 
arrived at a list of 59 elements. The elements 
added to our original database (Table 1) are 
listed in Table 3. The complete data set for 
number of windows is listed in Table 4. The data 
indicate that as few as 17 windows are needed 
to solve this problem with a Degradation Factor 
of 10, or 21 with a Degradation Factor of 3. 
Major line overlaps will not be a problem in our 
determination because the closest major ana- 
lytical lines in any of the windows were those 
of As (228.812 nm) and Cd (228.802 nm). We 
have been able to resolve this overlap on our 

Table 3. List of additional elements 

Cs Gd Ho Ir K La Na OS 
Pd Rb Re Rh SC Sm Y 

Table 4. Number of windows 
required for 59 elements 

Window 
No. of windows 

width, nm DF3 DFlO 

1.8 21 17 
0.4 34 26 
0.18 37 29 
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system by using the technique of multiple linear 
regressions.* 

These computations suggest to us that it 
should be possible to build a general purpose 
59-element system that would satisfy the needs 
of many users. We have not in our work consid- 
ered the spectral overlaps that can occur from 
minor lines of major elements in the matrix, a 
factor which might increase the number of 
windows, nor have we considered the use of the 
second order, which might reduce the number of 
windows by causing a given spectral line to 
appear in two places on the focal plane. 
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Summary-The best analytical line for determination of a specified analyte is selected from a set of lines 
on the basis of the least interference in a particular sample matrix, by several cycles of mathematical 
analysis. Unsuitable lines are rejected in the first few cycles, the best lines being retained until last. 
A multivariate analysis after each cycle provides an updated estimate of the analyte concentration. 
This process is performed without reference to spectral tables. 

Inductively-coupled plasma optical-emission 
spectrometry (ICP-OES) provides a wealth of 
spectral emission lines for each element, allow- 
ing great flexibility in the choice of analytical 
lines. The spectral tables of Boumans’ list over 
750 potential spectral lines which can be used 
for elemental analysis. Traditional ICP-OES 
instruments (sequential slew scanning and 
simultaneous direct readers) typically utilize 
only one analytical line for each element to be 
determined. Choosing an appropriate set of 
lines for multielement determinations can be 
very complex. The intensity of an emission line 
relative to background noise determines the 
detection limit, but the utility of a particular line 
for an analyte may also be affected by partial 
or complete spectral overlap by lines of con- 
comitant elements. Many of these overlaps or 
coincidences have been documented in line 
tables such as those of Boumans, but even the 
most comprehensive tables do not list all the 
lines of all the elements. Further, the degree of 
overlap depends on the spectrometer bandpass 
and to a lesser degree the plasma operating 
conditions. Thus each new analytical problem 
requires an ad hoc solution, by so-called 
“methods development”. In this process various 
options for the choice of analysis lines are 
studied and, presumably, the optimum set of 
lines is found. This procedure includes the col- 
lection of spectral scans for all the potentially 
useful lines, from single-element standards and 

*To whom correspondence should be addressed. 

standard reference materials with a composition 
similar to the prospective sample. Useful lines 
are chosen on the basis of their sensitivity and 
relative freedom from spectral interferences. 
For direct-reading multichannel spectrometers 
this line set is then “hardware programmed” 
into the instrument, and the instrument then 
becomes more or less specialized to solve that 
problem. For sequential slew-scanning spec- 
trometers, the line set is “software pro- 
grammed” and consequently the instrument 
is more flexible, solving a wider variety of 
problems, although at the cost of slower data- 
acquisition. Sequential spectrometers may also 
allow selection of an alternative line when 
there is a spectral line overlap with the chosen 
analysis line. However, even when sequential 
spectrometers are used it is too time-consuming 
to examine all the potential choices, for all lines, 
for all samples. 

In recent years there have been many 
reports on the use of multiplex spectrometers 
for ICP--OES.*-’ Multiplex spectrometers are 
capable of simultaneously acquiring a window 
of spectral information, thus combining the 
flexibility of a sequential system with the speed 
of a direct reader. The two most common 
multiplex approaches are through the use of 
Fourier transform spectrometers (FTS)24 and 
instruments based on optoelectronic image 
sensors.%’ The key feature of multiplex spec- 
trometers is their ability to collect multiple 
wavelength data, so that in principle the spec- 
trum includes all of the information about 
the analyte line, interferents, and background, 

ML 37:,--D 
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provided by the ICP. Two different approaches 
can be taken to utilization of this spectral 
information for analytical determinations. First, 
since several lines are available for each analyte, 
all, or selected lines, may be used to construct 
the calibration curve. Secondly, the utility of 
each of the analytical lines in the spectral 
window can be rapidly assessed with respect to 
sensitivity and relative freedom from inter- 
ferences to enable choice of the optimum lines 
for each element in each individual sample. 
Through the application of factor analysis and 
related techniques developed in this laboratory, 
this selection process can be simplified. Further- 
more, this method does not require that the 
identity of interferents be known. 

EXPERIMENTAL 

Instrumentation and computer hardware 

An inductively coupled plasma unit manufac- 
tured by Plasma-Therm Inc. (Kreeson, NJ) was 
used, consisting of an HFP-2500E rf generator, 
an AMN-2500E automatic matching network, 
and an APCS-1 automatic power control unit. 
A Sherritt-Gordon (Fort Saskatchewan, AB) 
MAK-200 cross-flow nebulizer running at 
200 psig was used for sample introduction. 
A plano-convex fused-silica lens with a focal 
length of 150 mm produced a 1: 1 image of the 
plasma on the entrance slit of the monochro- 
mator. A Schoeffel-McPherson (Acton, MA) 
Model 2061, I m Czerny-Turner monochro- 
mator with a Model AH-3264 1200 line/mm 
holographic grating provided dispersion onto a 
Reticon {Sunnyvale, CA) Model RL-4096/20 
linear photodiode array. The 4096 detecting 
elements of the array covered a wavelength 
range of approximately 45.0 nm, giving a resol- 
ution of 0.04 nm when a 60 pm entrance slit 
was used. The array was cooled to - 15” with 
a Melcor (Trenton, NJ) Model CP 14-7 I- 1OL 
Peltier cooler mounted on the back of the array. 
Read-out of the array was performed with a 
Reticon Model RL-4096%3 evaluation board 
interfaced with an R. C. Electronics (Santa 
Barbara, CA) Model ISC-16 A/D converter 
card installed in a Telex (Tulsa, OK) Model 
1280 PC-AT computer. A complete software 
package written in Turbo Pascal was used for 
data acquisition, screen display, plotting and 
other specialized applications. This program 
also contained routines for dynamic range en- 
hancement.* Spectra were stored on 5; in. floppy 
disks, and transferred to the campus computer 

Table 1. Waveleneths of analvte lines used 

Element 
Diode 

number 
Wavelength, Atom (I) or 

nrn ion (II) line 

Fe 

co 

Cr 

La 

146 364.784 I 
286 363.146 I 
395 361.877 I 
480 360.886 I 
717 358.120 I 
812 357.010 I 
852 356.538 I 

1491 349.058 I 
1620 347.545 I 
1916 344.061 I 
818 356.938 I 

1156 352.981 I 
1357 350.632 I 
1391 350.228 I 
1632 347.402 I 
1807 345.350 I 
1844 344.917 I 
1892 344.364 I 
2158 341.234 I 
2219 340.512 I 

510 360.533 I 
612 359.349 I 
738 357.869 I 

1979 343.331 II 
2069 342.274 II 
2188 340.876 II 
2235 340.332 II 
2535 336.805 II 
2601 336.030 II 
2616 335.850 II 

167 364.542 II 
309 362.883 II 

2425 338.091 II 
2464 337.633 II 
2735 334.456 II 
2795 333.749 II 
3087 330.311 II 
3405 326.567 II 
3543 324.935 II 
3579 324.513 II 

system. All programs used for post-collection 
processing were written in APL for ease of 
programming and modification of source code. 

Preparation of analyte solutions 

Standard aqueous solutions were prepared 
from the nitrates for Co, Cu, Ni and La (all 
500 ppm), and Cr (375 ppm). The sulfates were 
used for Fe (2000 ppm) and Mn (500 ppm). A 
number of mixtures were prepared with combi- 
nations of these elements, with Co at 100 ppm, 
Cu, Mn, Fe and La at 50 ppm, and Cr at 
37.5 ppm. The results reported in this paper are 
for the most complex mixture, containing all 
seven components. 

Identification of anaiyte lines 

The wavelengths of each of the analyte lines 
used in this paper are given in Table 1. Lines are 
henceforth referred to by diode number. The 
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photodiode array was calibrated by matching 
photodiode array intensity maxima with tabu- 
lated wavelengths for each of the ten Fe Lines.9 
A second order polynomial fit gave the relation- 
ship between diode number and wavelength. 
The wavelength obtained from the polynomial 
fit was in all cases within 0.005 nm of the 
tabulated wavelength. For all other lines (10 
each for Co, Cr and La) wavelengths were 
assigned by locating the line closest to the 
predicted wavelength. In all cases the assign- 
ments were unambiguous. As the methods 
applied in this paper are designed to indicate 
interferences without the need for wavelength 
tables, the wavelengths of interferent lines have 
not been tabulated. 

THEORY 

A general description of factor analysis is 
given, followed by a more detailed discussion 
of the line-selection algorithms. The details of 
the mathematical operations behind each step 
may be found in any of several excellent 
books. Particularly recommended is the book 
by Malinowski and Howery.‘O 

orthogonal vectors are called eigenvectors. The 
first eigenvector is derived by finding the direc- 
tion in which the highest variance is spanned in 
multidimensional space. The second eigenvector 
is then restrained to being orthogonal to the 
first, but may be rotated in any of the other 
directions to span the greatest of the remaining 
variances. Subsequent eigenvectors are obtained 
by continuing this process. The eigenvalues give 
a measure of the magnitude of the variance 
spanned by each eigenvector. The first eigen- 
vector spans the largest variance, and will have 
the greatest eigenvalue. Subsequent eigenvalues 
are of decreasing magnitude. The eigenvalues 
commonly exhibit a sudden drop when all the 
variance due to the number of components has 
been spanned, which corresponds to the number 
of elements present. The remaining, much 
smaller, variance is normally due to random 
noise. 

Determination of the number of factors 

Factor analysis 

Initially, the data are entered into a two- 
dimensional matrix. The number of rows (M) 
corresponds to the number of detecting ele- 
ments used, and the number of columns (N) to 
the number of spectra. A covariance matrix is 
generated by multiplying the transpose of the 
initial matrix by the matrix itself. This covari- 
ante matrix (now N x N) is subjected to an 
eigenvector analysis. The resulting eigenvalues 
and eigenvectors are stored for later reference. 

Eigenvalues and eigenvectors 

Ideally, there will be an obvious difference 
in magnitude between the eigenvectors which 
represent real factors (large eigenvalues) and 
the remaining eigenvectors which represent 
only random noise (small eigenvalues). The data 
matrix can then be reconstructed within experi- 
mental error by using only these first few eigen- 
vectors. The selection of an appropriate number 
of eigenvectors for reconstruction of the data 
matrix is equivalent to the determination of the 
number of factors, and thus the number of 
elements. This determination of the number of 
factors can be complex, requiring the evaluation 
of not just one but a number of indicator 
functions.“-‘4 As an additional benefit of this 
approach, the rejection of the eigenvectors that 
are due to noise leads to a reduction in the 
overall noise in the data matrix. 

The spectrum of any element can be thought When the correct number of eigenvectors is 
of as a vector in multidimensional space. Since chosen, they define a subspace containing all the 
the line intensities and wavelengths are different data points (within experimental error). If too 
for each element, the vector representing the few factors are chosen, the data matrix will be 
spectrum of each element will point in a charac- poorly reconstructed, since significant infor- 
teristic and unique direction in this multidimen- mation pertaining to the real components (in 
sional space. Thus the number of dimensions one or more of the eigenvectors) has been left 
spanned by the data set will reflect the number out. In multidimensional space, some of the 
of elements present. In a data set where the data points will lie significantly outside the 
number of elements is not known, the variance defined subspace. If too many factors are 
of the data set can be described by the way the chosen, the data will be satisfactorily repro- 
data are spanned by a series of orthogonal duced, but will not have the optimum amount 
vectors. The number of orthogonal vectors re- of noise removed. In practice, the partition 
quired to span the data set in multidimensional between those significant eigenvectors due to 
space will equal the number of elements. These real factors, and the less significant eigenvectors 
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due to noise, can be indistinct. For this reason, 
a number of parameters and associated indica- 
tor functionP* are examined, such as a ratio 
of successive eigenvalues, which can be useful in 
separating the total number of real factors in a 
data set from those factors due to noise. 

After the eigenvalues and eigenvectors have 
been calculated, the real, imbedded and ex- 
tracted errors are computed for each possible 
number of components from 1 to N - 1. Real 
error is an estimate of the total error present in 
the data matrix. Extracted error is that portion 
of the error which is removed by reconstructing 
the data matrix with just the first N’ eigen- 
vectors (where 1 < N’ < N), and imbedded 
error is that portion of the error which remains 
in the data matrix even after reconstruction. 
All these indicators reach a relatively constant 
value when the correct number of components 
is reached. A second means of determining the 
number of factors is given by the indicator 
function (IND),“.‘* which is derived from the 
real error. The correct number of factors is 
characterized by a minimum in this function. 
Another indicator is a ratio (RATIO) of succes- 
sive values of the eigenvectors.13 This indicator 
shows a peak at the correct number of factors. 
A consensus of these indicator functions must 
be considered when deciding upon the number 
of factors present in a particular set of data. 

In this paper, regardless of the actual number 
of components, the data may be reproduced by 
two factors, since only a standard spectrum 
(in practice, several, virtually identical spectra) 
and a sample spectrum are present in the data 
matrix. Thus the factor analysis finds only two 
factors. In the original co-ordinate system in 
multidimensional space, these factors can be 
represented by a spectrum for the standard, and 
a spectrum for the sample. In a new co-ordinate 
system, the two dimensions are spanned by a 
factor for the element of interest, and a factor 
for a linear combination of all interferents 
present in the sample spectrum. 

In more general applications of factor analy- 
sis, the identity of the elements present may not 
be known. Once the number of factors has been 
determined, the elemental spectra to which the 
eigenvectors correspond must be found. This 
identification is accomplished by target factor 
analysis. 

Target factor analysis 

In target factor analysis, a target test vector 
is first selected as a likely candidate to represent 

one of the factors. This test vector will usually 
be the spectrum of a single element. The test 
indicates whether the chosen spectrum is in fact 
present in the data set. Several target tests are 
applied. When more than one component must 
be identified, more than one successful test 
vector will be found. After completion of the 
target testing, the number of successful test 
vectors should equal the previously determined 
number of components. An understanding of 
this process is helped by considering the eigen- 
vectors generated at the beginning of the 
analysis. 

The eigenvectors define a subspace in the 
multidimensional space of the original M 
intensity measurements. Any vector which is 
to successfully describe the real spectrum of the 
component must lie in this subspace within 
experimental error. A target test gives an evalu- 
ation of the goodness of fit of the test vector to 
the subspace. In a multielement determination, 
target factor analysis is continued until the 
number of test vectors found that have a satis- 
factory fit to the subspace is sufficient to account 
for the total number of factors determined to be 
present. If all the factors, each representing a 
different element, cannot be successfully iden- 
tified, the remaining dimensionality of the sub- 
space may be spanned by generating residual 
vectors. These residual vectors are orthogonal 
to each other and to each of the successful test 
vectors. 

In this paper, the data matrix contains several 
spectra of the element of interest, thus the target 
test for the one element of interest must be 
successful. The most useful information ob- 
tained in this case is not the confirmation of 
the presence of an element, but the generation 
of a residual vector from the variance not 
covered by that element. In the cases considered 
in this paper, the subspaces are simply two- 
dimensional planes, where one factor corre- 
sponds to the element of interest, and the other 
factor is a single residual vector generated to be 
orthogonal to the first factor. The vectors repre- 
senting all the spectra in the original data matrix 
are projected onto the factors (real and residual) 
found by this method. The projection along 
each factor axis gives the concentration of the 
element represented by that factor axis. 

This approach may be easily adapted to 
the determination of several elements simul- 
taneously. The sample vector is projected onto 
several factor axes in a higher dimensional 
space, with one factor axis for each of the 
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elements desired and one for a residual spec- 
trum. Such a determination would follow steps 
analogous to those outlined here for a single- 
element determination, but is not exemplified in 
this paper. 

Algorithms for line selection 

Initial selection of suitable diodes for further 
analysis. A preliminary analysis may be made 
with a data matrix (Fig. 1) containing diodes 
representing all the analyte lines (above a 
threshold) in the spectral window. However, 
this leads to the selection of a different number 
of diodes for each determination, which de- 
pends on the threshold chosen, the number of 
lines above the threshold, and their relative 
intensity for each element within the spectral 
window. Thus, the selection of an element with 
many intense lines within the window will lead 
to an initial matrix containing more diodes 
than that for an element with only a few intense 
lines within the window. The number of diodes 
chosen will depend on the concentration of the 
standard solution used, higher concentrations 
resulting in more diodes yielding signals above 
the threshold. The number of diodes chosen for 
each line will also vary since a more intense line 
will have a wider base, and will cover a larger 
number of diodes (Fig. 2). The results from 
these factor analysis procedures may be biased 
by the presence of a few elements with very 
intense lines, at the expense of other elements. 
For an individual element, the more intense 
lines dominate because a larger number of 
diodes is selected, and this again could lead to 
an undesirable bias. 

In an attempt to avoid these problems, a 
different method was adopted for the choice of 

+ Spectra + 

t 

Diodes 

+ 

Fig. 1. The structure of a typical data matrix. Each entry 
represents an intensity measured at a specific diode (e.g., 

D3), for a specific sample spectrum (e.g., S2). 

--td 

I 

1Sdiadw Sam&s 

Fig. 2. The number of diodes above a chosen threshold for 
a line will vary with the intensity and width of the peak. 

the initial number of diodes. Regardless of the 
element to be examined, only the ten most 
intense lines for that element in the spectral 
window are selected, and for each line the 
five diodes covering the greatest intensity are 
chosen. These fifty diodes are the only ones 
retained for further processing. 

The data are entered into a matrix where each 
column contains the spectral intensities for a 
single spectrum, at the fifty selected photodiodes 
in the array. Since the same fifty diodes are 
chosen for all spectra, each row in this data 
matrix contains the measured intensity at the 
same diode for different spectra (Fig. 1). Ten 
standard spectra of the element of interest are 
contained in the matrix. A single spectrum of 
the sample to be analyzed is also included in the 
matrix. A single spectrum is chosen to facilitate 
illustration of the methods in use, but any 
number of sample spectra could be accommo- 
dated. In addition, the spectra of standard 
reference materials could also be included as an 
internal check. 

The first cycle of factor analysis. A factor 
analysis, with target tests for the single element 
of interest, is performed as specified previously, 
and a residual vector is generated. This residual 
vector is used as a first approximation to the 
actual spectrum of an interferent in the sample 
matrix. If more than one interferent is present 
in the sample, but only a single residual vector 
is generated, the residual vector will be an 
approximation to some linear combination of 
the spectra of all interferents. The residual 
vector defines a line in multidimensional space, 
but the direction must be chosen (from the two 
possibilities) to be positive. This ensures that the 
lines in the residual spectrum represent positive 
spectral intensities, as required in further stages 
of the data manipulation. If the sum of all 
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intensities is not positive, the entire residual 
spectrum is inverted (multiplication by - 1). 

The residual is not an exact representation 
of the interferent spectrum, but only a math- 
ematical approximation which fits the variance 
of the data. It is not uncommon for a few 
negative lines to appear along with a majority 
of positive lines in a residual spectrum (Fig. 3). 
A non-negative restriction must be applied, and 
this is done by setting all negative values in the 
residual to zero. A second factor analysis is then 
done, and two factors are found. The first target 
vector is the standard spectrum, as before, and 
the second target vector is the non-negative 
residual spectrum. This generates a row matrix 
containing reconstructed spectra for the analyte 
and the residual, and a column matrix propor- 
tional to the concentrations of each in the 
sample. Multiplication by a previously entered 
standard concentration yields an estimate of the 
actual analyte concentration in the sample. 

Subsequent cycles of factor analysis. The next 
steps involve a cyclic process, where the most 
interfered-with line is rejected, and a factor 
analysis as described previously is applied to the 
remaining diodes. 

The most interfered-with line is determined 
by examining the residual. The signals of all five 
of the diodes corresponding to each line are 
summed, giving a residual spectrum as seen in 
Fig. 3. The line with the largest value in the 
residual is rejected by removing all intensity 
information for the corresponding diodes from 
the data matrix. The factor analysis of the 
remaining data generates another residual spec- 
trum, along with an updated estimate of the 
analyte concentration. This process is continued 

Mode Number 

Fig. 3. A typical residual spectrum. Each of the ten 
bars represents a prediction of the sum of all interferent 

intensities over five diodes. 

Owing to the volume of data available for 
analysis, considerable compression into a more 
suitable form for presentation is required. A 
number of graphs have been generated, illus- 
trating the methods described above and the 
progress made during each cycle of the analysis. 
Many figures portray spectra as bar-graphs, 
where each bar represents the summed intensity 
of all the five diodes used for each line. Both 
real spectra (initial data) and residual spectra 
(generated by the program) are represented in 
this manner. The units of intensity for real 
spectra are derived directly from the read-out 
of the photodiode array. These real spectra 
are normalized to the same scale to give an 
equivalent dynamic range enhanced spectrum* 
at an integration time of 64 units (corresponding 

80 
0 2 4 6 8 10 

Number of Lines Rejected 

Fig. 4. As each line is sequentially rejected, the concentra- 
tion of Co (in ppm) is recalculated in a multivariate analysis 

using the remaining lines. 

until all lines have been rejected, one by one, 
and the best line remains. 

Three options are available as variations of 
this approach to analysis. 

(1) The last line retained may be taken as the 
best line. 

(2) The line with the best signal/interference 
(target/residual) ratio may be used in a single- 
line determination. 

(3) Once the first few lines have been rejected, 
most of the lines containing major interferences 
have been successfully removed. The factor 
analysis using the remaining lines gives a multi- 
line analysis, which in many cases may be 
preferred to a single-line determination. 

The results from these different approaches 
will be compared in the discussion section. 

RESULTS AND DISCUSSION 
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to approximately 0.57 set). The units of inten- Determination of cobalt in the presence of 
sity for residual spectra are arbitrary. interferences 

Several determinations for different elements A sample was prepared from the standards, 
will be examined, and graphs illustrating the containing Co as the analyte (100 ppm), and La, 
methods described in this paper will be Cu, Ni, Fe, Mn (all 50 ppm) and Cr (37.5 ppm) 

loo0 I , . 500, . . . 

DiodeNumber DiodeNumber 

Fig. 5. (a) The ten most intense lines for the spectrum of Co in the region of 340 nm. Each of the ten 
bars represents the sum of the five diodes with the greatest intensity for each line. (b) The actual sum of 
all interferent intensities for the ten Co lines. (c) An estimate of the sum of all interferent intensities for 
the ten Co lines, as obtained from the residual spectrum. (d) The ratio of the signal (Co spectrum) to the 
actual sum of the interferents. (e) The ratio of the signal (Co spectrum) to the estimated sum of the 

interferents, obtained from the residual spectrum. 
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Figure 4 is a plot of the calculated concen- 
tration of Co as a function of the number of 
lines rejected, for a sample containing Cu, Mn, 
Cr, Ni, Fe and La as interferents. The first 
point represents the result of a multivariate 
determination for which all analyte lines are 
retained (none rejected), so that all interferences 
are still present. Subsequent points represent 
the result of a multivariate determination with 
one, two, or more lines removed from the data 
set. Lines are removed sequentially on the basis 
of interference, as indicated in the residual 
spectrum. For all points, a single residual spec- 
trum is incorporated into the fit to account 
for the contribution from the unidentified 
interferents. 

In a case where the data are fitted to a single 
parameter representing the Co spectrum, a large 
error due to unquantified interferents would be 
expected. Although the presence of interferents 
is known, their precise effect on the measured 
intensity of each line is not. The residual 
spectrum provides a first approximation to the 
interferent spectrum. The inclusion of a residual 
spectrum in the fit produces a better fit for Co 
by allowing for the variance due to the presence 
of an interferent. In other words, the incorpor- 
ation of a residual spectrum which models the 
interferences provides an improvement over the 
representation of a two-component system by 
only a single Co spectrum. 

The result obtained for the concentration of 
Co when a residual is incorporated into the 
determination is reasonably close to the actual 
value (100 ppm), even though the interferences 
have not yet been removed (Fig. 4). Following 
the first cycle, the line with the largest indicated 
interference is removed from the data set, and 
another analysis is performed. The calculated 
concentration drifts considerably over the first 
few cycles, depending on how well the residual 
and the Co standard fit the sample spectrum. 
As the lines with major interferences are re- 
moved, the concentration of Co tends towards 
a consistent value (Fig. 4). 

The interpretation of these graphs is compli- 
cated by the scatter in the points, an indication 
of noise in the determination. Each point on 
this graph represents the result of a full multi- 
variate determination using all remaining lines 
after each cycle of factor analysis. Each cycle 
yields an improvement in the fit for Co as 
lines with interferences are removed, and less 
interfered-with lines are retained. However, 
each subsequent cycle of analysis also uses fewer 

0 2 4 6 IJ 10 

Number of Lines Rejected 

Fig. 6. As each line is sequentially rejected, the concentra- 

tion of Fe (in ppm) is recalculated in a multivariate analysis 

using the remaining lines. 

lines, and therefore less information, for the 
determination. 

The last line retained may not be the strongest 
line of the ten lines chosen. For the photodiode 
array used for this paper, the read-out noise 
is high and the signal-to-noise ratio decreases 
with decreasing line intensity, so an analysis 
with a weak line would be expected to give a less 
precise value for Co concentration. 

The optimum result for a multi-line determi- 
nation of Co is likely to be a balance between 
the removal of most of the interferences, and the 
removal of the useful analytical lines in the same 
process. Our experience in dealing with simul- 
taneous analyses of l-4 analytes in the presence 
of l-5 interferents is that an optimum probably 
exists somewhere in the middle between these 
two extremes. The most interfered-with lines 
must be removed from the data matrix to yield 
an improved result, but too many lines should 
not be removed, since this results in a decrease 
in analytical information for the determination. 

Figure 5a is a plot of the spectrum of 100 ppm 
Co, with a vertical bar representing the sum 
of the signals from 5 diodes for each line. The 
diode numbers listed on the horizontal axis refer 
to the position of the line on the photodiode 
array, and appear in the order in which they are 
rejected, from left to right. All the Co lines 
initially chosen are reasonably intense, and the 
most intense line at diode 1807 is roughly three 
times as intense as the weakest line at diode 
1844. Therefore, the removal of any one line 
from the data matrix should not remove a large 
percentage of the useful analytical information. 
The question arises as to how many lines need 
to be removed before all the major interferences 
may be considered as removed. 
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Figure 5b is a plot of the actual sum of all largest interference are removed first, and after 
the interferents present. Normally the identity the first three lines at diodes 1632,818, and 1807 
of the interferents would not be known, so a are removed, contributions from interferents are 
graph such as this would not be available. Since small. 
the compositions of the samples in this study are The residual spectrum models the spectrum of 
precisely known, the progress of the method can the interferents. Figure 5c gives an estimate of 
be followed and evaluated. The lines with the the sum of all the contributing interferences as 
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Fig. 7. (a) The ten most intense lines for the spectrum of Fe in the region of 340 nm. Each of the ten 
bars represents the sum of the five diodes with the greatest intensity for each line. (b) The actual sum of 
all interferent intensities for the ten Fe lines. (c) An estimate of the sum of all interferent intensities for 
the ten Fe lines, as obtained from the residual spectrum. (d) The ratio of the signal (Fe spectrum) to the 
actual sum of the interferents. (e) The ratio of the signal (Fe spectrum) to the estimated sum of the 

interferents, obtained from the residual spectrum. 
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obtained in a residual spectrum from the factor 
analysis. The agreement between the actual 
interferences and the residual is good, with the 
first two rejected lines, at diodes 1632 and 818, 
clearly indicated. This graph was generated 
without knowledge of the identity of the inter- 
ferents, or even the number of interferents 
present. The close match of the residual to the 
actual interferents shows that the residual vector 
can be a reliable indicator of the relative degree 
of interference for each analytical line. The 
residual spectrum does not indicate that the line 
at diode 1807 suffers from severe interference, 
but it does rank it correctly as the third most 
interfered-with of the lines, and as such it is 
the third line to be rejected. The rejection pro- 
cess may then be expected to continue, with the 
identification of subsequent interferences and 
the rejection of lines in roughly their order of 
severity of interference. 

Figure 5d is a plot of the actual signal/ 
interference ratio for the determination of Co 
in the presence of several interferents. This 
ratio is obtained by dividing the signals for 
the analyte (Fig. 5a) by the summed signals for 
the interferents (Fig. 5b). Such a graph would 
not normally be available since knowledge of 
the actual spectrum of the interferents is 
required. 

Figure 5e is a plot of the signal/residual ratio, 
generated by dividing the analyte signals by the 
residual signals. The information for this graph 
may be obtained without any knowledge of the 
nature of the interferents. Examination of this 
graph suggests that the line with the least inter- 
ference is the last one retained (at diode 2219) 
showing that the order of rejection is related to 
the amount of interference, leaving the best line 
for last. The second least interfered-with line in 
this graph is the one at diode 139 1. Thus, on the 
basis of the residual spectra generated, two lines 
are suggested, the best at diode 2219, and a close 
second at diode 1391. 

A comparison of Fig. 5d with Fig. 5e reveals 
that the second best line on the basis of signal/ 
interference ratio (at diode 1391) is a good 
choice. Therefore, the method was successful in 
identifying the most useful lines to use for an 
analysis. 

Two approaches may be taken in the inter- 
pretation of these data. The last line retained 
may be taken as the best line, as suggested in the 
first option in the Theory section. Alternatively, 
the line with the highest signal/interference ratio 
(target/residual ratio) may be taken as the best 
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Fig. 8. As each line is sequentially rejected, the concentra- 
tion of Cr (in ppm) is recalculated in a multivariate analysis 

using the remaining lines. 

line, as mentioned as the second option. As a 
third option, some intermediate multi-line result 
may be taken, but in this paper the focus is on 
the selection of a single line. This third option 
is not discussed here, but will be explored more 
fully in the future. 

In the determination of Co, the same line 
is indicated by both the first two options. The 
line suggested was not the best according to the 
actual signal/interference ratio, but was never- 
theless a reasonable choice. Further exami- 
nation of analyses for other elements will show 
that when both options do not select the same 
line, either line suggested is generally a good 
choice. 

Determination of iron in the presence of 
interferences 

A sample was prepared from the standards, 
containing Fe as the analyte (50 ppm), and La, 
Cu, Ni, Mn (all 50 ppm), Co (100 ppm) and Cr 
(37.5 ppm) as interferents. 

Figures 6 and 7 are a set of graphs which 
outline the determination of Fe in the presence 
of Co, Cu, Mn, Cr, Ni and La as interferents. 
These graphs may be interpreted in a manner 
similar to that used for the analogous graphs 
presented for the determination of Co. In this 
case there is one major interference at diode 8 12, 
which is removed in the first cycle (Figs. 7b 
and 7~). The best line, by either option, is 
the last line retained, at diode 717, as seen in 
Figs. 7d and 7e. In this case, the line chosen is 
also the best line by several other criteria, 
having the best actual signal/interference ratio 
(Fig. 7a), and the greatest intensity of the Fe 
lines used in this analysis. The selection of the 
most intense line is thus justified in this case. 
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There is at least one severe interference at diode than the actual concentrations in the sample. 
812, but it is easily detected. A number of less This is due to slight hydrolysis in the 2000 ppm 
severe interferences at the remaining diodes are Fe standard (which was treated differently from 
sequentially eiiminat~, leaving a clear choice the samples). The resulting lower con~ntration 
of diode 717 for the best line. The calculated in the standard gives a systematically higher 
concentrations of Fe are systematically higher apparent concentration in the sample mixture. 

(all 
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Fig. 9. (a) The ten most intense lines for the spectrum of Cr in the region of 340 nm. Each of the ten 
bars represents the sum of the five diodes with the greatest intensity for each line. (b) The actual sum of 
all interferent intensities for the ten Cr lines. (c) An estimate of the sum of all interferent intensities for 
the ten Cr lines, as obtained from the residual spectrum. (d) The ratio of the signal (Cr spectrum) to the 
actual sum of the interferents. (e) The ratio of the signal (Cr spectrum) to the estimated sum of the 

interferents, obtained from the residual spectrum. 



50 D. F. WIRSZ and M. W. BLADES 

Determination of chromium in the presence of 
interferences 

A sample was prepared from the standards, 
containing Cr as the analyte (37.5 ppm), and La, 
Cu, Ni, Fe, Mn (all 50 ppm) and Co (100 ppm) 
as interferents. 

Figures 8 and 9 show graphs for the determi- 
nation of Cr in the presence of several inter- 
ferents. Examination of these graphs yields 
some differences from the first two cases studied. 
In the plot of estimated Cr concentration us. 
number of cycles (Fig. 8), there is a sudden 
jump between the fifth and sixth line rejected. 
Thereafter the value seems to be stable. In 
Fig, 9d, the highest signal to interference ratio 
is for the line centered at diode 612, yet this line 
is rejected early, in the third cycle. In Fig. 9c, 
there is a negative intensity in the residual for 
the line at diode 738, which seems to be respon- 
sible for the sudden jump in concentration in 
Fig. 8. Such a negative intensity can be ex- 
plained by a poor overall fit of the target 
spectrum (Cr) and residual to the data. With the 
exception of this line, the method performs as 
expected, picking the best line (based on signal/ 
interferent ratio) from the remaining four lines. 
The problem lies in the fact that the two best 
lines, at diodes 612 and 2535, are rejected 
before the line at diode 738. In an attempt to 
understand this problem better, an additional 
indicator to track the progress of the analysis 
was used. If the contributions to the residual are 
small, as is the case when a fit to the target is 
very close, the mean value of the residual would 
be expected to be small, as would the standard 
deviation of the residual. In Fig. 10, both of 
these values are plotted as a function of the 
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Fig. 10. The residual mean (-¤--) and the residual 
standard deviation (-+-) (determination of Cr) can be 
seen to drop as the lines with the worst interferences are 

sequentially rejected. 
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Fig. Il. As each line is sequentially rejected, the concentra- 
tion of La (in ppm) is recalculated in a multivariate analysis 

using the remaining lines. 

number of lines rejected. The large drop over 
the first two cycles corresponds to the rejection 
of the lines at diodes 1979 and 2188, which 
both have major interferences (Fig. 9b). These 
interferences are also noted in the residual 
(Fig. 9d). One remaining major interference is 
seen at diode 510, and it is expected that this 
line would be rejected next. However, the next 
line rejected is at diode 612, which is the best line 
on the basis of signal to interferent intensity. 
This is accompanied by a minimal drop in the 
residual mean and standard deviation (Fig. 10). 
The next line to be rejected is at diode 510, as 
would be expected from the actual sum of the 
interferences (Fig. 9b), but this produces no 
significant drop in the residual mean and stan- 
dard deviation. In fact the mean and standard 
deviation do not drop until the line at diode 738 
is removed. 

In the analyses for Co and Fe, the ten lines 
chosen for each were all atom lines. Of the ten 
lines chosen for Cr, seven are ion lines, and three 
are atom lines. The atom lines appear at diodes 
510, 612 and 738. There is a strong possibility 
that the anomolous behavior of Cr in this 
analysis is related to the mixture of atom and 
ion lines for a single element in the multivariate 
analysis. All ion-line intensities are well corre- 
lated since they are produced by the same 
species. The atom lines should be similarly 
well correlated. A shift in the ion to atom 
equilibrium will, however, affect the relative 
intensities of atom lines relative to ion lines, so 
the correlation between ion-line and atom-line 
intensities will be lower. Such an effect would 
cause a factor analysis to give a poorer fit in a 
one-factor determination. Thus the elemental 
spectrum would be better represented by two 
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factors, one for the atom spectrum and one for “elements”), and this paper deals only with 
the ion spectrum. This was not done for these single-element determinations. Multielement 
data since it would represent a “two-element” simultaneous determinations and the effect of 
simultaneous determination (the Cr atom ion and atom lines will he covered in a future 
and Cr ion being treated as two independent paper. 
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Fig, 12. (a) The ten most intense lines for the spectrum of La in the region of 340 nm. Each of the ten 
bars represents the sum of the five diodes with the greatest intensity for each tine. (b) The actual sum of 
all interferent intensities for the ten La lines. (c) An estimate of the sum of all interferent intensities for 
the ten La lines, as obtained from the residual spectrum. (d) The ratio of the signal (La spectrum) to the 
actual sum of the interferents. (e) The ratio of the signal (La spectrum) to the estimated sum of the 
interferents, obtained from the residual spectrum. (f) The residual mean (-El---) and the residual 
standard deviation (-+--) (determination of La) can be seen to drop as the lines with the worst 

interferences are sequentially rejected. 
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Determination of lanthanum in the presence of 
interferences 

A sample was prepared from the standards, 
containing La as the analyte (50 ppm), and Cu, 
Ni, Fe, Mn (all 50 ppm), Cr (37.5 ppm) and Co 
(100 ppm) as interferents. 

the interferences have been removed is due to 
the high noise level of the array itself, which is 
soon to be replaced by a newer, much quieter 
array. 

A set of graphs for the determination of La 
in the presence of several interferents is given in 
Figs. 11 and 12. In this case there is one major 
interference, which is removed in the first cycle, 
and a number of less severe interferences, which 
are removed successively. The line finally 
chosen, at diode 3543, is a reasonable choice, 
being the second best on the basis of the actual 
signal/interference ratio (Fig. 12d), and within 
20% of equalling the best line at diode 2795. 
In this case, the best line, as suggested by the 
last retained line at diode 3543, is not the same 
as the line suggested by the target/residual 
ratio (Fig. 12e). The target/residual ratio sug- 
gests two other lines, at diode 3087, with a close 
second at diode 2735. These are the third and 
fourth best lines on the basis of the actual 
signal/interference ratios (Fig. 12d). Any of 
these three lines is quite acceptable for a single- 
line determination of La. In that sense the 
method was successful in identifying a suitable 
line. However, another likely candidate at diode 
2795 was passed over. These four lines are all 
within a factor of two for signal/interference 
ratio (Fig. 12d), and the line at diode 2795 is the 
third choice when target/residual ratio is con- 
sidered. These lines being so close in signal/ 
interference ratio, it is to be expected that there 
would be some randomness in the order of 
choice. On the basis of absolute intensity, the 
line at diode 2795 is the best choice, but the 
interferences are also greater, so the ratio of 
signal to interference is probably a better 
measure of analytical utility. 

A method has been described for selecting a 
suitable line for analysis when there are several 
lines available, some of which may suffer from 
spectral interferences. The method is best suited 
to multiplex spectrometers which provide a 
window of spectral information. In most cases 
a suitable line is correctly identified. As no 
knowledge of the identity of the interferent(s) is 
required, this method has an advantage over 
other methods which must make use of spectral 
tables. The errors arising from the noise level of 
the array, and hydrolysis of the iron standard, 
can be rectified, and do not affect the validity of 
the multivariate methods used. These methods 
should be particularly useful for the selection of 
suitable analytical lines for a complex sample 
with untabulated interferences. 
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Summary-A liquid-crystal spatial light-modulator Hadamard transform spectrometer is adapted for 
multielemental atomic spectrochemical analysis. The flame emissions of alkali metals are studied as a 
preliminary example. The multiplex disadvantage normally plaguing application of Hadamard and Fourier 
transform methods to atomic analysis is circumvented. Permanent electro-optic “closure” of certain 
Hadamard mask slits (corresponding to intense major element emissions) improves the signal-to-noise 
ratio (SNR) of the remaining trace element emissions. This approach to SNR enhancement of weaker 
spectral features by blocking known intense features is called the selective multiplex advantage. A problem 
with the contrast ratio (relative transmissions of the transparent and opaque states) of the liquid-crystal 
Hadamard mask has been identified in terms of “optical leakage”. This produces an offset in the 
Hadamard encodegram, and leads to concentration-dependent baseline-offset effects in the transformed 
spectrum. A mathematical correction procedure was devised and evaluated experimentally. 

The current state-of-the-art in simultaneous 
multielemental atomic-emission spectroscopy 
generally relies on multichannel photomultiplier 
“direct-reading” systems, photodiode array de- 
tectors, and Fourier transform spectrometers 
(FTS). The first two detection systems rely on 
dispersion of the radiation followed by detec- 
tion of discrete wavelengths by separate detec- 
tors, and the third system multiplexes the 
radiation onto a single detector. 

Multichannel photomultiplier “direct-read- 
ers” are sensitive and exhibit wide dynamic 
ranges, but they are also expensive and monitor 
only a few selected wavelengths while ignoring 
most of the useful spectrum of a sample. Photo- 
diode arrays, on the other hand, utilize more of 
the spectrum but are often not very sensitive 
because of low gain, and have limited dynamic 
range within a single exposure. Photodiode 
array sensitivity can be increased by image 
intensification, but only at a considerable in- 
crease in cost, loss in resolution and impairment 
of the upper limit of the dynamic range. Denton 
and co-workers are currently experimenting 
with low noise, unity gain, charge-coupled 
(CCD) and charge-injection (CID) cameras as 

*Present address: Department of Chemistry, Baylor Uni- 
versity, Waco, TX 16198, U.S.A. 

multielement detectors for dispersive spectro- 
scopic analysis,‘,2 but a system is not yet com- 
mercially available for routine chemical 
analysis. 

In contrast to dispersive methods, the Fourier 
transform spectrometer employs a single detec- 
tor which can be selected for high gain and good 
sensitivity in the ultraviolet-visible region. 
However, atomic-emission FTS is widely known 
for the multiplex disadvantage which occurs 
when photon noise from intense major element 
emissions (e.g., lines of Ar, Fe, Ca, Mg) is 
distributed throughout the atomic spectrum. 
This “major element” noise can obscure emis- 
sions from minor and trace sample components 
in steel (e.g., B, C, Cr, Ni) or ultratrace elements 
found in complex samples of biological, en- 
vironmental or geological origin (e.g., Hg, As, 
Se, Pb). A similar multiplex disadvantage, en- 
countered in the form of “Rayleigh line noise”, 
leads to extreme optical filtering requirements in 
FT-Raman experiments.3 

Horlick et al4 have also pointed out that the 
saturation limits of the detector, preamplifier, 
and/or analog-to-digital converter can impose 
further restrictions on the intra-spectral dy- 
namic range of FTS applications in atomic 
analysis. In practice, this means that the overall 
detector and readout system gain must be 
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reduced to keep the strongest major element and 
plasma background lines within the working 
range. 

In a previous report involving a mechanical 
moving-mask Hadamard transform spectrom- 
eter, Plankey et al.’ showed that the multiplex 
disadvantages and intra-spectral dynamic range 
problems encountered in FTS also hinder the 
application of conventional Hadamard trans- 
form spectrometry (HTS) to atomic spectral 
analysis. 

The present paper will explore the potential of 
a new liquid-crystal spatial light-modulator 
(LC-SLM) Hadamard transform spectrom- 
eter6.’ for creating a selective multiplex advan- 
tage. This development raises the possibility of 
eliminating “major element” noise and dynamic 
range limitations plaguing earlier FTS and HTS 
atomic emission and fluorescence instruments. 
A liquid crystal electro-optic encoding mask 
located at the intermediate focal plane of a 
conventional subtractive double polychromator 
is used to selectively modulate polychromatic 
radiation onto a single detector. 

The LC-SLM Hadamard transform spec- 
trometer, by virtue of its electronically pro- 
grammable multi-slit array, is used in this study 
as a simultaneous multiwavelength detector for 
atomic-emission spectroscopy. The electro-optic 
Hadamard encoding mask can function as a 
tunable optical filter by “closing” selected slits 
for the duration of the data-acquisition period. 
By removal of certain wavelength components 
(i.e., intense major element emissions), the noise 
associated with those components will also be 
removed. If this radiation never impinges on the 
detector, the shot-noise contribution from 
the detector will also not be as significant. 
The option of pseudo-permanent closure of 
selected encoding slits is referred to as selec- 
tive multiplexing. The selective multiplex advan- 
tage in LC-SLM HTS is an instrumental 
advantage which provides HTS with a unique 
means of selectively implementing the multiplex 
gain advantage found in ultraviolet-visible 
FTS.8 

This paper will explore the application of 
LC-SLM HTS to simultaneous, multielement 
atomic analysis using the flame atomic-emis- 
sions from selected alkali metals as a prelimi- 
nary example. Li, K, Rb and Cs were chosen for 
this study, because of the overlap of their 
red/near-infrared emission lines with the re- 
sponse curve of the instrument. The selective 
multiplex advantage is investigated, and a 

method is presented for compensating optical 
leakage of the LC-SLM encoding mask. 

THEORY 

Optical leakage of the LC-SLM mask 

The LC-SLM is not a perfect Hadamard 
encoding mask, i.e., the liquid-crystal encoding 
slits transmit significantly less than 100% of the 
radiation when switched open and more than 
0% of the radiation when switched closed. The 
transmission of the present encoding mask has 
an average value of 23% in its transparent state 
and 9% in its opaque state for the red/near- 
infrared region.6 These transmission characteris- 
tics were reported to be reasonably independent 
of wavelength in this region. 

The HTS encodegrams are distorted as a 
result of the imperfect transmission character- 
istics of the LC-SLM mask. Encodegram 
distortion arises principally from known charac- 
teristics of the polarizers in this spectral region,6 
and is further complicated because both optical 
defects occur in all channels at some time within 
a single scan. Because the LC-SLM is used to 
modulate the polychromatic radiation, these 
optical transmission defects result in poorer 
optical modulation of the radiation than if 
the instrument were fitted with a “perfect” 
Hadamard encoding mask. An analogy of poor 
optical modulation in HTS would be poor 
fringe visibility in FTS. 

The defective opaque state causes two major 
problems. Its undesirable influence on the signal 
to noise ratio has been previously discussed.g A 
further problem of the “leaky” opaque state 
involves a baseline offset which varies with the 
total incident-light level. For example, the base- 
line value will increase with increasing analyte 
concentration, and for that matter with increas- 
ing concentration of any emitting species in the 
sample or flame. The baseline offset appears first 
in the encodegram, and is carried through the 
Hadamard transformation to the final spectrum 
as well. 

Specifically, distortion from the LC-SLM 
mask results because the Nelson-Fredman” fast 
Hadamard transform algorithm used in this 
spectrometer requires a coding basis set of + 1s 
(completely open slits) and OS (completely 
closed slits). Of course, an imperfect Hadamard 
encoding mask does not have either completely 
open or closed slits. Therefore, the requirement 
of + 1s and OS for a basis set is violated. If the 
Nelson-Fredman fast Hadamard transform is 
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used with an imperfect encoding mask (the 
LC-SLM), then the violation shows up as a 
baseline offset (generally, to more positive 
values) for the actual intensity values of the 
spectral resolution elements (i.e., the discrete 
wavelength intervals) in a given spectrum. Since 
the amount of light leakage through the opaque 
state of the LC-SLM encoding mask is a func- 
tion of both the transmission of the opaque state 
of the mask and the total light intensity imping- 
ing upon the mask, the amount of baseline shift 
for a fixed wavelength region depends upon the 
source intensity. Therefore, in order to make 
quantitative inter-spectral comparisons when 
using the Nelson-Fredman fast Hadamard 
transform, the baseline offset must be removed 
from each spectrum. 

silicon photodiode (Hamamatsu Model S1337- 
16BQ) operated in the photovoltaic mode. 

Reagents 

All emission experiments were performed 
with a 3000 ppm Cs ionization suppressant 
prepared from Aldrich high-purity CsCl 
(99.9995%). Calibration standards were diluted 
from 1000 ppm K and Rb salt stock solutions 
(Aldrich gold label, original salt purity 99.99% 
each) and 10,000 ppm Li salt stock solution 
(Inorganic Ventures, Inc., ICP grade LiCl). 

Experimental conditions 

One method of correcting the encodegram for 
the leakage offset (the method used in this 
study) is to determine the offset of the encode- 
gram by direct measurement. Since the amount 
of the offset is the same for each point in the 
encodegram, it can be subtracted directly. 
Transforming the corrected encodegram will 
then yield a spectrum with no artificial baseline 
offset. 

Fuel-lean flame stoichiometry was employed 
for all measurements, and the burner sheath-gas 
was omitted. The flame was imaged at unity 
magnification onto the IOO-ym wide entrance 
slit by a biconvex lo-cm focal length glass lens. 
The emission signals were observed over a 1.3 
cm vertical section centered at a height of 1.5 cm 
above the burner top. 

A minor consequence of performing this 
offset subtraction in the Hadamard domain is a 
constant mathematical attenuation of the over- 
all system gain. This component of the optical 
leakage effect will not vary with the incident 
light level. This attenuation is similar to that 
obtained by placing a neutral density filter in the 
optical path of the radiation for all samples and 
calibration standards. It will change the abso- 
lute intensity scale, but will not alter any spec- 
tral comparisons made on the basis of relative 
intensity. 

A total of 127 individual exposure periods 
comprised a single encodegram of 15 set overall 
duration. Each 118 msec exposure period con- 
sisted of a 106 msec “wait” delay followed 
immediately by a 12 msec data-accumulation 
sequence. The wait delay allows the mask 
encodement pattern to stabilize after liquid- 
crystal energization. The 12 msec data-accumu- 
lation sequence, which has been previously 
described,6 is required to minimize intensity 
fluctuations due to the liquid-crystal cell multi- 
plex drivers. Upon Hadamard transformation, 
each encodegram yields a spectral scan. 

Procedure 

EXPERIMENTAL 

Apparatus 

The spectral region from 738 to 835 nm was 
simultaneously monitored. With the near- 
infrared diffraction gratings used in this study, 
the LC-SLM HT spectrometer had an effective 
resolution of 1.4 nm. 

The circular capillary-head, premixed air- The leakage offset of the encodegram was 
acetylene burner of Aldous ef al.” was used with determined by electronically disconnecting the 
a Perkin-Elmer atomic-absorption spray cham- modulator circuit and acquiring one additional 
ber and nebulizer. The optics, electronic data encodegram under the same conditions as the 
system, and liquid-crystal encoding mask of the actual spectrum was acquired (i.e., aspirating 
previous 127-channel LC-SLM HT spectrom- the sample into the flame). Since the modulator 
eter6*’ were used with the following modifica- circuit was disconnected and the source was of 
tions. Two 830 groove/mm plane diffraction the same intensity, the mask was continually in 
gratings, blazed for 950 nm in the first order, its off state for 127 separate measurements. 
were employed in the l-m subtractive double Therefore, the data-acquisition system measured 
polychromator. A Hoya 25A long-pass red filter the offset voltage from the detector circuit 127 
(588 nm wavelength cut-off) was used for order times. These 127 measurements were then used 
sorting. The detector was a room-temperature to obtain an average leakage-offset signal. This 
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average leakage signal was then subtracted from 
each data point in the encodegram and yielded 
the leakage-offset corrected encodegram. The 
leakage-offset corrected encodegram was then 
transformed by use of the Nelson-Fredman fast 
Hadamard transform. 

RESULTS AND DISCUSSION 

The LC-SLM Hadamard multiplex advantage 

The LC-SLM Hadamard transform spec- 
trometer, owing to its programmable multi-slit 
encoding mask, can be operated in several data- 
acquisition modes. One such operating mode 
corresponds to a single-slit scanning mode that 
simulates a conventional scanning monochrom- 
ator. For this mode, the encoding elements of 
the mask are electronically closed and then 
opened, one at a time, in stepwise fashion. To 

0.63 

0.67 

a first approximation, this sequential scanning 
of the spectrum would be equivalent to a dis- 
crete-wavelength monochromator scan attenu- 
ated by the opacity of the encoding mask in its 
optically open state. 

Of course, programming the LC-SLM en- 
coding mask with the Hadamard code presents 
another means of collecting spectral infor- 
mation. Because the Hadamard transform en- 
codement method requires (N + 1)/2 encoding 
slits to transmit their spectral information per 
encodegram (where N is the total number of 
measurements), ‘* the Hadamard data-collection 
algorithm multiplexes the optical information 
onto the single detector. 

The spectra in Fig. 1 illustrate the improve- 
ment in the SNR when the LC-SLM spectrom- 
eter is operated in the Hadamard multiplex 
mode, compared with the single-slit mono- 
chromator mode. Both spectra were acquired in 
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Fig. 1. Spectra of some near-infrared flame atomic-emission lines of rubidium and cesium. (A) A single-slit 
mask scan, monochromator simulation mode. (B) A single Hadamard multiplex scan. Spectral acquisition 

time 15 sec. 
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Fig. 2. Representative spectra used in obtaining the calibration curve for potassium: (A) 0.050 ppm K 
solution, (B) 1 ppm K solution, (C) 10 ppm K solution. It should be noted that the ordinates in each of 
these spectra have been expanded to full scale for the most intense emission line in each window. All 

solutions contained 3000 ppm Cs as ionization suppressant. 

the same time period and were obtund by tion mode and the SNR (measured for the 
aspirating IO0 ppb Rb in a 3000 ppm Cs ioniza- principal line of Rb at 780 mn) is 3. When the 
tion suppressant inta the air-acetylene flame. instrument is treated as a Radamard transform 
The spectrum in Fig. IA results when the instru- spectrometer, where the encoding mask multi- 
ment is operated in the mono~hrom~tor simula- plexes the spectral info~atio~, the spectrum in 
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Fig. 1B is obtained. This spectrum has an SNR 
of 12, an improvement by a factor of 4 com- 
pared to the spectrum in Fig. 1A. 

It can be observed that the three weak Cs lines 
at 794, 802 and 808 nm have different intensities 
in Fig. 1A compared to those in Fig. 1B. This 
result is simply due to the noise in Fig. 1A. 

Hadamard multiplexing the data, i.e., open- 
ing more than one encoding slit per data 
measurement, increases the total amount of 
light impinging upon the detector. Therefore, 
the detector responds to a larger incident light 
flux. Although a photon detector was used in 
this study, it is clear that under these circum- 
stances, the Hadamard transform method pro- 
duces spectra with better SNRs than if the 
instrument is treated in the single-slit mono- 
chromator simulation mode. 

Calibration curves 

To test the fidelity of the leakage-offset cor- 
rection procedure and the overall linearity of the 
LC-SLM HTS, calibration curves were pre- 
pared for K and Rb with the 766 and 780 nm 
lines, respectively. Each of the points on the 
calibration curves was obtained from the co- 
addition of three complete Hadamard data 
scans. Figure 2 is representative of the spectra 
used in system calibration. The spectra in 
Fig. 2A, 2B and 2C were obtained by aspirating 
K standards having concentrations of 0.05, 1 
and 10 ppm, respectively. The calibration curves 
for K and Rb are shown in Fig. 3 and were 
obtained over the concentration range 0.02- 
10 ppm. 

Uncompensated opaque-state leakage of the 
LC-SLM encoding mask would have shown up 
as increased baseline values in Fig. 2C (com- 
pared with 2B and 2A, respectively), and as 
upward curvature in the plots of Fig. 3. Neither 
of these phenomena is apparent from the 
figures. This implies that all significant leakage- 
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Fig. 3. Emission calibration curves for (A) K and (B) Rb. 

offset has been removed by the correction 
procedure. 

The curves in Fig. 3 display the kind of 
linearity and self-absorption effects normally 
observed in conventional flame emission anal- 
ysis. The detection limits for K and Rb with this 
system were found to be 10 and 20 ppb, respect- 
ively. The overall system performance is similar 
to that of conventional flame photometry, with 
the added advantage of simultaneous, multi- 
element determination. 

Selective multiplexing 

The stationary LC-SLM encoding mask, by 
virtue of its electronically programmable encod- 
ing “slits”, can function as a tunable optical 
notch filter. Specifically, this tunability arises 
because any of the encoding slits in the mask 
can be turned off during the entire data-acquisi- 
tion period. If the intensity and noise contribu- 
tion of the radiation that is impinging upon that 
encoding slit is never included with the multi- 
plexed data, then the shot-noise contribution, 
and the noise due to that resolution element, 
will also not be included. By reduction of the 
noise components in the multiplexed data, the 
overall SNR of the transformed spectrum will 
be improved. This improved SNR results in a 
better intra-spectral dynamic range. Of course, 
improvements in both the SNR and the dy- 
namic range of a spectrum can be useful in 
atomic-emission spectroscopy for the determin- 
ation of trace or ultratrace elements in the 
presence of intense major element emissions. 

The degree of this selective multiplex advan- 
tage will be governed by (1) the intensity of each 
of the spectral resolution elements in the spec- 
tral observation window, (2) the total amount of 
noise present in each of the resolution elements, 
and (3) the optical leakage of the encoding mask 
in its opaque optical state. Factors (1) and (3) 
will determine the SNR improvements due to 
shot-noise reduction, and factors (2) and (3) 
will minimize source-noise contributions to the 
SNR. Figure 4 illustrates the selective multiplex 
advantage of LC-SLM HTS. 

The spectra in Fig. 4 were obtained by aspir- 
ating a solution containing 1 ppm K, 0.1 ppm 
Rb, 500 ppm Li, and 3000 ppm Cs. (It should be 
noted that the lithium and cesium lines which 
appear in this spectral window are not the major 
analytical lines for these elements.) The ordi- 
nates of the spectra in Fig. 4, which have been 
labeled in arbitrary units, have been expanded 
by a factor of 49. It should be noted that the 
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Fig. 4. Spectra illus~ating the selective multiplex advantage in LC-SLM HTS. (A) A Hadamard multiplex 
scan of a solution containing 1 ppm K, 0.1 ppm Rb, 500 ppm Li and 3000 ppm Cs. (B) A Hadamard 
selective multiplex scan (both K lines exchtded) of a solution containing 1 ppm K, 0.1 ppm Rb, 500 ppm 

Li and 3000 ppm Cs. 

potassium lines at 766 and 770 nm are off-scale. 
The SNR of the spectrum in Fig. 4A, for the 780 
nm Rb line, is about 2 and is determined 
principally by the noise associated with the 
significantly more intense potassium lines. 

When the selective multiplexing procedure is 
invoked, the spectrum in Fig. 4B results. This 
spectrum was obtained by closing the LC-SLM 
encoding mask slits corresponding to the 
potassium lines for the duration of the data- 
acquisition. The data-acquisition times for both 
spectra in Fig. 4A and 4B were identical. Note 
that the SNR of the 780 nm Rb line is now 6 
and has been improved by a factor of 3 owing 
to the optical elimination of the more intense K 
lines. Note also that the weak Li emission line 
at 8 13 nm, which was completely buried in the 
baseline noise in Fig. 4A, is readily observed in 
Fig. 4B. 

CONCLUSIONS 

LC-SLM HTS has been shown to function as 
a viable detection system for flame atomic-emis- 
sion spectroscopy. A simple procedure for cor- 
recting encodegrams for encoding mask 
imperfections has been demonstrated. Although 
LC-SLM HTS is a multiplexing technique, the 
electronically programmable electro-optic en- 
coding mask can be used to circumvent two 
problems due to multiplexing: the multiplex 
disadvantage due to source instability and the 
shot-noise generation by photon-type detectors. 
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Summary-The effect of a uniformly imperfect (non-ideal) encoding mask on the signal-to-noise ratio 
improvement in a Hadamard transform spectrometer utilizing photon detection is theoretically studied. 
General equations are developed for the calculation of the multiplex gain (the Fellgett advantage) under 
conditions of limitation by shot noise and source-fluctuation noise. It is shown that for both cases, the 
multiplex gain depends on the transmission properties of the encoding mask, the UV/VIS spectrum 
impinging upon the mask, and the multiplex size, N. It is demonstrated that a uniformly imperfect 
encoding mask allows sufficient multiplex gain, and that photon-detection in Hadamard transform 
spectrometry can have advantages in some spectroscopic applications. In addition, comparisons are made 
between the multiplex gain advantages present in UV/VIS FTS and those present in UV/VIS HTS. 

Recent developments in optics have spurred a 
renewed interest in W/VI!3 (ultraviolet/visible) 
Hadamard transform spectrometry.‘-4 Though 
sharing some similarities with Fourier trans- 
form spectrometry (FTS), Hadamard transform 
spectrometry (HTS) relies on a multi-slit mask- 
ing array to modulate optical radiation. The 
multi-slit array, which can be fabricated from 
either a movable mechanical mask or a station- 
ary mask of electro-optical switches, selects 
dispersed radiation for detection according to 
Hadamard mathematics. An appropriate opti- 
cal system focuses the Hadamard-selected radi- 
ation onto a single detector. Thus, the encoding 
mask multiplexes the radiation. 

A major goal in the application of the 
Hadamard transform multiplexing method to 
spectral analysis is the improvement in the 
signal-to-noise ratio (SNR) of a spectrum over 
the SNR which could have been obtained with 
a conventional scanning dispersive instrument 
under the same conditions. Fundamental to 
achieving this goal is the assumption that the 
only source of noise in the spectrometric system 
is the detector (and detection electronics) and 
that this noise is independent of the light inten- 
sity of the source. This assumption is generally 
valid in the infrared, and therefore the use of 
Hadamard transform spectrometers has led to 
substantial improvements in SNRS.~-’ 

In the UV/VIS spectral region, however, two 
additional sources of noise are often encoun- 

tered: shot noise (also referred to as quantum 
noise) and source-fluctuation noise (also called 
proportional, low frequency, scintillation, 
flicker, or l/fnoise). The magnitudes of both of 
these noises increase with the intensity of the 
light source, and therefore can degrade the SNR 
of a spectrum when multiplexing is performed. 

Shot noise, which obeys Poisson statistics, 
can arise from either quantum detectors or 
optical radiation sources. Quantum detectors 
(or photon detectors, e.g., photoconductor cells 
or photomultiplier tubes) rely on the direct 
interaction of the incident photon flux and the 
electrons in some photoresponsive material. The 
noise output of a photon detector is caused by 
the statistical fluctuation of the electrons. Pho- 
ton shot noise on the other hand, is generated 
from light sources and is caused by the statisti- 
cal fluctuation in the photon generation rate. 
However, regardless of the cause, shot noise is 
proportional to the square root of the incident 
light intensity and can be represented by* 

ii, = (Zk 2em Af)“z (1) 

where ip is the shot-noise contribution to the 
standard deviation of the mean detector current, 
e is the charge on the electron, Zk is the detector 
current (which is assumed to be directly propor- 
tional to the light intensity), m is the gain, and 
Af is the noise bandwidth (generally assumed to 
be 1 Hz). 

61 



62 DAVID C. TILO~A 

Source-fluctuation noise is a multiplicative 
noise and originates primarily from analyte and 
background flicker, i.e., the noise is carried by 
the signal. Source-fluctuation noise is directly 
proportional to the total light intensity:9 

if = Kl,bGJJ (2) 
where if is the fluctuation-noise contribution to 
the standard deviation of the mean detector 
current, K is the fractional fluctuation constant 
expressed as the ratio of the fluctuation-noise 
power to the signal power, Zk is the detector 
current (which is assumed to be directly propor- 
tional to the light intensity), andf, andJ; are the 
upper and lower frequencies, respectively, of the 
noise bandpass. 

Shot noise and source-fluctuation noise seem- 
ingly violate the premise of HTS (and for that 
matter of any multiplexing technique), since the 
noise of the spectrometric system increases with 
increasing light intensity. Equations (1) and (2) 
imply that the process of Hadamard multiplex- 
ing, in contradistinction to measuring the spec- 
tral resolution elements separately, increases the 
noise component of a spectrum rather than 
reducing it. (A spectral resolution element 
is defined as a short wavelength-interval of 
radiation,) 

The multiplex (Fellgett) advantage of Fourier 
transform spectrometry (FTS) has been shown 
to be proportional to the square root of the 
number of spectral resolution elements imping- 
ing upon the detector, (N”‘)/E, where E is an 
efficiency factor which can be greater than 
or equal to unity. ‘@I7 If a photon detector is 
used in continuum source FTS (conventional 
UVjVIS molecular-absorption spectroscopy, for 
example),” the multiplex advantage of the FTS 
may nearly offset the shot-noise disadvantage of 
the detector. In addition, it has been shown that 
under some circumstances, such as emission 
spectroscopy where the spectral power density 
is low, a type of multiplex advantage can 
be gained in utilizing photon detection in 
FTS.9.‘7.19.20 Hirs&feldI7-‘9 termed this multiplex 
advantage the multiplex gain, or the distributive 
Fellgett advantage. For measurements limited 
by source-fluctuation noise, it has been shown 
that a multiplex disadvantage exists because 
of the distributive nature of the Fourier 
transform. I7 

Previous workers9,2’-24 have shown that under 
some circumstances, a multiplex gain advantage 
can be obtained in a UVjVIS Hadamard trans- 
form spectrometer by utilizing a perfect encod- 

ing mask of completely open and completely 
closed encoding elements. In HTS utilizing a 
single, uniformly imperfect encoding mask, i.e., 
a mask which, owing to its method of operation, 
imparts a constant, wavelength-independent at- 
tenuation to the incident radiation (such as a 
liquid-crystal spatial light modulator), it has 
been proposed that a multiplex advantage can 
exist if thermal detection is used.25 

This paper presents an examination of the 
effect of shot noise and source-fluctuation noise 
on the SNR in a Hadamard transform spec- 
trometer utilizing a single, uniformly imperfect 
encoding mask. General equations are devel- 
oped which demonstrate the change in the SNR 
of a spectrum when Hadamard multiplexing is 
performed rather than acquiring the spectrum 
on an ideal scanning dispersive instrument. It is 
shown that under many spectral circumstances, 
multiplex gain advantages can exist, and that 
these multiplex gains are similar to the multiplex 
gain advantages present in FTS. 

THEORY 

Assumptions 

To examine the effect of Hadamard multi- 
plexing on the SNR improvement in a spec- 
trometer equipped with a photon-type detector 
and a single uniformly imperfect encoding 
mask, it is convenient to make several assump- 
tions. 

1. Diffraction of the radiation by the mask is 
negligible. 

2. Although the error in a given measurement 
obeys Poisson statistics, for large average val- 
ues, i.e., significant light intensity, the Poisson 
distribution of the error is approximated by a 
normal distribution. Thus, the error in a given 
measurement, e, can have associated with it a 
normal variance. This is expressed by using the 
expected-value notation: 

E(e’) = s2 

3. Dark-current detector noise can be consid- 
ered insignificant. 

4. With the exception of the encoding mask, 
the ideal scanning spectrometer utilizes the same 
optical components as the HTS, and thus both 
have equal luminosity-resolving power (LR) 
products. However, for the ideal scanning spec- 
trometer, the encoding mask in the HTS is 
replaced with a single perfect (i.e., with 100% 
transmission) exit slit having the same physical 
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dimensions as a single encoding element in the from the multiplexing process is well approxi- 
HTS encoding mask. mated byzs 

5. The same detector is used in both the 
Hadamard transform spectrometer and the 
ideal scanning dispersive spectrometer. 

6. The errors in different measurements, e and 
e’, are uncorrelated (unbiased): 

c = [$,/(AU21(4/N) (5) 

E(ee’)=O 

7. The average value of the error is zero: 

where AT = T, - TO, T1 being a fractional term 
representing the average transmission of the 
encoding mask in its transparent state, and T,, a 
fractional term representing the average trans- 
mission of the encoding mask in its opaque 
state. 

E(e) = 0 

8. The number of multiplexed spectral resolu- 
tion elements, N, is equal to the number of 
discrete measurements performed with the ideal 
scanning dispersive spectrometer. Further, N is 
large enough for the approximations 

A general equation for the effect of 
Hadamard multiplexing on noise reduction 
can be found by substituting equation (5) into 
equation (3): 

(SNR,, )imp = [($/s:)(AT~N/~)]“~ (6) 

Nx(N+l)=(N-1) 

For the case of source-independent detector 
noise, such as that typically encountered in the 
infrared spectral region, SF = sZ,, and equation 
(6) simplifies to:25 

to be valid. 
9. The time required for N Hadamard multi- 

plex measurements and N discrete scanning 
measurements is the same. 

General considerations 

The improvement in the root-mean-square 
signal-to-noise ratio due to multiplexing, 

(SNR,, )i, 9 in comparison to measuring the 
resolution elements separately on an ideal 
scanning dispersive spectrometer, is given by2’ 

(SNR,,)imp = (~f/c)“~ (3) 

where $ is the variance in the measurement of 
the resolution elements on the ideal scanning 
spectrometer and 6 is the average mean-square 
error incurred from the multiplex measurement 
of the spectral resolution elements. 

If a Hadamard data multiplexing procedure is 
employed to measure the spectral resolution 
elements then 

(SNR,,)i,p = AT(JNI2) (7) 

However, equation (7) explicitly assumes the 
detector noise output is constant and indepen- 
dent of the intensity of the light source. As 
stated previously, the magnitudes of both the 
shot noise and the source-fluctuation noise de- 
pend upon the light intensity. Thus, sf # s,!,, for 
measurements limited by either shot noise or 
source-fluctuation noise, since during the 
Hadamard multiplexing procedure, where 
groups of spectral resolution elements are 
measured, the detector operates under a larger 
irradiance than if the spectral resolution 
elements are measured separately. In order to 
determine the effects of Hadamard multiplexing 
on noise reduction in the shot-noise and fluctu- 
ation-noise regimes, the variances in equation 
(6) must be examined at both noise limits. 

L = ($,/N)Trace(WW-’ (4) 

where si is the variance (noise) in the measure- 
ments obtained from the Hadamard multi- 
plexing procedure, N is the total number of 
spectral resolution elements multiplexed, W is 
the Hadamard encoding matrix (weighing ma- 
trix), and WT is the transpose of the Hadamard 
encoding matrix. 

For the general case of a Hadamard trans- 
form spectrometer utilizing a single uniformly 
imperfect encoding mask, it has been shown 
that the average mean-square error incurred 

Shot -noise variance in Hadamard multiplexing 

From equation (1), the variance of the detec- 
tor output signal is proportional to the light 
intensity impinging upon the detector. For a 
given Hadamard encodement pattern obtained 
from an S-matrix, (N + 1)/2 mask elements 
transmit their spectral information and are 
attenuated by T,, and (N - 1)/2 mask elements 
block (do not transmit) their spectral infor- 
mation and are attenuated by T,,.25q26 Since it is 
assumed that N is large, both (N + 1)/2 and 
(N - 1)/2 can be replaced by N/2. Thus for each 
detector measurement of light intensity in 
Hadamard multiplexing, approximately one- 
half of the spectral resolution elements are 
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attenuated by T, and the other half are attenu- 
ated by TO. 

For any of the N measurements of light 
intensity in a Hadamard transform spectrom- 
eter utilizing a uniformly imperfect encoding 
mask, the light intensity impinging upon the 
detector for each measurement will be given by: 

N/2 N/2 
ZH,i=Tt c4+T0 CZ, for i=l,...,N (8) 

j=l k=l 

where Zu. i is the light intensity of the ith detector 
measurement by Hadamard multiplexing, 4 is 
the light intensity incident on the jth trans- 
missive mask element, and Z, is the light inten- 
sity incident on the kth opaque mask element. 
For all encodement patterns (i.e., i values), the 
N/2 values of 4 and the N/2 values of Zk are 
drawn from the group of N light intensities 
incident on the N resolution elements of the 
mask, Z, (with I = 1,. . . , N). Each encodement 
then has a different collection of N/2 of the N 
values of Z, that are incident on transmissive 
mask elements (to give N/2 values of 1; in the 
sum overj) and N/2 values of Z, that are incident 
on opaque mask elements (to give N/2 values of 
Zk in the sum over k). Therefore, the indices j 
and k in equation (8) are a function of i. 
However, as will be illustrated, knowledge of 
the exact nature of j and k is unnecessary. 

In order to simplify the analysis, it is useful to 
consider the average light intensity impinging 
upon the detector for all Hadamard encodement 
measurements, Z;1. This simplification is readily 
justified, owing to the pseudo-random nature of 
the Hadamard code (that is, each measurement 
of intensity, ZH,i, is a pseudo-random com- 
bination of the individual spectral resolution 
elements).27 Therefore, it can be assumed that 
the measurements of light intensity are not 
significantly different from one another. 

The average light intensity for all Hadamard 
encodement measurements can be defined as: 

Z~=l/N~Zu~i (9) 
i= I 

and can be rewritten by the use of equation (8) 
as: 

Z;=l,Ni T&+T,fZk (10) i=l [ j= I k=l 1 
The grand sum in equation (10) represents the 

sum of the measurements for all N. Since each 
spectral resolution element (4) appears N/2 
times in the sum over j and N/2 times in the 
sum over k for an entire Hadamard multiplex 

encodement of N total measurements, equation 
(10) can be rewritten as: 

Zu = l/N 
[ 

(N/2)T, i I,+ (N/2)T, f Z, 1 (11) I= I I=1 
The two summations over I in equation (11) 

represent the sum of the intensities of all the 
spectral resolution elements in the spectrum. 
Thus, both sums can be replaced by 

P=CZ, 
I= I 

(12) 

Finally, the average light intensity impinging 
upon the detector for the encodement patterns 
of a Hadamard transform multiplex data acqui- 
sition can be obtained by substituting equation 
(12) into equation (11): 

Z&i = (P/2)(T, + G) (13) 

The shot-noise variance in the signal of the 
Hadamard multiplex measurement, sfn, P, is 
obtained by substituting equation (13) into 
equation (l), and then squaring the result: 

sf., = is.u = (P/2)(T, + T,)2emAf (14) 

It is interesting to note that this variance is 
constant for a given spectrum. Thus, ~f.~ is 
fundamentally similar to sf, with the exception 
of its origin. 

Source-Juctuation variance in Hadamard multi- 
plexing 

The variance of the source-fluctuation noise is 
given by the square of equation (2). Similarly to 
the evaluation of the shot-noise variance dis- 
cussed in the preceding section, it is necessary to 
determine the light signal impinging upon the 
detector during Hadamard multiplexing in 
order to evaluate the source-fluctuation vari- 
ance. However, since the intensity of each spec- 
tral resolution element is randomly modulated 
by fluctuation noise, the total variance in the 
detector output, if from equation (2), will be 
a linear sum of the individual variances of 
the intensities of each of the spectral resol- 
ution elements selected by the Hadamard 
code (assuming the variances are statistically 
independent). 

For source-fluctuation noise-limited measure- 
ments, the variance in the detector output for 
each of the N light intensity measurements in a 
Hadamard transform spectrometer utilizing a 
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uniformly imperfect encoding mask will be 
given by: 

W 

+ Ti c Wk 4)’ 
1 

for i= l,...,N 
k=l 

(19 

where i&( =~2,.~, i) is the fluctuation variance in 
the detector output of the ith measurement of 
light intensity by Hadamard multiplexing, Kj 
and Kk are the fractional fluctuation constants 
for the light intensity impinging upon the jth 
open mask element and the kth opaque mask 
element, respectively, and the other terms have 
the same definitions as in the previous section. 

Although equation (15) is an explicit expres- 
sion for the evaluation of the source-fluctuation 
variance for each of the light measurements 
performed during a Hadamard multiplex data 
acquisition, it is mathematically cumbersome to 
evaluate. A more useful expression can be ob- 
tained, and one that provides more insight into 
the effect of multiplexing source-fluctuation 
noise, if it is assumed that the intensity of 
each spectral resolution element is modulated 
by the same time-correlated fractional fluctu- 
ation constant. This is equivalent to saying that 
the variances in the individual measurements 
are statistically dependent, and that the change 
in light signal intensity (due to fluctuation) with 
respect to time is the same for all spectral 
resolution elements (and is independent of 
wavelength): 

d4. r d4, r dzN r 

dt 
_dt=...=dt (16) 

where dZ,_ r, dl,.,, and dl,., are the changes in 
the intensities of spectral resolution elements 
1,2, and N, respectively, due to fluctuation, and 
dt is the time increment. 

The assumption stated by equation (16) is 
readily justifiable for emissions arising from 
similiar electronic transitions and/or the same 
excitation source (e.g., atomic-emission and 
Raman spectroscopy), background and analyte 
flicker due to nebulization effects in atomic- 
emission and atomic-absorption spectroscopy, 
background flicker from the same excitation 
source, etc.’ 

The consequence of equation (16) is that the 
fluctuation variance in the light intensity for any 

of the N measurements in a Hadamard trans- 
form spectrometer utilizing a uniformly imper- 
fect encoding mask can be written as a product 
of the total light intensity and the fractional 
fluctuation constant as: 

N/2 N/2 ’ 2 s,,,-.; = [l~Ui/A>12K2 Tt c ‘j+ To 1 zk 
j=l k=l 1 

for i=l,...,N (17) 

Furthermore, by use of equation (8), equation 
(17) can be rewritten as: 

s2,.f,i = t~~(fu/f;)12K2[~~.i12 (18) 

Then, similarly to the discussion in the pre- 
ceding section, it can be shown in a straight- 
forward manner that the source-fluctuation 
variance in the average light intensity impinging 
upon the detector for the Hadamard multiplex 
measurements is given by: 

&.r = tln(fu/J;)32K2(~/2)2(T, + G)* (19) 

Shot-noise variance in a scanning dispersive 
spectrometer 

The signal impinging upon the detector in a 
scanning dispersive spectrometer, I,, has associ- 
ated with it a shot-noise variance given by 
equation (1) as: 

si = Z,,2em Af (20) 

Source -fluctuation variance in a scanning disper - 
sive spectrometer 

The signal impinging upon the detector in a 
scanning dispersive spectrometer, I,, has associ- 
ated with it a source-fluctuation variance given 
by equation (2) as: 

s? = Dn(fU/f;)12K2Z~S (21) 

RESULTS AND DISCUSSION 

Shot-noise limited measurements 

The improvement in the root-mean-square 
signal-to-noise ratio due to Hadamard multi- 
plexing limited by shot-noise, (SNR,,)imp. p, can 
be obtained by substituting equations (14) and 
(20) into equation (6), and is, after simplification 
and rearrangement: 

The right-hand side of equation (22) has been 
arranged into the product of three distinct fac- 
tors. The first factor represents the contribution 
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Table 1. Shot-noise limited signal-to-noise ratio improvements, in comparison to a scanning 

dispersive spectrometer, expressed as (P/f,)“2(SN~,),mp for selected values of N, T, 

and To 

T, - To J-Em N = 15 N=63 N =255 N= 1023 N = 4095 

1.0 1.00 2.14 5.61 11.3 22.6 45.2 
0.9 1.05 2.35 4.81 9.68 19.4 38.8 

0.949 2.60 5.32 10.7 21.4 42.9 
0.8 1.10 1.99 4.08 8.21 16.4 32.9 

0.894 2.45 5.02 10.1 20.2 40.5 
0.7 1.14 1.68 3.45 6.93 13.9 27.8 

0.837 2.29 4.69 9.44 18.9 37.8 
0.6 1.18 1.39 2.85 5.74 11.5 23.0 

0.175 2.12 4.35 8.74 17.5 35.0 
0.5 1.23 1.11 2.28 4.59 9.19 18.4 

0.707 1.94 3.97 8.00 16.0 32.0 
0.4 1.27 0.863 1.77 3.56 7.12 14.3 

0.632 1.73 3.55 7.15 14.3 28.6 
0.3 1.30 0.632 1.30 2.61 5.22 10.4 

0.548 1.50 3.07 6.18 12.4 24.8 
0.2 1.34 0.409 0.838 1.69 3.38 6.15 

0.447 1.23 2.51 5.05 10.1 20.2 
0.1 1.38 0.198 0.407 0.818 1.64 3.28 

0.316 0.866 1.78 3.57 7.16 14.3 
0.0 1.41 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 

*The first value in this column corresponds to To large (i.e., T, = 1.00, To = 1 - AT). The 

second value in this column corresponds to To small (i.e., To = 0.00, T, + To = T, - To). 

to the multiplex gain from the encoding mask, 
the second reflects the change in the signal-to- 
noise ratio improvement due to the number of 
multiplexed spectral resolution elements, and 
the third describes the spectrum impinging upon 
the mask. 

Table 1 lists the signal-to-noise ratio improve- 
ments obtained with a variety of mask imperfec- 
tions (T, and TO) and number of spectral 
resolution elements multiplexed (N). The SNR 
improvements have been expressed as the 
product of (SNR,,)imp,p and (P/Z,,)“’ since 
the actual SNR improvement is spectrum- 
dependent (vide infia). 

The spectral dependence of the multiplex 
gain. The third factor in equation (22) shows 
that 

(SNR,,)imp, p a (Z,, /Z’)“’ (23) 

Thus, the signal-to-noise ratio improvement for 
a shot-noise limited spectrum depends upon the 
square root of the ratio of the intensity of the 
spectral resolution element sought to the sum of 
the intensities of all spectral resolution elements. 
This result is consistent with a model described 
earlier in a slightly modified form2’ and explic- 
itly implies that the SNR improvement afforded 
by Hadamard multiplexing depends inversely 
upon the square root of the total intensity 
[equation (12)] of the spectrum. Thus, the SNR 
improvement would be expected to be greater 

for spectra with few strong resolution elements, 
such as Raman spectroscopy (provided the 
more intense Rayleigh line is removed and the 
detector dark-current noise is not a substantial 
portion of the signal) and atomic-emission spec- 
troscopy. The signal-to-noise ratio improve- 
ment would be expected to be less for spectra 
with many intense resolution elements, such 
as molecular-absorption spectroscopy in the 
UV/VIS. 

It should be borne in mind, however, that 
equation (23) is not the only contributor to the 
SNR improvement, and that the stationary 
nature of an electro-optic encoding mask allows 
spectral co-addition to improve the SNR fur- 
ther. Also, the selective multiplex advantage’ 
can be used to reduce P by eliminating unneces- 
sary spectral resolution elements and further 
improve the SNR. 

In addition to the power factor, the SNR 
improvement also depends upon the intensity of 
the spectral resolution sought, I,,. A given spec- 
trum may be expected to have spectral resol- 
ution elements with widely varied intensity 
values. Thus, the SNR improvement will not be 
constant for all resolution elements in the spec- 
trum and will tend to be greater for intense 
resolution elements. It should be noted that the 

(SNR,, )imp with thermal detection is approxi- 
mately independent of the spectrum impinging 
upon the mask.2s 
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The multiplex gain as a function of the 
encoding mask. The dependence of the SNR 
improvement on the encoding mask, for shot- 
noise limited detection [equation (22)], is similar 
to the dependence encountered with thermal 
detection [equation (7)]. In both cases the 
SNR improvement is directly proportional to 
the difference in the two optical states of the 
encoding mask, AT. The major difference 
between the two cases, however, is the term 
,/T, + T, in the denominator. The effect of 
the optical defects in the encoding mask when 
photon detection is used also depends upon 
their sum, since 

(SNRnns limp. p a ‘T_- To’ (24) 

Table 1 shows the SNR improvements ob- 
tained with uniformly imperfect encoding masks 
possessing a variety of defects. It shows that for 
all values of N, T, and T,,, the SNR improve- 
ment is less if the encoding mask possesses a 
small difference in its two optical states and/or 
a large transmittance in its “of optical state 
(large T,). The latter result is not surprising 
because the shot-noise component will in- 
crease as the encoding (multiplexing) efficiency 
decreases. 

The multiplex gain as a function of the multi- 
plex size. Table 1 shows that as the number of 
multiplexed spectral resolution elements in- 
creases, the SNR improvement increases. This 
result for the case of shot-noise limited HTS is 
similar to the result predicted for thermal detec- 
tion HTS, differing from it only by a factor of 
l/G. Provided the power of the spectrum, P, 
does not increase with N, which can be true for 
both Raman and atomic-emission spectroscopy, 
increasing the multiplex size should improve the 
SNR. 

Ideal cases. In the limit of an ideal encoding 
mask, where T, = 1.00 and T,, = 0.00, equation 
(22) simplifies to 

(SNRrms limp. p = (25) 

This equation is similar to a form derived 
earlier by Larson et al. ” for the case of a perfect 
Hadamard encoding mask. The only difference 
between the two equations (N instead of N + 1) 
is minor and arises because N is assumed to be 
large in this paper. 

As stated in the introduction, Hirschfeld 
showed that a multiplex gain exists in UV/VIS 

FTS with shot-noise limited detection. Since 
P/N represents the intensity of the mean spec- 
tral resolution element, the ideal multiplex gain 
in HTS, represented by equation (23, differs by 
a factor of l/fi from the multiplex gain in 
UV/VIS FTS. However, none of the equations 
presented in this paper takes into account the 
optical throughput or relative spectrometer 
efficiencies of FTS or HTS. 

Small T,. If T,,<c T,, then equation (22) can be 
written as 

(SNR,,)imp = (26) 

Equation (26) shows the SNR improvement will 
be approximately proportional to the square 
root of the transmission of the encoding mask 
in its “on” optical state. The SNR improvement 
in thermal detection HTS with an imperfect 
mask, on the same assumption, is proportional 
to T,. Thus, since T, < 1, fi > T,, and the 
effect of the encoding mask on the SNR im- 
provement for photon detection is less severe 
than for thermal detection HTS. 

Measurements limited by source-fluctuation noise 

The improvement in the SNR by Hadamard 
multiplexing limited by source-fluctuation 

noise, (SNR,S)i,p,r, can be obtained by substi- 
tuting equations (19) and (21) into equation (6), 
and is, after simplification and rearranging: 

WWms hp. f = (z)fi(f) (27) 

where the terms have the same definitions as 
before. Note that equation (27) has been ar- 
ranged into a product of three separate factors. 

Table 2 lists the signal-to-noise ratio improve- 
ments obtained with a variety of mask imper- 
fections (T, and T,) and number of spectral 
resolution elements multiplexed (N). The SNR 
improvements in Table 2 have been expressed as 
a product of (SNR,,)imp,f and P/Z, since the 
SNR improvement will be spectrum-dependent. 

The spectral dependence of the multiplex gain. 
The third factor in equation (27) shows that 

(SNR,, )imp. f a L/P (28) 

In contrast to the SNR improvements 
expected in the shot-noise limited regime, the 
SNR improvements obtained by Hadamard 
multiplexing limited by source-fluctuation noise 
depend upon the ratio of the intensity of the 
line sought to the sum of the intensities of all 
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Table 2. Source-fluctuation noise limited signal-to-noise ratio improvements, in 
comparison to a scanning dispersive spectrometer, expressed as (P/I,,) (SNR,,)imp 

for selected values of Iv, T, and & 

T, - To T, + To* N = 15 N =63 N =255 N = 1023 N =4095 

1.0 1 .oo 3.87 7.94 16.0 32.0 64.0 
0.9 1.10 3.17 6.50 13.1 26.2 52.4 
0.8 1.20 2.58 5.29 10.6 21.3 42.7 
0.7 1.30 2.09 4.27 8.60 17.2 34.5 
0.6 1.40 1.66 3.40 6.84 13.7 27.4 
0.5 1.50 1.29 2.65 5.32 10.7 21.3 
0.4 1.60 0.968 1.98 3.99 8.00 16.0 
0.3 1.70 0.683 1.40 2.82 5.64 11.3 
0.2 1.80 0.430 0.882 1.77 3.55 7.11 
0.1 1.90 0.204 0.418 0.840 1.68 3.37 
0.0 2.00 0.00 0.00 0.00 0.00 0.00 

*The entries in this column correspond to (7’, + T,) = 1.00 + [I .OO -AT]. 

spectral resolution elements. Thus, the signal- 
to-noise ratio improvement would be greater for 
spectra with few intense resolution elements, 
and smaller for spectra with many intense resol- 

ution elements, 
Equation (27) has important implications in 

emission spectroscopy, and gives rise to the 
so-called “multiplex disadvantage” present in 
Hadamard transform spectrometry (however, it 
should be pointed out that all multiplexing 
methods, where combinations of spectral resol- 
ution elements are measured simultaneously 
on the same detector, exhibit a multiplex dis- 
advantage). Under source-fluctuation noise con- 
ditions, the noise in the spectrum due to the 
flicker of the resolution elements is distributed 
throughout the entire spectrum, principally 

through the P-factor, and degrades the SNR 
improvement for the whole spectrum. In fact, if 
a spectrum contains N intense spectral resol- 
ution elements, it is straightforward to show 
with equation (27) that the multi 

P 

lex advantage 
will be proportional to l/ N and thus a 
multiplex disadvantage. However, it should be 
noted that the selective multiplex advantage, 
previously demonstrated,’ can be used to reduce 
P by eliminating unnecessary spectral resolution 
elements, and further improve the SNR. 

In addition to depending upon the total 

power of the spectrum, P, the SNR improve- 
ment also depends upon the intensity of the 
spectral resolution element sought, I,, . Thus, if 
a spectrum contains one or more very intense 
lines which have a greater fluctuation-noise 
component than shot-noise component, the 
SNR improvement will be acceptable for those 
lines, but appreciably degraded for other lines 

in the spectrum. For example, if the Rayleigh 
line (and its fluctuation noise) is included in 
the multiplexed data acquired from a Raman 

experiment, I,,/P will be of the order of 10m3 for 
any of the Raman bands (assuming the total inte- 
grated intensity of the Raman-scattered radi- 
ation is negligible in comparison to the intensity 
of the Rayleigh-scattered radiation). Assuming 

an ideal encoding mask of completely open and 
closed encoding slits, equation (27) predicts that 
at least lo6 resolution elements would need to be 
multiplexed in order to attain a SNR improve- 
ment of unity for the Raman bands. 

The multiplex gain as a function of the encod- 
ing mask and multiplex size. The dependence of 
the SNR improvement on the encoding mask 
for detection limited by source-fluctuation noise 
is similar to that of improvements obtained for 
detection limited by photon noise: 

(SNRms limp. f K (29) 

Table 2 shows the SNR improvements ob- 
tained with uniformly imperfect encoding masks 
possessing a variety of defects. As the defect in 
the opaque state of the encoding mask becomes 
larger, the SNR improvement becomes smaller, 
due to multiplex coding inefficiency. 

In addition, Table 2 shows that the SNR 
improvement increases as the multiplex size 

increases. This result is similar to the shot-noise 
limited case, differing from it only by a factor 
of l/3. 

Ideal cases. In the limit of an ideal encoding 

mask, where T, = 1 .OO and To = 0.00, equation 
(27) simplifies to: 

J- (SNRrms limp. r = + (30) 

It is interesting to note that the ideal multiplex 
gain in UVjVIS HTS limited by source-fluctu- 
ation noise is nearly equivalent to that of 
UVjVIS FTS.” 
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If To<< T,, then equation (27) will again be 
approximately equal to equation (30). This 
implies that under conditions of limitation by 
source-fluctuation noise, there is little difference 
between a UV/VIS Hadamard transform spec- 
trometer utilizing an imperfect mask and a 
UV/VIS HTS with a perfect encoding mask. 
This is a reasonable implication because the 
magnitude of the fluctuation noise is propor- 
tional to the signal: when the source intensity is 
reduced, the noise is also reduced. 

CONCLUSIONS 

The effect of a non-ideal encoding mask 
on the signal-to-noise ratio improvement in 
UV/VIS Hadamard transform spectrometry has 
been theoretically examined. It has been shown 
that a multiplex gain advantage can exist under 
shot-noise limitations for an HTS utilizing a 
non-ideal encoding mask and a photon detector. 
The shot-noise multiplex gain depends upon the 
spectrum impinging upon the encoding mask, 
the multiplex size, and the transmission par- 
ameters of the encoding mask. Under limi- 
tations by source-fluctuation noise, Hadamard 
multiplexing with a uniformly imperfect encod- 
ing mask provides some multiplex gain, but can 
lead to a multiplex disadvantage due to the dis- 
tribution properties of the Hadamard trans- 
form. Both multiplex gains are similar to the 
multiplex gain advantages present in UV/VIS 
FTS. 

A uniformly imperfect encoding mask affects 
the SNR improvement in a UV/VIS spectrum in 
proportion to AT and in inverse proportion to 
(Tt + To)‘/* for shot-noise limited spectra and to 
T, + To for spectra limited by source-fluctuation 
noise. The multiplex gain in UV/VIS HTS under 
both shot-noise and source-fluctuation noise 
limitations will be greater for spectra with 
few intense spectral resolution elements and 
smaller for spectra with many intense resol- 
ution elements. Finally, for some spectroscopic 

applications, the SNR improvement can be 
increased by increasing the multiplex size, as 
well as using the selective multiplex procedure to 
reduce the total spectral power. 
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Figure 6 shows the variation in peak width (in 
channels), peak height, and peak area at various 
positions across the target with a three-track 
system. A 25 pm wide entrance slit was used to 
image the mercury 546.0 nm line onto the 
detector at various positions across the target, 
and the signal was accumulated for 100 cycles in 
each case. The line was moved across the target 
by varying the grating angle. 

The peak width is a measure of the spectral 
bandwidth of the system at that location on the 
target and is therefore an indication of the 
resolution of the system at this point. Peak 
height and peak area are both indicative of the 
total intensity striking the target at the various 
positions. It can be seen from Fig. 6 that all 
three responses are degraded near the edges of 
the target. The reduction in resolution toward 
the edges of the target arises from two potential 
sources: (1) degradation in detector resolution 
at the edges of the target, owing to pin-cushion 
distortion in the SIT by the electrostatically 
focused image intensifier section, and (2) degra- 
dation in resolution at the edges of the target 
because the focal plane of the monochromator 
is curved but the detector surface is flat. Of the 
two sources of broadening, pin-cushion distor- 
tion with the SIT is the major cause of loss in 
resolution at the target edges.* 

Figure 6 also reveals a loss in intensity at the 
edges of the target owing to vignetting in the 
system. Since the Spex 0.5 m monochromator is 
being used in the reverse of the way in which it 
was intended,16 the smaller collimating mirror is 
being used in this system as the focusing mirror. 
Since this mirror is not very wide, some vig- 
netting undoubtedly occurs at this point in the 
system. Another potential source of vignetting, 
which was not measured in this experiment, 

Exit port 

Entrance 
port 

Fig. 5. Schematic diagram of the Czemy-Turner monochro- 
mator, showing placement of baffles. Mirror (M); grating 

(G); baffle (B). 
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Fig. 6. Variation in resolution and signal intensity across the 
SIT vidicon target for a two-dimensional multiple entrance- 
slit spectrometer employing three tracks. Each point repre- 
sents the signal parameter associated with the Hg 546.0 nm 
line, accumulated for 100 accumulation cycles. (a) Peak 
width us. channel number; (b) peak height us. channel 

number; (c) peak area vs. channel number. 
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might occur for entrance slits at the extreme employed in the tube. 26 Although a one-to-one 
ends of a horizontal row in the multiple correspondence between signal output and light 
entrance-slit assembly. If the collimating mirror input will exist regardless of the actual value of 
is unable to intercept enough radiation from gamma, there will be true linearity of response 
these slits to fill the grating, an attenuation in only for electro-optic devices with a gamma of 
intensity will be observed for spectral segments unity. Starting with equation (3), it is easy to 
originating from these extreme entrance slits. show that 

Performance characteristics of the system 

Linearity. Linearity of response was evalu- 
ated near the center of the target in three tracks, 
by using the mercury 546.0 nm line emitted from 
a pen lamp, and its attenuation by a series of 
neutral density absorbance filters. The back- 
ground-corrected signal corresponding to 20 
accumulations was obtained with each filter. 
The mercury line intensity was varied from an 
intensity giving a signal just below system over- 
load to an intensity giving a value of 3 for the 
ratio of signal to rms of adjacent background. 
Figure 7 shows a plot of the logarithm of the 
relative signal us. filter absorbance, the relative 
signal being the intensity ratio of the signal to 
the most intense signal in the track. 

log(NINnl,,) = - YA (4) 

where N is the signal level (in counts), N,,,,, is the 
signal level with no filter in the path, and A is 
the absorbance of the neutral density filter. The 
least-squares slope for all three lines in Fig. 7 
was found to be - 0.9, which indicates a gamma 
value of 0.9 for the SIT tube. Since the expected 
value for gamma for an SIT vidicon is normally 
1, the low measured value reported here may 
indicate a lag problem with the tube used in this 
study. 

The variation of signal current with incident 
intensity for a vidicon tube is determined by the 
value of y in the following transfer equationz6 

i, = KZy (3) 

where i, is the signal current, K is a proportion- 
ality constant, Z is the intensity incident on the 
tube target, and y is a constant characteristic of 
the tube. Typical gamma values for various 
electro-optic devices vary from about 0.5 to 1 .O, 
depending on the particular photosensitive layer 

S/N performance in single-track and multi- 
track modes. To compare the signal-to-noise 
(S/N) performance of the system under differ- 
ent target interrogation scan patterns, the S/N 
of the sodium 589 nm line was measured as the 
scanning pattern on the target was varied from 
single-raster to six-raster scanning. For this 
experiment, the multiple entrance-slit assembly 
was replaced by a conventional straight en- 
trance slit, with its height adjusted to 2 cm so 
that the spectrum was imaged over the entire 
vertical dimension of the target. 

The points plotted in Fig. 8 show the mea- 
sured S/N produced when a solution containing 
0.01 ppm sodium was aspirated into an 
air/acetylene flame under different scanning 

LINEARITY 

Top Track Middle Track Bottom Track 

0123 0123 0 I 2 3 

Filter Absorbance 

Fig. 7. Linearity of target response for a two-dimensional multiple entrance-slit spectrometer employing 
three tracks. Each point represents the background-corrected signal associated with the Hg 546.0 nm line 

imaged near the center of the target. Twenty accumulations were made with each filter in place. 
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I I I 1 I I 

123456 
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Fig. 8. Influence of the number of tracks on signal-to-noise 
ratio. The points represent the S/N of the 589.0 nm Na line 
as a function of the number of tracks employed by the 
two-dimensional multiple entrance-slit spectrometer. Bars 
represent one standard deviation. The full line is a plot of 
equation (5) for k, = 90, k, = 5, and n = the number of 

tracks. 

conditions. S/N measurements in the multi- 
raster mode correspond to the S/N observed 
from one of the multiple tracks. 

The observed variation in S/N can be shown 
to follow an empirical equation of the following 
form reasonably well, 

(SIN), = (k, in) + k,n (n - 1) (5) 

where (S/N),, is the signal-to-noise ratio for n 
tracks, and k, and k, are constants. The full line 
in Fig. 8 is a plot of equation (5) with k, = 90 
and k, = 5. This functional dependence of SIN 
can be qualitatively rationalized as a combi- 
nation of three factors. (1) As the number of 
tracks increases, the track height decreases, de- 
creasing the number of pixels available for 
detection of the radiation. This factor causes the 
S/N to vary inversely with the number of tracks. 
(2) As the number of tracks increases, the 
integration period between successive passes of 
the electron beam over an individual track 
increases. This factor causes the S/N to increase 
directly with the increased integration time. The 
increase in the integration time varies as (n - 1). 
(3) As the track height decreases, the dwell time 
of the electron beam on the individual pixels 
increases. This occurs because the electron beam 

does not have to cover as large a vertical 
deflection during the channel scan period of 
64 ,usec. The result is a more complete erasure 
of the charge developed on the target during the 
integration period, causing the S/N to increase 
directly with the number of tracks employed. 

One-dimensional MESS operation 

Blood serum analysis. Figure 9 shows the 
spectrum obtained with the system in the single- 
raster mode for a 50-~1 injection of blood 
serum. Although in this case the same results 
could have been obtained by using only one 
horizontal row in the two-dimensional array 
shown in Fig. 2, the original entrance plater6 
with a single row of 22 holes placed 5 mm apart 
was employed as the linear multiple entrance- 
slit array. Four fiber-optic light guides were 
used to transmit radiation to four appropriately 

Fig. 9. Spectrum of blood serum, obtained with the one-di- 
mensional multiple entrance-slit spectrometer. The spec- 
trum is a composite of four spectral windows, each window 

containing one element of interest. 
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placed entrance slits so that the primary reso- 
nance line of each element was simultaneously 
imaged on the target. Table 1 shows the analyt- 
ical conditions employed in the determination. 
Filters were used to modify different regions of 
the spectrum individually so that the system was 
not overloaded. 

As pointed out previously,‘6 one of the advan- 
tages of the MESS is its ability to vary the 
intensity of each line individually. This feature 
has been utilized in this determination of blood 
serum to modify individually the intensities 
originating from the sodium and calcium fiber 
optics. A 589.6 mm narrow bandpass filter and 
a 0.9 absorbance neutral density filter were 
placed in front of the fiber optic monitoring the 
sodium region of the spectrum, to reduce the 
sodium intensity to a point where the system 
was not overloaded. At the same time, a 430 nm 
narrow bandpass filter, transmitting the calcium 
line, was placed in front of the fiber optic 
monitoring the calcium region of the spectrum, 
to reduce the high flame background from the 
nitrous oxide/acetylene flame. 

Results of the serum analysis, performed in 
the one-dimensional mode, are given in Table 3. 
The values given are the averages from 10 
injections for each standard and sample. 

Table 4 shows a comparison of blood serum 
results obtained by the one-dimensional MESS 
system with those obtained by use of several 
other simultaneous multichannel spectrometers. 
Several points of comparison should be noted. 
(1) Of the vidicon systems, only the one-dimen- 
sional MESS is able to monitor the primary 
lines of all pertinent elements simultaneously in 
the first order. (2) No sacrifice in resolution is 
necessary to include lithium as an internal stan- 
dard in the MESS system. (3) For those systems 
which were analyzed for accuracy and precision, 
MESS has the worst average precision (1 l%), 

but the best average accuracy (0.9%). The lack 
of precision is probably due to two factors: the 
use of an internal standard, and the sample 
introduction system. 

Internal standardization depends on taking 
the ratio of the signals for two different ele- 
ments, the internal standard and the analyte. 
Since the internal standard is not viewed in 
the same place in the flame as the analyte line, 
both signals vary completely independently, 
and the variation in their ratio is greater than 
the variation in either signal separately. Thus, 
while internal standardization improves the 
accuracy of the determination, it degrades the 
precision. 

The sample introduction system used in this 
study is an injection method; hence, the signal 
incident on the detector increases and then 
decreases during the accumulation time. Since a 
steady-state signal is never achieved during the 
measurement time, the advantages of signal 
averaging are lost and precision is degraded 
below that of a steady-state measurement, 

Infruence of overlapping spectra on S/N. In 
one-dimensional MESS operation, composite 
spectra are produced by focusing more than one 
signal on the same detector element. Depending 
on the noise characteristics of the system, multi- 
plexing could result in deterioration of the S/N 
of the composite spectrum. Therefore, an addi- 
tional factor which should be considered in 
evaluating the one-dimensional MESS system is 
the effect of overlapping windows on the S/N of 
the analyte line. 

Table 5 shows the results of evaluation of the 
overlap of two windows, one containing the Li 
670.7 nm line from a hollow-cathode lamp and 
the other containing the Hg 546.0 nm line from 
a pen lamp. Although the Hg signal was varied 
from one tenth of that required for detector 
overload to 90 times the overload value, the S/N 
for Li remained constant even with Hg signals 
well above the overload condition. 

Table 6 shows the results of evaluation of the 
overlap of two windows, one containing the Na 
589.6 nm line produced by aspirating a 0.1 ppm 
solution of Na into an air/acetylene flame and 
the other containing the Hg 546.0 nm line 
from a pen lamp. Although increased Hg 

Element* 

Table 3. Results of serum analysis 

Relative 
“True” std. devn., 

Resultt value % 

Relative 
error, 

% 

Ca 10.5 mg/dl 10.3 mg/dl I1 1.9 
Na 142 meq/l. 141 meq/l. 12 0.7 
K 5.1 meq/l. 5.1 meq/l. 11 0 

*Analytical conditions given in Table 1; Li used as internal standard. 
tAverage of 10 determinations. 
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Table 4. Comparison of serum analyses 

Sample Relative Relative 
Wavelength, Resolution, size, std. devn., error, 

Method nm nm /mm Dilution IJl % % Reference 

Time Ca 422.1 varies 1:lOO not given Ca 3.0 not given 28 
multiplex Na 589.5 with Na 0.2 
multiple Li 670.7* grating 
grating K 766.0 K 0.1 

Programmed Ca 422.7 not 1:25 not given Ca l-2 not given 29 
scanning Na 330.3 given Na 2-3 
monochromator Li 670.7 Li 1-2 

K 404.4 K 3-5 

Vidicon, Ca 422.7t 3.2 none 200 Ca 1.7 Ca 1.1 15 
one Na 819.5 Na 0.64 Na 1.4 
window K 404.4t K 1.4 K 1.2 

Vidicon, Ca 422.7 5.6 none 25 Ca 2.2 Ca 0.9 30 
one Na 819.5 Na 2.8 Na 1.2 
window Li 670.7 Li 1.6 Li 0.4 

K 766.5 K 1.4 K 1.6 

I-D Ca 422.7 3.2 1:2 50 Ca I1 Ca 1.9 0 
MESS Na 589.0 Na 12 Na 0.7 

Li 670.8* 
K 766.5 K 11 KO 

*Internal standard. 
tSecond order. 
§This work. 

intensity does raise the background levels, 
there is no significant decrease in the S/N of 
the Na line, even under detector overload 
conditions. 

In practice, signals would rarely be allowed to 
overload the detector, since intensities in multi- 
element samples can be adjusted through the use 
of filters, selection of alternative analyte lines, or 
adjustment of solution concentrations. Hence, it 
can be concluded that little or no loss in S/N 
would arise in one-dimensional MESS opera- 
tion as a result of the overlap of several spectral 
windows, provided the analyte lines are well- 
resolved and are overlapped only by signals 
resulting from relatively weak background emis- 

Table 5. Evaluation of effect of spectral overlap on S/N 
(no flame) 

Mercury signal,* 
counts Filter absorbance Lit, SIN 

90 x overload 0 6.7 
46 x overload 0.3 14.4 
23 x overload 0.6 16.2 
11 x overload 0.9 17.5 

7.2 x lo4 1.2 17.3 
3.6 x lo4 1.5 17.3 
1.8 x 10“ 1.8 19.5 
9.0 x 10’ 2.1 17.4 
5.4 x 103 2.4 17.2 
3.2 x IO3 2.7 17.1 
1.6 x 10’ 3.0 18.5 

*546.0 nm. 
t670.7 nm. 

sion. The case of overlap of analyte lines with 
relatively strong background emission was not 
considered, since such situations could mostly 
be avoided either by moving the fiber-optic light 
guides and selecting an alternative arrangement 
of entrance slits or by operating the MESS in a 
two-dimensional mode. Of course, interference 
by intense flame bands or spectral lines in the 
same wavelength region as the analyte line could 
not be eliminated in this manner, but would still 
be amenable to removal by spectral stripping.” 
However, under shot-noise-limited conditions, 
the presence of intense flame bands in the 
overlapped spectra would be expected to pro- 
duce a multiplex disadvantage since the shot 
noise which results cannot be removed by 
spectral stripping. 

Table 6. Evaluation of spectral overlap on S/N under flame 
conditions 

Mercury 
signal,* Filter Na background, 
counts absorbance Nat, S/N5 counts 

overload 0.3 17.3 + 4.3 266 
overload 0.9 18.5 f 4.9 107 
5.2 x 10.’ 1.5 15.7 f 4.9 55 
2.4 x 10“ 2.1 21.3 f 3.3 8 
6.8 x 10’ 2.7 20.8 f 5.3 4 

0 - 16.0 k 4.0 -4 

*546.0 nm. 
t589.6 nm. 
SAverage of 10 measurements. 
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Two-dimensional MESS operation Table 7. Results of clay analyses* 

Clay extract analysis. Figure 10 shows the 
spectrum obtained for the system in the multi- 
ple-raster mode when clay extract was aspirated 
directly into the flame by a nebulizer assembly. 
An entrance plate with 5 rows of 22 holes, the 
holes placed 5 mm apart, was employed as the 
multiple entrance-slit array. Four fiber-optic 
light guides were used to transmit radiation to 
four appropriately placed entrance slits so that 
four spectral segments, each containing a pri- 
mary resonance line of one of the four analytes, 
were simultaneously imaged on the target, one 
under the other. Table 2 shows the analytical 
conditions employed in the determination. 
Filters were used for individual modification of 
different regions of the spectrum so that the 
system was not overloaded. 

Concentration found, mea/n+ 

Samde Ca Na Li K 

1A 0.33 0.025 0.00016 
2A 0.075 0.013 0.00012 
3A 0.19 0.010 0.000048 
4A 0.20 0.014 0.000053 
5A 0.044 0.011 0.000076 

*Analytical conditions given in Table 2. 
tAverage of 5 determinations. 

five different clay samples, by the extraction 
procedure of Chhabra et al.23 Although it is 
clear from the results that the five clay samples 
showed widely different levels of extractable Ca, 
Na, Li and K, it is impossible to assess the 
accuracy of these results by using only the 
information contained in Table 7. 

Table 7 gives the results obtained for the 
determination of four exchangeable cations in 

Since no reference standard clay was available 
to check the accuracy of these determinations, a 
series of recovery experiments”**’ was con- 
ducted. Table 8 shows the results of these 
recovery experiments on the combined extracts 
resulting from two extractions of each of the five 
clay samples. It should be noted that spiking the 
extract solutions excluded the bias of the extrac- 
tion procedure from the variation in recovery. 

K 

Li 

C 

m. 
Fig. 10. Spectrum of clay extract, obtained with the two- 
dimensional multiple entrance-slit spectrometer. Four sepa- 
rate tracks (A-D) are used to monitor four different spectral 
windows, each window containing one element of interest. 
Track A, 422.7 nm Ca line; B, 589.0 nm Na line; C, 670.7 
nm Li line; D, 769.9 and 766.5 nm K doublet. Signals in 
tracks A and B are amplified by a factor of ten relative to 

those in tracks C and D. 

0.0082 
0.0087 
0.015 
0.012 
0.0046 

If the analyses, reported in Table 7 were 
completely accurate, spiking the extracts with 
known amounts of the extractable cations 
should have given recoveries (Table 8) of 100%. 
The overall average recovery for all four ele- 
ments was in fact 98.5%, a value which is quite 
good. However, it is also clear from the individ- 
ual recoveries that the results for calcium and 
potassium tended to be somewhat high, and 
those for sodium and lithium somewhat low. 
These results suggest that, on average, the slopes 
of the calibration curves for calcium and potas- 
sium were lower than they should have been, 
while for sodium and lithium, the opposite was 
true. For calcium, the high recoveries seem to be 
concentration-dependent (see Tables 7 and 8), 
the clays containing lesser amounts of exchange- 
able Ca giving higher recoveries. For potassium, 
recoveries greater than 100% were obtained 
regardless of the amount of exchangeable K 
present in the clay. By contrast, low recoveries 
were obtained for sodium, regardless of the level 
of exchangeable Na ions present. 

While it is clear that some small bias exists in 
the determination of these four ions in clay 
extracts, the errors involved are small and are 
common to any flame analysis procedure. Thus, 
the errors are not a result of using the multiple 
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entrance-slit spectrometer, but arise in the flame 
source itself as a result of matrix effects encoun- 
tered with real samples. 

Detection limits. Table 9 gives the multiele- 
ment detection limits obtained for Ca, Li, Na 
and K under the clay-analysis conditions with 
the two-dimensional MESS system. As might be 
expected, two of these detection limits are sig- 
nificantly degraded relative to those obtained 
with an SIT vidicon in a single-raster mode, for 
single-element aqueous solutions*’ (also shown 
in Table 9 for comparison). Several factors 
undoubtedly contribute to these differences in 
detection limits, including attenuation of the 
signal by the fiber-optic light guides, the de- 
creased number of pixels available to monitor a 
particular line when multiple tracks are em- 
ployed, alteration in flame conditions resulting 
from the presence of additional ions and organic 
solvents in the multielement clay sample, and 
the use of filters in the case of Ca and Na (the 
two elements most strongly affected). Neverthe- 
less, in spite of the poorer detection limits, the 
two-dimensional MESS system is still quite ad- 
equate for the determination of trace elements 
in real samples. 

Detection limits possible for two-dimensional 
MESS operation with single-element aqueous 
solutions are shown in Table 10. Except for Cu, 
Al and Fe, all measurements were made by use 
of fiber-optic light guides composed of plastic 
(Crofon) bundles with a light-gathering lens 
attached to the end of the fiber closest to the 
flame. The effects of the lens, and composition 
and length of the fiber-optic light guide on 
detection limits for Ca are shown in Table 11. 
As can be seen from these data, the detection 
limits are improved by using shorter lengths of 
the quartz-fiber optic and omitting the light- 
gathering lens. 

CONCLUSIONS 

For performing multielement analyses, the 
MESS switchboard system allows the spectro- 

Table 9. Detection limits for 
clay analysis conditions* 

Element 
Detection 
limit, ppm 

Ca 0.17 
Na 0.0051 
Li 0.00064 
K 0.056 

*Analytical conditions given in 
Table 2. 
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Table 10. Single-element detection limits (D.L.) for the two-dimensional MESS system 

Wavelength, Hole D.L. for MESS,? D.L. for SIT,$ 
Element nm Track* number ppm ppm 

Ba 553.6$ 1 16 0.14 0.001 
Ca 422.7$ 3 5 0.022 0.0001 
Cr 425.4# 3 5 0.18 0.002 
Li 670.7% 2 25 0.014 0.00001 
Na 589.01 2 18 0.0078 0.0002 
Sr 460.7% 3 9 0.055 0.0002 

Mn 403.0$ 3 5 0.10 0.003 
cu 324.7 # 1 4 0.62 - 
Al 396.2 # 1 4 0.034 0.01 
Fe 386.0 # 1 4 0.08 0.01 

#This work; average of 5 determinations. 
*Since spectral images are inverted, fiber-optic light guides positioned in row 4 give spectra 

which appear on track 1, etc. 
tl2-mm plastic (Crofon) fiber-optic light guide. 
$Reference 20. 
# 12-mm UV fiber-optic light guide. 

scopist the freedom to arrange various 
combinations of elements in the most efficient 
manner on a detector target of limited size. For 
detectors which permit a two-dimensional scan 
pattern, the two-dimensional multiple entrance- 
slit array offers maximum flexibility. When only 
one horizontal row of slits is used, various 
combinations of fiber-optic light guides can be 
plugged into the entrance plate to build up a 
composite spectrum such that the analytical 
wavelengths of interest are imaged simulta- 
neously on the detector with minimum inter- 
ference from emissions by other sample 
constituents. Since all slits are active simulta- 
neously, the composite spectrum is simulta- 
neously integrated, allowing the system to be 
used in situations limited by source fluctu- 
ation noise or shot noise situations, or even with 
time-varying sources. Although the composite 
spectrum may not be arranged in order of 
increasing wavelength, all that is necessary 
for the analysis is to know which detector 
channels are associated with a particular ana- 
lyte line. Use of only one track in the slit 
array also permits the detector to be operated 
in a single-raster mode, allowing maximum 
utilization of the detector in the vertical direc- 
tion and thereby maximizing the sensitivity of 
the system. 

Bystroff et al. 3’ have developed a statistical 
model, based on Poisson statistics, which pre- 
dicts that even when the number of chemical 
elements in a multielement sample exceeds 
25, the chances are good that all can be 
determined in a single measurement with a 
lOOO-element linear array detector. However, in 
those cases where overlap of analyte lines 

cannot be avoided, the multielement analysis 
can still be performed by operating the 
MESS system in a two-dimensional mode. For 
two-dimensional operation, windows with over- 
lapping analyte lines can be plugged into differ- 
ent rows of entrance slits, the detector is 
operated in a multiple-raster mode, and the 
spectral regions are stacked one above the 
other. 

A possible disadvantage with two-dimen- 
sional operation is a trade-off in sensitivity. The 
larger the number of tracks employed, the 
smaller the number of vertical detector elements 
which can be utilized for a particular spectral 
line in a given window. Loss in sensitivity can be 
minimized, however, by minimizing the number 
of tracks required for each multielement analy- 
sis. This is readily accomplished with the two-di- 
mensional MESS system by plugging more than 
one fiber-optic light guide into each horizontal 
row of slits and maximizing the number of 
analytically useful lines observed in each track. 
An example where such an arrangement might 
be beneficial is a multielement sample in which 
the wavelengths of interest are spread out over 
a wide spectral region. In such a case, one track 
might be used to monitor a single window in the 
short-wavelength end of the spectrum, where 

Table 11. Influence of system parameters on Ca 422.7 nm 
detection limit 

Fiber optic 
composition 

Plastic 
Plastic 
Quartz 
Quartz 

Lens 

Yes 
No 
No 
No 

Fiber Detection 
length, mm limit, ppm 

12 0.022 
12 0.0053 
12 0.0031 
60 0.017 
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lines are closely spaced and the potential for 
overlap in a composite spectrum is relatively 
high. A second track could then be used 
to monitor a composite spectrum consisting of 
many windows in the long-wavelength end of 
the spectrum, where the lines are less dense 
and the potential for overlap in a composite 
spectrum is relatively low. 

Another important advantage of the MESS 
switchboard is the ability to modify the intensi- 
ties of various spectral features to avoid target 
saturation and blooming. Since typically each 
chemical element (or at most 2 or 3 chemical 
elements) will be monitored by an individual 
fiber-optic light guide, individual adjustment of 
the intensities transmitted by each light guide 
can be achieved in a number of ways. For 
example, a variable neutral density filter can be 
used to attenuate the line or lines transmitted by 
a particular fiber-optic light guide, without 
simultaneously attenuating the radiation trans- 
mitted by other light guides. Alternatively, the 
size of the entrance slits can be individually 
adjusted to alter the intensity of lines in a 
particular window without affecting the 
intensity of lines present in other spectral 
windows. Finally, very intense lines can simply 
be moved off the detector target by moving 
the light guide to a new position in the entrance 
slit array and selecting a weaker analytical 
line. Additional light guide parameters which 
can be individually varied include observation 
height in the flame, the length of the light 
guide, and the composition of the fiber-optic 
material. 

It should be emphasized that the MESS sys- 
tem described in this study is only a prototype, 
and a number of design changes would un- 
doubtedly result in significant improvement in 
the detection limits reported here. For example, 
an updated system would employ UV-transmit- 
ting fiber-optic light guides, a more sophisti- 
cated entrance-slit array (i.e., a curved focal 
plane with regularly spaced, adjustable entrance 
slits), a concave grating spectrometer, and a 
charge-coupled device as detector. Even without 
these improvements, the general utility of the 
system is apparent, and the potential for appli- 
cation to real multielement samples has been 
demonstrated. 
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Summary-A new type of programmed-scan monochromator that employs a multiple entrance-slit 
dispersion system with stationary dispersion optics has been assembled and tested. The instrument uses 
an optical multiplexer, connected to the multiple entrance-slit spectrometer (MESS) by means of 
fiber-optic light guides, to illuminate up to eight entrance slits sequentially. A single high-sensitivity 
relatively inexpensive photomultiplier tube is used as the detector. A microcomputer interfaced with the 
detector is used to acquire data at a rate of approximately 4 set per element and to control the optical 
multiplexer. Detection limits obtained from atomic emission measurements with an acetylene/air flame 
excitation source are reported for lithium, sodium, calcium, barium and strontium. The influence of signal 
averaging and sampling rate on system performance has been studied, and it was found that the delay 
time had essentially no influence on the measured signal-to-noise ratio. 

The development of multielement detection sys- 
tems for spectrochemical analysis has been an 
active area of research since the introduction of 
the direct-reading spectrometer by Hasler and 
Dietertl in 1944. Since that time, a wide variety 
of approaches to the development of electronic 
alternatives to photographic detection have 
been taken, and these are discussed in the 
monograph by Busch and Busch.2 Broadly 
speaking, these approaches can be divided into 
two major types: transform-based systems, 
i.e., those which employ either Fourier3~4 or 
Hadamard5,6 transform techniques, and non- 
transform systems. Non-transform systems can 
be further classified as either parallel (spatial) or 
sequential (temporal), depending on the manner 
in which the spectral information is encoded. 

With the advent of solid-state array detectors 
such as the photodiode array and charge-cou- 
pled array detectors, various research groups 
have sought ways to employ these sensors for 
multielement determinations by atomic spec- 
trometry. The approaches which have been de- 
veloped include the use of array detectors in 
conjunction with echelle spectrometers,7-9 with 
modified dispersion systems,‘O and with multiple 

*Author to whom correspondence should be addressed. 
tCurrent Address: Hercules Aerospace Division, McGregor, 

TX 76657, U.S.A. 

entrance-slit spectrometers.“-” These systems 
can be classified as parallel multichannel 
devices, and the object of all of these designs is 
to image as much spectral information as possi- 
ble on the limited sensor area without loss of 
information from spectral overlap. 

The second type of non-transform spectrome- 
ter for multielement analysis employs a single 
detector and encodes spectral information in the 
time domain. These systems include dispersive 
instruments such as rapid scanning monochro- 
matorP’ and programmed (or slew scan) 
monochromators,‘*,‘9 as well as non-dispersive 
systems such as spectrometers which use rotat- 
ing filter systems, and atomic-fluorescence sys- 
tems which pulse excitation sources sequentially 
to encode signals from different elements.2S22 

All sequential instruments attempt to trans- 
mit information about several elements over the 
same transmission channel. To accomplish this 
task, signals from various elements (i.e., at 
various wavelengths) are staggered in time prior 
to transmission. Because of the sequential 
nature of data acquisition with these spec- 
trometers, they fall into the category of sampled- 
data systems. From an information theory 
standpoint, an advantage of the sequential 
transmission of data is that the signal from 
each element has the full use of the trans- 
mission channel bandwidth. However, because 
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high-speed transmission of information requires 
the electronics to have a wide frequency- 
response bandwidth, a compromise must be 
found between the speed of data acquisition and 
immunity from photon shot noise and Johnson 
noise present in the radiation field under obser- 
vation. In addition, for systems with a con- 
stant scan period, the sampling time for each 
analytical wavelength decreases as the number 
of spectral resolution elements in a spectral 
sweep increases. 

All single-detector spectrometers developed 
to date suffer from various disadvantages. 
Rotating filter systems, for example, have 
limited spectral resolution, while rapid scanning 
monochromators, which scan entire spectral 
regions, are basically inefficient because much of 
the information they acquire is for wavelengths 
of no analytical interest. In addition, the signal- 
to-noise ratio obtained with rapid scanning 
monochromators decreases as the scan speed 
is increased. Although pulsed-source atomic- 
fluorescence instruments have good wavelength 
stability, they suffer from interference from 
source scattering in certain sample matrices. 

Perhaps the most serious problem encoun- 
tered with programmed scanning monochroma- 
tors used for atomic-emission measurements, 
however, is the need for high wavelength repro- 
ducibility because of the narrow linewidth of 
atomic lines. It can be shown’ for a typical 
Czerny-Turner monochromator that the 
change in wavelength with grating rotation can 
be estimated by 

dl /dr = (d/m) [cos a + cos b]cos r (1) 

where ,l is the wavelength, d is the grating 
constant, m is the spectral order, a and b are 
constants for the given optical layout (see 
Fig. l), and r is the angle of rotation of the 
grating. For a typical system with a 1200 
groove/mm grating, where a and b are approxi- 
mately equal (about lo’), and r is less than 30”, 
the change in grating angle corresponding to an 
atomic linewidth (say, 0.001 nm) is about 
6 x lo-’ radians or 3 x 10e5 degrees in the first 
order. Such tolerances in grating rotation are 
difficult to achieve mechanically because of hys- 
teresis in the grating drive, and mechanical wear 
of parts with time. 

To overcome the wavelength reproducibility 
problems often encountered with programmed 
scanned spectrometers for atomic emission, a 
new type of instrument with stationary disper- 
sion optics that employs a multiple entrance-slit 

dispersion system in conjunction with a single 
photomultiplier detector was assembled and 
tested. This system is based on the multiple 
entrance-slit spectrometer design developed by 
Busch and co-workers”-‘3 but uses a single 
photomultiplier rather than a more expensive 
array detector. While it was clear from previous 
work that the multiple entrance-slit approach 
showed promise as a dispersion system for array 
detectors,13 its potential with a non-imaging 
detector such as a photomultiplier detector had 
not been evaluated. The relatively low cost, wide 
dynamic range, and high sensitivity of the 
photomultiplier all suggested that a multiple 
entrance-slit spectrometer using a photomulti- 
plier was worth developing and evaluating. 

EXPERIMENTAL 

Instrumentation 

Figure 1 shows a schematic diagram of the 
optical system of the instrument, which consists 
of an acetylene/air flame source and a predisper- 
sion optical system connected to the multiple 
entrance-slit spectrometer by means of fiber- 
optic light guides. Figure 2 shows a schematic 
diagram of the signal-processing path used 
in the instrument. The computer-controlled 
data-acquisition system processes the signal 
from the photomultiplier and also controls the 
predispersion optical system. 

Source. The flame emission source used to 
evaluate the performance of the spectrometer 
was a Varian Techtron AA-6 nebulizer/burner 
(Varian Instruments, Palo Alto, CA) fitted with 
a custom-built, one-piece MCker burner head 
machined from stainless steel. Premixed fuel and 
oxidant gases emerged from a circular array of 
l/16 in. (1.6 mm) holes in the burner head to 
give an acetylene/air flame approximately 15 cm 
tall with a diameter of 2.5 cm. 

Predispersion optical system. The predisper- 
sion optics, used for sequentially encoding the 
spectral information, consisted of a laboratory- 
constructed optical multiplexer, shown in Fig. 3, 
connected to the multiple entrance-slit spec- 
trometer by means of an array of eight non- 
coherent fiber-optic light guides. The optical 
multiplexer, or optiplexer, which focused the 
image of the source on successive fiber-optic 
light guides (Fig. l), consisted of a 4.5 in. 
(11.4 cm) diameter aluminum tubular housing 
which supported two mirrors, a shutter arrange- 
ment, and a computer-controlled stepping 
motor. The array of eight fiber-optic light guides 
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S 0 MESA ’ -- 
G-l 

Fig. I. Schematic diagram of the optical system used in the instrument. S, flame source; 0, optical 
multiplexer; ss, scanning shutter disk; sm, stepper motor; LG, fiber-optic light guide; MESA, multiple 
entrance-slit assembly; C-T, Czemy-Turner monochromator; M, , collimating mirror; M,, focusing 

mirror; G, diffraction grating; FM, folding mirror; PM, photomultiplier tube. 

was arranged around the periphery of the back 
plate of the optiplexer. 

An Airpax Model K82701-Pl (North Ameri- 
can Philips Control Corp., Cheshire, CT) unipo- 
lar stepper motor with a step angle of 7.5” (48 
steps per revolution) was used to control the 
position of the rotating inner mirror and the 
shutter disk. A front-surfaced concave mirror 
(Oriel, Stamford, CT) with a focal length of 8 
cm was used as the rotating inner mirror. One 
end of each of the eight metal-sheathed non- 
coherent glass fiber-optic light guides (Schott 
Optical Glass, Duryea, PA) was plugged into 
the back plate of the optiplexer so that the light 
guides were spaced equally around the outer 
circumference of the back plate (Le., every 45”). 
The other end of each light guide was plugged 
into the multiple entrance-slit plate of the 
MESS. A switching arrangement attached to the 

shaft of the inner mirror was used to determine 
the home position of the rotating mirror. 

Multiple entrance slit spectrometer (MESS). 
The dispersion system of the MESS consisted 
of a 0.5-m Czerny-Turner monochromator 
(Spex Industries, Metuchen, NJ, Model 1870) 
equipped with a 600 groove/mm diffraction 
grating blazed for 500 nm. A multiple entrance- 
slit array plate, shown in Fig. 4, was fabricated 
from aluminum and attached at what was 
normally the exit focal plane of the mono- 
chromator. Each entrance slit was manually 
adjustable and located in the entrance focal 
plane to pass the desired analytical lines through 
the exit slit of the monochromator. 

The aluminum multiple entrance-slit plate 
was mounted in the entrance focal plane of the 
system with a specially designed bracket, and 
holes were drilled in the plate to permit the 

I PRINTER 

Fig. 2. Schematic diagram showing the signal-processing path used in the instrument. 
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fiber-optic light guides from the optiplexer to be 
plugged into the plate at locations correspond- 
ing to desired analytical lines. The positions of 
the apertures were calculated from an arbitrary 
wavelength chosen as the center wavelength for 
the group of analytical lines under consider- 
ation. The location of each analytical wave- 
length from the center of the plate was 
determined by using the reciprocal linear 
dispersion of the instrument (3.2 nm/mm). 

A 13-stage photomultiplier (Thorn EM1 Gen- 
corn, Fairfield, NJ, Model 6256B) with an S-20 
spectral response was used as the detector. The 
high-voltage power supply for the photomulti- 
plier was a Hewlett-Packard (Berkeley Heights, 
NJ) model 6516A power supply operated at 
1 kV. 

resolution of 12 bits. The board used a 
Burr-Brown SDM856 analog-to-digital con- 
verter with a sampling rate of 29 kHz, and had 
a maximum linearity error of +0.048% of full 
scale range. A Burr-Brown 3606 digitally-con- 
trolled programmable gain amplifier with a 
maximum inaccuracy of +0.02% of the signal 
was used to provide variable gains. The 3 dB 
response of the amplifier at a gain of 1 was 
100 kHz. With gains from 32 to 128, the fre- 
quency-response bandwidth was 40 kHz, and 
for gains from 256 to 1024, the bandwidth 
decreased to 10 kHz. The slew rate of the 
amplifier for a gain of 1 was 0.5 V/psec. 

Signal-processing electronics. The signal from 
the photomultiplier tube was buffered and am- 
plified by one of the four amplifiers of an RCA 
SK9173 quad operational amplifier, as shown in 
Fig. 5a. An RC low-pass filter with 0.1 set 
time-constant was added to the output of the 
amplifier to reduce high-frequency noise in 
the signal. The bipolar power supply for the 
amplifier was constructed with 7815 and 7915 
three-terminal voltage regulators, as shown in 
Fig. 5b. 

Data-acquisition and control circuitry. Data- 
acquisition, processing, and instrument control 
were all accomplished with a California Com- 
puter Systems (Sunnyvale, CA) microcomputer 
having an IEEE-696 (S-100) bus structure. The 
central processing unit of the microcomputer 
was a Zilog Z-80 operating at a clock speed of 
4 kHz. The system had 64 kbyte of random 
access memory (RAM) and operated under 
CP/M version 2.2 from Digital Research 
(Pacific Grove, CA). Mass storage was accom- 
plished with two double-sided double-density 
g-in. disk drives capable of storing 2.4 
megabytes of data. 

The conditioned analog signal from the low- The optiplexer mirror and shutter positions 
pass filter was made the input to a California were controlled by means of a model MCI00 
Data Corporation (Newbwy Park, CA) analog- stepper motor controller board from Snow 
to-digital converter (ADC) board (Model AD- Micro Systems, Inc. (Fairfax, VA). The board 
100) with a programmable amplifier having a provided for the control of two stepper motors 
gain from 1 to 1024 and an ADC with a from the IEEE-696 bus, and allowed control of 

\ II 
Fig. 3. Schematic diagram of the optical multiplexer. S, emission source; FM, front mirror; IM, rotating 
inner mirror; SD, rotating shutter disk; FO, fiber-optic light guide; SM, stepper motor. Only the central 

ray is shown. Both the central and extreme rays are shown in Fig. 1. 
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Fig. 4. Photograph showing the optical multiplexer, fiber-optic light guides, and multiple entrance-slit 
assembly mounted on the Czerny-Turner monochromator. 

the motor stepping rate, motor direction, and 
extent of rotation (i.e., number of steps). The 
board also provided for feedback from the 
stepper motor by means of two four-bit parallel 
ports. 

Procedure 

Solutions. All solutions were prepared with 
analytical-grade reagents and triply demineral- 
ized water. Stock solutions of lithium, stron- 
tium, barium, and calcium containing 1000 ppm 
of the metal ion were prepared by dissolving the 
dry carbonates in hydrochloric acid and diluting 
the solutions in standard flasks. A 1000 ppm 
stock solution of sodium was prepared directly 
from dried reagent-grade sodium chloride. The 
appropriate amount of a 10000 ppm cesium 
chloride solution was added to all multielement 
standards as an ionization buffer, to give a final 
cesium concentration of 1000 ppm. 

Three multielement standards were prepared 
from the stock solutions described above. Stan- 
dard A contained 6.88, 15.32, 9.81, 9.45 and 
9.82 ppm respectively, of lithium, strontium, 

barium, sodium and calcium. The concentra- 
tions in standard B were half those in standard 
A, and those in standard C were a tenth of those 
in A. 

Analytical conditions. Spectrometer operating 
conditions were kept as constant as possible to 
permit intercomparisons between different data 
sets. Fuel and oxidant flow-rates to the burner 
were maintained with Brooks Instruments ro- 
tameters (Emerson Electric Co., Hatfield, PA). 
An acetylene flow-rate of 1.8 l./min and an air 
flow-rate of 8 l./min were used throughout. The 
photomultiplier voltage was kept at 1000 V. The 
buffer amplifier was set for a gain of 200 with 
a 0.1 set time-constant low-pass filter on the 
output. All samples were introduced into the 
flame by conventional pneumatic nebulization. 

RESULTS AND DISCUSSION 

Principle of operation 

Multiple entrance-slit spectrometer. The oper- 
ation of the multiple entrance-slit spectrometer 



94 KENNETH W. BUSCH et al. 

(MESS) can best be understood in terms of the 
principle of reverse optics, which states that, for 
any optical system, if light rays passing through 
the system from the entrance aperture to the exit 
aperture are reversed, they must retrace their 
original paths. To apply this principle to spec- 
troscopy, consider a conventional direct-reading 
spectrometer with a single entrance slit and 
multiple exit slits located in the exit focal plane 
at locations corresponding to particular ana- 
lytical lines. If this system is used in the reverse 
fashion, the principle of reverse optics requires 
that, if a particular exit slit is illuminated with 
light of its own particular analytical wavelength, 
this radiation must travel through the dispersion 
system and emerge from the entrance slit. 
Therefore, if a series of slits is placed in one of 
the two conjugate focal planes of the dispersion 
system at locations determined by the grating 
equation for desired analytical lines, then when 
these slits are irradiated by light from the 
source, each will transmit radiation of its own 
analytical wavelength through the spectrometer, 
with each such beam converging at a single exit 
slit located in the other conjugate focal plane. 

In the system developed in this laboratory, a 
Czerny-Turner monochromator, designed to 
give a wide, unvignetted, flat exit focal plane, 

Table 1. Configuration of multiple entrance- 
slit plate 

Hole Emitting Analytical 
SpXieS wavelength, nm 

CaI 422.1 
CSI 455.5 
Sri 469.7 
MBoH 507.4 
CaOH 547.s 
BaI 553.5 
NaI 589.6 
LiI 670.8 

*This wavelength corresponds to the steep 
short-wavelength side of the CaOH 
emission band and was selected to test 
the wavelength reproducibility of the 
instrument. 

was selected and used in the reverse fashion (i.e., 
what was normally the exit focal plane was used 
as the entrance focal plane). With this arrange- 
ment, the entrance focal plane of the MESS was 
114 mm wide, and corresponded to a wave- 
length range of 365.8 nm in the first order with 
a grating giving a reciprocal linear dispersion of 
3.2 nm/mm. 

Table 1 shows the analytical wavelengths 
corresponding to the eight entrance-slit posi- 
tions used in this study. Since the purpose of the 
study was to demonstrate the feasibility of 

(a) 
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Fig. 5. Signal processing electronics: (a) preamplifier circuit; (b) bipolar power supply for operational 
amplifier. 
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the optical system rather than demonstrate a 
particular analytical application, the multiple 
entrance-slit plate was configured for elements 
which would be easily excited in the acetylene/ 
air flame used as the atomic-emission excitation 
source. 

Predispersion optics. In order for the MESS to 
operate as described above, only one entrance 
slit in the array can be illuminated at any given 
time. In addition, since the array of entrance 
slits is spread out across the entrance-slit plate, 
some means must be used to illuminate each 
entrance slit successively and in a uniform 
manner. 

These conditions were satisfied with the opti- 
cal multiplexer or optiplexer shown schemati- 
cally in Figs. 1 and 3. In operation, light 
entering the aperture in the front mirror of the 
optiplexer strikes a front-surfaced concave inner 
mirror oriented at an angle to the optical axis of 
the optiplexer. Light reflected from the inner 
mirror strikes the polished conical aluminum 
surface of the interior front plate of the opti- 
plexer, which acts as the second mirror, direct- 
ing the radiation toward the circular array of 
light guides at the back of the optiplexer. Since 
the optical axes of the two mirrors are parallel, 
the effect of this arrangement is to displace the 
radiation spatially toward the outer perimeter of 
the back plate of the optiplexer. A shutter disk 
with a single opening was attached to the shaft 
of the stepper motor so that it rotated as the 
inner mirror rotated. The purpose of the shutter 
disk was to prevent scattered light from acciden- 
tally striking fiber-optic light guides not being 
accessed by the inner mirror. Each fiber-optic 
light guide in the array could be illuminated by 
the source by rotation of the inner mirror of the 
optiplexer. 

Compared with other programmed scanned 
monochromators, a major advantage of the 
spectrometer described in this paper is the fact 
that the dispersion optics are stationary. As a 
result, wavelength registration problems com- 
monly encountered with other slew-scan sys- 
tems are avoided. Since undispersed radiation is 
directed through the predispersion optics, any 
instability in the optical alignment of the opti- 
plexer (i.e., the extent of rotation of the inner 
mirror) does not affect wavelength stability. 
Instead, variations in the optical alignment of 
the optiplexer result in intensity variations in the 
undispersed radiation incident on the fiber-optic 
light guides. Since the tolerances involved in 
directing the relatively wide beam of undis- 

persed radiation onto a fiber-optic light guide 
are much less stringent than those involved in 
precisely rotating a diffraction grating so as to 
image an atomic spectral line reproducibly on 
an exit slit, the overall reproducibility of the 
MESS is expected to be greater than that of 
scanning systems which move the dispersion 
optics. 

The optiplexer/MESS has other important 
advantages compared with conventional pro- 
grammed scanning spectrometers. Since individ- 
ual analytical wavelengths are accessed by 
rotating the inner mirror in the optiplexer, the 
time required to jump from one analytical 
wavelength to another is independent of the 
wavelength separation between lines. In addi- 
tion, the order of interrogation of the various 
analytical wavelengths is not dependent on the 
wavelength (as would be true for a programmed 
scanned system which would jump from one 
wavelength to another in either ascending or 
descending order), but may be varied at will 
by simply rearranging the order in which the 
fiber-optic light guides are plugged into the 
system. 

Finally, it should be mentioned that the opti- 
plexer/MESS is potentially a flexible multiele- 
ment detection system. Flexibility is a design 
goal that is frequently cited in papers discussing 
various multielement detection systems. It is 
frequently stated, for example, that a disadvan- 
tage of direct-reading spectrometers is their lack 
of flexibility in their ability to monitor different 
combinations of elements. Conceptually, this is 
not a problem with the MESS. If a more 
sophisticated multiple entrance-slit plate could 
be fabricated, it should be possible to make a 
plate which would be capable of accessing a 
large number of elements (i.e., analytical wave- 
lengths). Because of the switchboard nature of 
the system,‘2*‘3 various combinations of ele- 
ments could be determined with the system 
simply by plugging the fiber optics into pre- 
located apertures. Those apertures not in use 
would be blocked with opaque plugs. 

One of the important realities in multielement 
determinations by atomic spectroscopy is the 
need for a wide dynamic range in the detection 
system. This need arises because the emission 
intensities associated with analytical lines of 
major, minor, and trace elements vary over 
some orders of magnitude. The already large 
dynamic range of the photomultiplier detector 
used with the optiplexer/MESS can be increased 
further to accommodate the range of emission 
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intensities encountered in multielement determi- 
nations, by four methods: (1) by varying the 
integration time for different elements; (2) by 
varying the slit-widths employed for different 
elements; (3) by varying the photomultiplier 
voltage used with different elements; (4) by 
varying the amplifier gain used for different 
elements. 

Because the optiplexer/MESS is under com- 
puter control, signal averaging at individual 
analytical wavelengths is possible for lengths of 
time that can be varied to suit the particular 
emission intensity. Because each entrance slit is 
independently adjustable, a wide range of inten- 
sities can be monitored with this instrument by 
opening or closing selected entrance slits to 
increase or decrease the amount of light striking 
the detector. In addition, amplifier gain and/or 
photomultiplier voltage can be adjusted to 
different preselected levels for each element in 
a scan during the time when the stepper 
motor is rotating the inner mirror to the next 
wavelength. 

Data-acquisition and system control. A micro- 
computer is essential to the operation of the 
spectrometer, not only because of the large 
amounts of data collected during an analysis but 
also to control the rotation of the inner mirror 
of the optiplexer. The software that controls the 
system was written in a structured dialect of 
Basic (Cbasic version 1.4 by Digital Research) 
and performs four basic functions. Figure 6 
shows the program flowchart used to run the 
instrument. The first function of the program is 
to control the location of the rotating mirror in 
the optiplexer. The second is to set the pro- 
grammable gain of the amplifier on the analog- 
to-digital converter board by means of an 
autoranging routine. The third function is to 
collect time-integrated spectral data and time- 
integrated background data. After collection, 
the sum of the background counts in a given 
channel is subtracted from the sum of the signal 
accumulated in that channel. Finally, the noise 
is calculated as the standard deviation of 
the background, and the background-corrected 
signal-to-noise ratio is calculated. 

The use of autoranging to set the gain of the 
programmable amplifier on the ADC board 
enhances the versatility of the instrument by 
reducing operator interaction and allowing the 
signal from each element to be amplified to the 
mid-range of the ADCs (i.e., 2048 out of the 
maximum possible digital output of 4095 for a 
12-bit ADC). In operation, as the subroutine 

runs, it first defines a starting gain for the ADC 
board. A trial signal is then read and compared 
with a window of values set by the routine. If the 
signal value is too small, the gain is multiplied 
by two. If it is too large, the gain is divided by 
two. After this is done, a second trial signal is 
taken and the process is repeated until the signal 
falls within the window of permissible values. 
If the gain is set above 1024 or below 1, the 
routine prints a warning message to alert the 
operator that the system is not functioning 
properly. 

Another subroutine maintains complete con- 
trol over the stepper motor, controlling the 
number of steps taken, the rate of rotation, and 
the direction that the motor turns. Home posi- 
tion for the rotating mirror is determined by 
means of a microswitch coupled to the shaft of 
the stepper motor. In operation, the subroutine 
directs the optiplexer to locate home position, 
delay for half a second, and then find it again. 
This technique of seeking the home position 
twice was found to be necessary to avoid posi- 
tional errors of the rotating mirror. When the 
inner mirror is rotated to the next fiber-optic 
position (one-eighth of a complete rotation, or 
six steps), a delay of at least 1 set is introduced 
by the program to allow the electronics in the 
detection section of the instrument to settle to 
their correct value. The delay also allows the 
stepper motor to recover from any overshoot 
(“hunting”) and lock into position. 

System performance 

Fiber-optic light guides. The transmission 
properties of the fiber-optic light guides used in 
this study were determined by mounting light 
guides with a specially designed holder in the 
sample compartment of a Varian Superscan 3 
spectrometer. Transmission through the fiber- 
optic light guides was measured with respect 
to air as the reference over the wavelength 
interval from 700 to 350 nm at a scan-rate of 
200 nm/min. These studies revealed that the 
transmission of the fiber-optic light guides was 
constant over the wavelength range from 475 to 
700 nm. Attenuation of transmission was ob- 
served to begin gradually at 475 nm and contin- 
ued to 375 nm. At 375 nm, the transmission 
dropped sharply and cut-off occurred at 365 nm. 

This test confirms that the fiber-optic light 
guides used in this study were adequate for use 
in the visible portion of the spectrum (i.e., for 
the analytical wavelengths shown in Table l), 
although the analytical lines for Ca, Cs and Sr 
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Fig. 6. Flowchart of program 

would be affected to some extent. To be com- 
pletely satisfactory for real analytical determi- 
nations, however, any multielement detection 
system must have adequate response in the 
ultraviolet. One of the limitations of the opti- 
plexer instrument in its current stage of develop- 
ment, therefore, is a lack of short-wavelength 
response. W-transmitting fiber-optic hght 
guides are available, however, and further devel- 
opment of the optiplexer would involve their 
UStX 

Mdtiple entrance-slit plate. One of the essen- 
tial components affecting the performance of 
the MESS system is the multiple entrance-slit 

---&- 
used to run the instrument. 

plate. A key factor in fabricating the plate is the 
accurate placement of the individual entrance 
apertures. To determine the extent of misalign- 
ment of the individual entrance apertures in the 
multiple entrance-slit plate, a sodium solution 
was aspirated into the flame, the grating was 
rotated to give a maximum signal with the 
sodium entrance slit, and the wavelength setting 
on the monochromator was noted. The process 
was repeated by aspirating samples of each of 
the other elements in turn and noting the 
amounts by which the wavelength setting on 
the monochromator must be varied to maximize 
the signals for the other atomic lines. This 
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wavelength variation was converted into a linear 
error in the position of the entrance apertures by 
dividing it by the reciprocal linear dispersion. 

Table 2 shows the results of these measure- 
ments for three wavelengths across the plate. 
Errors in the precise location of the entrance 
apertures were corrected by careful positioning 
of the entrance slits. Since each fiber-optic light 
guide had a diameter of 3 mm, errors in wave- 
length of up to 9.6 nm could be corrected by this 
means although large corrections resulted in 
severe light attenuation as a result of the circular 
cross-section of the light guides. 

Although the accurate positioning of the 
holes for the light guides in the multiple en- 
trance-slit plate is a matter of careful machining 
and can easily be accomplished, a good slit 
design is much more difficult to implement. 
Figures 7 and 8 show two slit designs used in 
this study. In Fig. 7, front views of the entrance- 
slit plates are shown, each plate having either 
eight (7a) or four (7b) holes for the fiber-optic 
light guides. In Fig. 8, the back of each plate is 
shown (the side facing inside the monochroma- 
tor). In the first design (Fig. 8a), the multiple 
entrance-slit plate used eight fixed slits of vari- 
ous widths held in place with set screws. In the 
second design (Fig. 8b), the multiple entrance- 
slit plate used four adjustable slits designed to 
monitor Na (589.6 nm), Li (670.7 nm), K (766.5 
nm), and Ca (422.7 nm in 2nd order). The slits 
in both designs were somewhat crude, resulting 
in loss of resolution, difficulty in positioning, 
and excessive light losses. 

One possible means of producing an im- 
proved multiple entrance-slit plate would be to 
use a photographic mask for the entrance-slit 
array. Such a mask could be made by exposing 
a photographic plate to the atomic lines desired 
and etching slits into the material by photoresist 
etching methods. Another alternative would be 
to use specially designed light guides with one 
end made rectangular with a high length-to- 
width ratio, which would partially simulate the 
function of an entrance slit. 

The effect of using the monochromator in the 
reverse fashion with the multiple entrance-slit 

Table 2. Extent of misalignment in multiple entrance-slit 
plate 

Wavelength, Misalignment, Linear 
Element nm nm error, mm 

Li 670.7 8.5 2.7 (right) 
Ba 553.5 0.25 0.08 (left) 
Sr 460.7 0.38 0.11 (left) 

plate (Fig. 1) was investigated photographically 
by centering a sheet of photographic paper at 
the position of the collimating mirror (i.e., the 
camera mirror when the instrument is used in 
the conventional manner). Photographic sheets 
were exposed by passing light from a tungsten 
lamp through the optiplexer, a fiber-optic light 
guide, and the entrance-slit plate. Exposures 
were made with apertures from the short wave- 
length side of the plate, the center of the plate, 
and the long wavelength side of the plate. After 
development, the aperture of the mirror mask 
was drawn on the sheet, and the relationship 
between the light pattern produced by the en- 
trance-slit plate and the aperture of the mirror 
could be assessed. 

These studies revealed that, although the col- 
limating mirror was filled with light regardless 
of the aperture used, a large quantity of light 
from the entrance slit plate missed the mirror. 
Most of the mismatch in light-beam position 
occurred in the horizontal plane with very little 
difference observed in the vertical position of 
the light-beam with respect to the mirror center. 
Part of this mismatch was believed to result 
from the manner in which the entrance-slit plate 
was fabricated. Ideally, the entrance-slit array 
should lie on the curved focal plane of the 
collimating mirror. With the present prototype 
system, however, the flat entrance-slit plate is 
tangential to the curved focal plane at the 
position where the exit slit would normally be 
located. This slight difference in position and 
angle is sufficient to shift the center of the 
light-beam produced by the light guide, away 
from the center of the mirror. It also decreases 
the resolution of the system at the extreme edges 
of the wavelength window since the slit image 
for these wavelengths is slightly out of focus. 

The variation in the signal with respect 
to input position on the entrance plate was 
measured by monitoring the intensity of the 
green line (546.7 nm) from a mercury pen lamp 
for each aperture of the multiple entrance-slit 
plate. This was accomplished by removing the 
photomultiplier and manually rotating the grat- 
ing until the green line could be observed at the 
exit slit. The detector was reattached and the 
signal was maximized by rotating the grating 
The process was repeated for each entrance 
aperture in the plate. The signal was taken as the 
average of 1000 digitized samples. Table Z 
shows that, with the exception of the two aper 
tures which were displaced vertically from the 
rest, there was little dependence of the signal OI 
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Fig. 7. =hotograph showing the front of two multiple entrance-slit designs: (a) eight holes for fiber 
light guides, (b) four holes for fiber-optic light guides. 

the position of the light guide in the entrance 
focal plane. This lack of variation was due to the 
wide emergence angle of the fiber-optic light 
guide rather than to ideal plate design. Regard- 
less of the position of the light guide on the 
multiple entrance-slit plate, the light-beam from 
the light guide emerged with a sufficiently large 
solid angle to fill the collimating mirror. 

Detection limit studies. Detection limits were 
determined by linear extrapolation of signal-to- 
noise ratio vs. concentration plots to the origin. 
The detection limit was taken as a signal-to- 
noise (rms) ratio of 3. Table 4 shows the detec- 
tion limits obtained with the system when the 

spectrometer was programmed to acquire 15 
measurements of flame background and 15 sam- 
ple measurements. The signal was taken as the 
difference between the sample intensity and the 
flame background intensity. The signal-to-noise 
ratio was calculated by dividing the average 
signal by the standard deviation of the signal. It 
can be seen from the table that all detection 
limits except that for barium are in the low ppm 
range. The detection limits for strontium and 
barium are both poorer because the apertures 
for these were displaced vertically, thereby re- 
ducing the input light flux from these slits (see 
Table 3). In addition, the detection limit for 
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barium is further affected adversely by the pres- 
ence of the CaOH molecular band which over- 
laps the barium emission line at 553.5 nm. This 
spectral interference is well known,” and pro- 
duces an anomalously large variation in the 
barium signal because the line falls on the steep 
edge of the calcium band emission. 

The effect of sampling time on the detection 
limit for lithium was determined by measuring 
the detection limit as a function of the number 
of data points collected by the spectrometer. 
Figure 9 shows the results of this study which 
follows typical signal-averaging behavior. On 

the basis of this study, the collection of 15 data 
points by the instrument was deemed to provide 
the best compromise detection limit for the 
smallest observation time. 

Actually, the length of observation required 
can be varied from element to element with the 
MESS system and can be used to advantage in 
multielement determinations where one element 
is present in large amount while others are 
present in very small quantities. With the sys- 
tem, the operator can program the instrument 
to spend just enough time on major elements to 
measure their presence to some predetermined 

Fig. 8. Photograph showing the back (side facing inside the monochromator) of the two multiple 
entrance-slit designs in Fig. 7: (a) fixed slit arrangement for eight entrance slits, (b) multiple entrance-slit 

plate with four adjustable entrance slits. 
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Table 3. Variation of input flux across 
the multiple entrance-slit plate 

Hole Wavelength, Signal, 
number nm counts 

1 422.7 1658 
2 455.5 1666 
3 460.7 512* 
4 507.4 1665 
5 547.5 1661 
6 553.5 473’ 
7 589.6 1662 
8 670.8 1675 

*Aperture hole was displaced verti- 
cally, resulting in low reading. 

precision, and spending correspondingly more 
time on elements present in minute quantities. 

The decrease in detection limit for lithium 
with increasing observation time, shown in 
Fig. 9, raised the issue of whether the signal-to- 
noise ratio was affected by the sampling rate of 
the spectrometer. To answer this question, a 
fixed number of readings was collected with a 
variable delay between each reading, for three 
elements. A fixed delay of 0.5 set after the 
optiplexer accessed a channel was programmed 
to allow the RC low-pass filter time to reach 
equilibrium (i.e., 5 time constants). After the 
filter had been given time to equilibrate, read- 
ings were taken at timed intervals (delay time). 
The results of this study, shown in Table 5 for 
calcium, strontium and lithium, reveal that 
there is essentially no influence of delay time on 
the measured signal-to-noise ratio. This suggests 
that high-frequency noise components predomi- 
nate over source-fluctuation noise for the flame. 
Since noise is a random phenomenon, the par- 
ticular instant of signal sampling is not impor- 
tant, although the number of readings and the 
frequency of sampling affect the characteriz- 
ation of the noise. Increasing the length of time 
spent sampling the probe area of the flame 
permits a more detailed characterization of 
lower frequency noise. Since increasing delay 
time did not significantly change the signal-to- 
noise ratios observed, the influence of low- 
frequency noise components was believed to be 
small. 

Table 4. Detection limits obtained with the spectrometer 

Emitting Wavelength, Detection 
Element species nm limit, ppm 

Li Li I 670.7 0.91 
Na NaI 589.6 0.41 
Ca CaOH 547.5 0.69 
Ba BaI 553.5 213 
Sr Sr I 460.7 6.4 

IO 20 30 40 

NUMBER OF DATA POINTS 

Fig. 9. Influence of signal averaging on detection limit for 
lithium. 

CONCLUSIONS 

The instrument described in this paper is only 
a prototype assembled to test the feasibility of 
developing a programmed-scan monochroma- 
tor with stationary dispersion optics for high 
wavelength stability, with an ordinary photo- 
multiplier used as the detector. The opti- 
plexer/MESS approach was shown to be 
feasible for atomic lines in the visible region of 
the spectrum. The major limitations of the 
instrument at its current stage of development 
are the short-wavelength transmission proper- 
ties of the light guides used with the optiplexer 
(current fiber optics set the lower wavelength 
limit at 370 nm) and the need for a more 
sophisticated entrance-slit plate. Although the 
resolving power of the instrument is adequate 
for certain flame applications, at the present 
stage of development it is certainly not adequate 
for use with spectrally rich sources such as the 
induction coupled plasma. 

Although the optiplexer/MESS system may 
seem like nothing more than a direct-reading 
spectrometer used backwards, it is actually eas- 
ier to fabricate and align the multiple entrance- 
slit spectrometer because it is easier to place an 

Table 5. Influence of delay time between data 
points on the signal-to-noise ratio 

Signal-to-noise ratio 
Delay time, 

set Ca* Srt Li@ 

0 17.971 29.82$ 54.01: 
0.5 18.33 29.90 54.10 
1.0 17.95 31.00 54.18 
2.0 18.47 31.57 54.22 
4.0 17.87 31.52 54.08 

*4.91 ppm. 
t7.66 ppm. 
$3.44 ppm. 
SComputed from 15 measurements. 
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array of fiber-optic light guides close together in 
the entrance focal plane than it is to place an 
array of detectors together in the exit focal 
plane. The optiplexer/MESS system is also sim- 
pler than a conventional direct-reading spec- 
trometer because only a single detector is 
required. However, because only one detector is 
employed, the multiple entrance-slit system de- 
scribed here is useful only for stable sources 
because source drift contributes to limiting 
the overall precision of the measurement in 
sampled-data instruments. 

Finally, it should be mentioned that a modifi- 
cation of the instrument could be envisioned 
which would permit the system to be used in a 
Hadamard mode (for those situations where 
multiplexing may be advantageous). By using 
electronically controlled shutters at each of the 
entrance slits, combinations of analytical wave- 
lengths could be made to strike the detector. By 
limiting the wavelengths included in the trans- 
form only to analytical wavelengths of interest 
(instead of the complete spectrum) and by modi- 
fying the relative intensities of the lines (by 
adjusting the slit-widths), some of the multi- 
plex disadvantages observed with conventional 
transform instruments may be reduced. 
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STATISTICAL EVALUATION OF THE PERFORMANCE OF 
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Summary-The reproducibility of a programmed-scan monochromator with stationary dispersion optics 
was evaluated by means of analysis of variance (ANOVA). The spectrometer used an optical multiplexer 
coupled with glass-fiber optic light-guides to a multiple entrance-slit spectrometer employing a photomul- 
tiplier as the detector. With this spectrometer, 15 emission intensity measurements at the lithium resonance 
line wavelength (670.7 nm) were collected for five rotations of the optiplexer mirror under four different 
emission situations: flame background emission at 670.7 nm, lithium emission from an acetylene-air flame 
in the absence of an ionization buffer, lithium emission from an acetylene-air flame in the presence of 
an ionization buffer, and tungsten lamp emission at 670.7 nm. For all four situations, the ANOVA results 
showed that instrumental changes which occurred during mirror rotation in the optiplexer were a 
significant source of signal variation compared with factors not associated with mirror rotation, i.e., 
photon shot noise, source fluctuation noise, and electronic drift. The actual magnitude of the signal 
variability introduced during mirror rotation, however, was found to be quite small, producing an average 
relative standard deviation of only 0.76% for the signal. 

Busch and co-workers’-3 have described a 
new programmed-scan monochromator with 
stationary dispersion optics which promises to 
provide the high wavelength stability necessary 
for accessing atomic lines reproducibly. The 
system, described in detail in the preceding 
paper of this issue,’ uses an optical multiplexer 
coupled by means of fiber-optic light-guides to 
a multiple entrance-slit spectrometer (MESS)@ 
employing a photomultiplier detector. Although 
still in the prototype stage of development, and 
limited at present by a lack of short-wavelength 
transmission in the fiber-optic light-guides used 
with the optiplexer, the instrument has a num- 
ber of features which offer potential advantages 
for multielement determinations by atomic 
spectroscopy. These include (1) an inexpensive 
detector having high sensitivity and wide dy- 
namic range, (2) stationary optics, resulting in 
good wavelength stability, (3) a fixed scan-time 
between wavelengths, regardless of wavelength 
separation between lines, (4) the capability for 
individual optimization, during the time period 
of mirror rotation, for elements with different 

*Author to whom correspondence should be addressed. 
TPresent address: Hercules Aerospace Division, McGregor, 

TX 76657, U.S.A. 

spectrochemical properties, and (5) ease of addi- 
tion to existing spectrometers. 

A key question regarding the performance of 
the optiplexer/MESS system is the effect of 
rotation of the inner mirror of the optiplexer on 
signal reproducibility. Although the wavelength 
stability of the instrument is expected to be quite 
high because the dispersion optics are station- 
ary, intensity variations can result if the rotating 
inner mirror does not image the source repro- 
ducibly on the light guides from scan to scan. To 
assess the effect of the mirror movement and 
other instrument parameters on system repro- 
ducibility, a series of statistical studies was 
conducted, each involving five optiplexer scans 
(mirror rotations). During each scan, the inten- 
sity of the emission signal at 670.7 nm was 
determined as an average of 15 measurements. 
Analysis of variance (ANOVA) was then used 
to determine whether significant differences ex- 
isted between the averaged data sets for the five 
mirror rotations. 

THEORY 

Suppose that the intensity of a spectral line is 
determined as an average of n measurements, 
the mirror in the optiplexer is rotated and 

TAL ,,,‘I-” 
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returned to its original position, and the inten- 
sity of the same spectral line is redetermined as 
the average of a second set of n measurements. 
The whole process is then repeated to obtain a 
total of N averaged intensities, each average 
resulting from n intensity measurements. 
Clearly, if no statistical difference exists between 
the N data sets, their means should be the same. 
However, variations within each data set (due to 
factors such as source noise and differences in 
sampling) generally make it difficult to tell from 
simple inspection whether the N means are 
really the same or significantly different. 
ANOVA is a statistical procedure for compar- 
ing the variation between the N data sets (spec- 
trometer scans or mirror rotations) with the 
variation within individual data sets (the n 
intensity measurements for a given scan) to 
determine whether the mirror rotation has 
significantly affected the measurement.7-9 

For this statistical procedure, we use the 
variance, V, as a measure of data variability. 
Variance is defined as the sum of the squares 
(SS) of the deviations of k individual data from 
the data mean, R, 

C Cxi - V ss 

I/= i(&l) =j$3 (1) 

where xi is the value of the ith individual data 
value and (k - 1) is the number of degrees of 
freedom (DF) associated with the measure- 
ments. 

Suppose we wish to determine the variability 
of signal measurement between N scans as a 
variance, VB, on the basis of only one measure- 
ment for each scan. Since variance is an additive 
property, VB may be considered as the sum of 
two independent contributions, Va = Vs + l’, . 
The term Vs represents the “variance between,” 
i.e., the true variance due to causes which are 
independent of VE and associated only with 
mirror rotation. The term V, represents the 
“variance within”, i.e., the variance in intensity 
measurements which is not associated with mir- 
ror rotation (factors such as photon shot noise, 
flame source drift, nebulizer drift, and electronic 
drift). Because VE is unrelated to differences 
between scans, it is sometimes called the error 
term. Since l’s cannot be measured directly, VE 
is the error associated with estimating Vs from 

“B. 

To improve the accuracy of our estimate of 
the variance between scans, we can determine 
VB as the mean of n replicate observations. Since 

the error term, V,, is evenly distributed about 
the central value of each scan, it does not 
accumulate in the same way as the variation due 
to the difference between scans, Vs. Therefore, 
the effect of increasing the number of observa- 
tions within a scan is to increase the accuracy of 
the determination of Vs and reduce the variance 
due to experimental error to I’&. The total 
variance resulting from mirror rotation, VB, is 
then calculated from equation (2): 

VB = vs+ V,/n (2) 

Equation (2) shows that as the number of 
measurements, n, increases, VE/n approaches 
zero and VB approaches Vs, the true variance 
associated only with mirror rotation. 

In terms of equation (2), V, is given by 

Vs=(nVB- v,)/n (3) 

If mirror rotation does not affect the intensity 
measurements, then V, is actually zero, and any 
observed difference between nV, and VE is due 
only to inaccuracies in the estimates of these 
quantities. This null hypothesis (i.e., V, = 0) can 
be tested by means of an F-test or variance ratio 
test. 

The F-ratio is given by 

F=nVa/Vr (4) 

and is designed to determine whether the vari- 
ance between groups (the N scans) is really 
greater than the variance within a group (the n 
intensity measurements within each scan). In 
practice, only estimates of the true values of n VB 
and VE can be calculated because the sampled 
populations n are finite. Therefore, the F-test 
can only determine whether the variances are 
different with a certain preselected probability 
(i.e., confidence level). If the calculated F-ratio 
exceeds the critical value listed in the statistical 
table for the desired confidence level, it means 
that a significant difference exists between nV, 
and VE and, according to equation (3), V, is not 
equal to zero. If V, is not zero, then rotating the 
mirror does have a statistically significant effect 
on the intensity measurements obtained with the 
spectrometer. 

From the discussion above, it is clear that two 
variances must be determined in order to per- 
form an ANOVA study. As shown in equation 
(l), these variances can be generated conve- 
niently in the form of sums of squares (SS). For 
any given set of data, three sums of squares can 
be determined: the “sum of squares within” 
(SSW) which is related to V,, the “sum of 
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squares between” (SSB) which is related to n VB, 
and the total sum of squares (SST). The sum of 
squares within is given by 

ssw = c c (Xii - 8,)2 = F Sf (5) 
i j 

where xii is any individual intensity measure- 
ment j belonging to the ith scan, and Yi is the 
mean of the ith scan. The sum of squares 
between is given by 

SSB = c n&I?, - 8)2 (6) 
I 

where Bi is the mean of the ith scan, R is the 
grand mean of all the N x n measurements, and 
ni is the number of values in the ith scan. The 
total sum of squares is given by 

SST = 1 c (xi, - z!?)2 (7) 
i j 

where the terms are as defined above. From 
equations (5)-(7), it is clear that 

SST = SSB + SSW (8) 

and knowledge of any two sums permits the 
calculation of the third. 

The sum of squares within (SSW) and the sum 
of squares between (SSB) may be converted into 
their corresponding variances V, and nVi,, re- 
spectively, by dividing each by the appropriate 
number of degrees of freedom (DF), where the 
total degrees of freedom (DFT) is the sum of the 
degrees of freedom between scans (DFB) and 
the degrees of freedom within scans (DFW), 

DFT = DFB + DFW (9) 

Since the total variance is fixed when the last 
intensity measurement is taken, the total num- 
ber of degrees of freedom, DFT, is (nN - l), 
where nN is the total number of measurements 
(75 in this case). Since SSB is the sum of squares 
for the individual scans, its value is fixed when 
the last scan is completed. If there are N scans, 
SSB will have DFB = (N - 1) degrees of free- 
dom. Finally, since SSW is computed from the 
sums of the individual intensity measurements 
minus the mean of the intensity measurements 
for that scan [equation (5)], and since each mean 
is fixed by the last intensity measurement made 
for that scan, there are DFW = (nN - N) or 
N(n - 1) degrees of freedom associated with 
SSW. Thus 

and 

I’, = SSW/(nN - N) (10) 

nI’,=SSB/(N- 1) (11) 

EXPERIMENTAL 

The optiplexer/multiple entrance-slit spec- 
trometer used in these studies has already been 
described.’ The data acquisition program was 
modified to output the raw data acquired from 
the analog-to-digital converter (ADC) board in 
the microcomputer. All ANOVA studies were 
conducted by acquiring 15 measurements before 
rotating the inner mirror by a complete revolu- 
tion (i.e., back to the same fiber-optic light- 
guide). The process was repeated five times and 
corresponded to five wavelength scans in the 
multielement mode. The photomultiplier 
voltage was maintained at 1000 V. When the 
air-acetylene flame was employed, the fuel flow 
was maintained at 1.8 l./min and the 
flow at 8 l./min. 

RESULTS AND DISCUSSION 

oxidant 

Before discussing the results of the ANOVA 
studies, it is worthwhile to discuss the require- 
ments which must be satisfied in order for the 
analysis of variance to be valid.‘4 The first 
requirement is that the intensity measurements 
have a normal distribution. The second, referred 
to as homogeneity of variance, is that the vari- 
ances within each of the N scans must be the 
same. The final requirement is that there must 
be no bias in the data, i.e., that all n x N 
measurements are randomly and independently 
drawn from the same population. 

Of these three requirements, the one most 
frequently violated in an ANOVA study is 
homogeneity of variance. Proof of homogeneity 
of variance can be established by two statistical 
tests, the Cochran test’ and the Bartlett test.’ 
Since the same number of intensity measure- 
ments was made for each scan, the Cochran test 
may be used and was selected because of the 
ease of computation. 

The Cochran test statistic (C) is designed to 
test whether one of the variances in the N scans 
is much larger than the rest and is calculated 
from 

C = largest sj/SSW (12) 

where of is the largest sum of squares obtained 
within a particular scan, and SSW is the sum of 
squares obtained within all scans [equation (511. 
The hypothesis of equal variances is rejected if 
the computed value for the Cochran statistic 
exceeds the tabulated value,8 which is selected 
on the basis of the desired confidence level. 
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By and large, the other two requirements for 
the validity of an analysis of variance are sa- 
tisfied in the present study. Although, strictly 
speaking, the photon shot noise is expected to 
follow a Poisson distribution, this distribution 
approaches a normal distribution as the photon 
flux increases. Since the ADC board of the 
instrument samples the signal periodically with 
a fixed interval between measurements, it is not 
likely that any bias was introduced at this stage 
in selecting the data. 

Analysis of variance studies 

The reproducibility of the instrument was first 
evaluated by aspirating a solution containing 
only lithium into the flame and rotating the 
inner mirror with the stepper motor five times. 
After each rotation, 15 intensity measurements 
were acquired by the system and stored in 
memory. Table 1 shows the intensity measure- 
ments that were collected and the analysis of 
variance table prepared from the raw data. 
From the data in Table 1, the calculated F-ratio 
is 78.2 (see Table 7). Since the critical F-ratio at 
the 99% confidence level for the appropriate 
number of degrees of freedom for this study is 
slightly less than 3.65,’ the null hypothesis for 
this experiment must be rejected. A check of 
homogeneity of variance was performed with 
the Cochran test and revealed that the variances 
satisfied this requirement at the 99% confidence 
level (Table 7). 

Table 1. Signal (counts at 670.7 nm) obtained with 

unbuffered lithium standard 

Scan 1 Scan 2 Scan 3 Scan 4 Scan 5 

273.0 277.5 277.7 277.5 277.7 

272.2 277.5 277.5 277.7 277.7 

272.0 277.7 277.2 277.7 279.0 

272.5 277.0 277.7 279.0 277.7 

273.7 277.5 277.7 279.7 277.7 

273.2 277.7 275.5 279.7 277.7 

273.7 277.7 275.7 279.7 279.7 
273.7 277.7 276.5 279.5 281.0 
273.7 277.7 279.2 279.7 280.5 
273.0 278.5 280.5 279.7 281.7 

271.7 278.5 280.0 279.7 281.7 
271.7 277.5 280.0 281.0 281.7 

271.2 277.0 280.5 279.7 281.7 
271.7 277.5 280.5 279.7 281.0 
271.2 277.5 280.0 279.7 281.5 

Source of variation 

Between scans 

Within a scan 

Sum of Degrees of 

squares freedom Variance 

513.2 4 128.3 

114.7 70 1.64 

Table 2. Signal (counts at 670.7 nm) obtained with buffered 

lithium standard 

Scan 1 Scan 2 Scan 3 Scan 4 Scan 5 

285.0 281.25 277.75 281.5 281.75 

285.5 281.7 277.7 281.7 281.7 

285.2 281.7 277.7 281.7 281.7 

281.7 281.7 279.7 281.7 281.5 
281.7 281.7 281.7 281.7 279.7 

281.7 281.7 281.7 281.7 279.7 

281.7 281.7 279.7 281.5 279.7 

281.7 283.7 279.7 279.7 281.7 

281.7 283.7 277.7 281.2 281.7 

283.7 281.7 279.7 281.7 281.7 

285.5 279.7 281.7 281.5 281.7 

285.2 279.7 283.7 281.5 281.7 

285.2 281.7 285.7 281.7 281.7 

285.2 281.5 285.7 281.5 281.7 

285.7 279.7 285.7 281.7 281.7 

Source of variation 

Between scans 

Within a scan 

Sum of Degrees of 

squares freedom Variance 

72.90 4 18.22 
202.9 70 2.90 

To see whether the variability between scans 
in the first experiment could be attributed to 
long-term instability of the flame rather than to 
mirror rotation in the optiplexer, a second 
ANOVA study was conducted with a multiele- 
ment solution containing sodium, calcium, bar- 
ium and strontium, plus 1000 ppm of cesium as 
an ionization buffer. The purpose of the ioniza- 
tion buffer was to improve the uniformity of the 
emission profile for the lithium signal by reduc- 
ing the ionization of the lithium atoms and 
decreasing the dependence of the lithium signal 
on observation height in the flame.‘O The results 
obtained by use of the buffered solution are 
shown in Table 2 along with the analysis of 
variance table prepared from the raw data. The 
calculated F-ratio was found to be 6.28 (Table 
7), still greater than the critical value at the 99% 
confidence level, but much less than the F-ratio 
obtained when lithium was aspirated without 
the ionization buffer present. A check on the 
homogeneity of variance by the Cochran test 
revealed that at the 99% confidence level, the 
variances obtained for the five scans were just at 
the point of being inhomogeneous (Table 7). 

A third ANOVA study was conducted by 
monitoring the flame background at 670.7nm 
without aspirating anything into the flame. This 
experiment eliminated the lithium emission as a 
source of variability between scans. Table 3 
shows the intensity measurements obtained in 
this experiment, and the ANOVA table pre- 
pared from the raw data. The calculated F-ratio 
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Table 3. Flame background signal (counts at 670.7 nm) Table 4. Signal (counts) obtained with tungsten lamp, 

monitored at 670.7 nm 

Scan 1 Scan 2 Scan3 Scan 4 Scan5 Scan 1 Scan 2 Scan 3 Scan 4 Scan 5 

16.94 16.94 16.94 16.56 16.56 67.75 65.75 67.50 65.75 67.50 

16.94 17.44 17.37 16.56 16.56 67.50 65.75 65.75 67.75 66.25 

16.44 16.94 16.94 16.62 16.62 67.75 65.00 65.75 67.75 66.00 

16.44 16.94 16.94 16.69 16.69 67.50 65.50 65.75 67.75 66.50 

16.44 16.94 16.87 16.69 16.69 67.50 67.50 65.50 67.75 66.50 

16.94 16.94 16.87 16.69 16.69 67.50 65.50 67.75 67.75 66.50 

16.94 16.94 16.87 16.62 16.69 67.50 65.75 67.50 67.50 65.75 

16.44 16.94 16.87 16.62 16.56 67.50 65.50 67.75 67.50 65.75 

16.44 16.94 16.87 16.62 16.56 67.75 65.75 65.75 67.75 66.00 

16.94 16.94 16.87 16.69 16.62 67.50 65.50 67.75 67.50 65.75 

16.94 17.44 16.87 16.69 16.69 67.50 67.50 67.50 67.50 66.00 

16.44 16.44 16.87 16.69 16.69 66.50 67.50 67.75 67.50 66.25 

16.44 16.44 16.87 16.62 16.69 67.75 66.50 67.50 65.50 65.75 

16.44 16.44 16.87 16.62 16.69 67.50 67.50 67.50 65.50 64.75 

16.44 16.94 16.87 16.56 16.69 67.50 66.50 65.75 65.50 65.50 

Source of variation 

Between scans 

Within a scan 

Sum of Degrees of 

squares freedom Variance 

1.337 4 0.3342 

2.441 70 0.0349 

Source of variation 

Between scans 

Within a scan 

Sum of Degrees of 

squares freedom Variance 

22.13 4 5.53 

43.61 70 0.62 

was 9.57, again indicating variability between 
scans. A check of the homogeneity of variance 
by the Cochran test showed that the variances 
obtained from the five scans were clearly homo- 
geneous at the 99% confidence level (Table 7). 

At the outset of this study it had been as- 
sumed that photon shot noise would be much 
greater than any variations associated with the 
instrument, because the dispersion optics were 
stationary. However, the ANOVA studies for 
all of the first three experiments using the flame 
source indicated that the variance associated 
with mirror movement was statistically signifi- 
cant. To determine whether the observed varia- 
tion was really due to the optiplexer 
spectrometer or to long-term drift in the flame, 
it was decided to conduct a fourth ANOVA 
study with use of a more stable emission source. 

The ANOVA results obtained with the tung- 
sten lamp suggested that the variation observed 
between scans must actually be due to the 
optiplexer spectrometer itself, not to source 
instability. Two potential sources of variation 
within the optiplexer were identified: (1) insta- 
bility of image formation at the light guide, 
owing to variation in mirror repositioning, and 
(2) signal variations resulting from software 
gain adjustments on the ADC board. Two final 
ANOVA studies were conducted to determine 
whether either of these two effects might con- 
tribute to the variability of measurements ob- 
served between scans. 

The fourth ANOVA study was conducted 
with a tungsten-lamp source in place of the 
flame and monitoring the tungsten-lamp inten- 
sity at 670.7 nm by using the lithium channel of 
the optiplexer. Table 4 shows the intensity mea- 
surements obtained for this experiment and the 
ANOVA table prepared from the raw data. The 
calculated F-ratio was 8.92, again indicating a 
variability between scans which was comparable 
to that obtained for the flame background and 
buffered lithium emission. A check for homo- 
geneity of variance by the Cochran test showed 
that the variances obtained for the five scans 
were clearly homogeneous at the 99% confi- 
dence level (Table 7). 

To examine the role of image formation on 
system reproducibility, a series of signal mea- 
surements (Table 5) was obtained with the 
optiplexer set at 670.7 nm, but with no source of 
any kind present. Even though no emission 
source was present and the mirror could no 
longer image a signal on the fiber optic, the 
ANOVA results (Table 5) reveal a calculated 
F-ratio of 24.0, indicating a significant variation 
between scans. A check of the homogeneity of 
variance by the Cochran test showed that the 
variances obtained for this experiment were 
clearly homogeneous at the 99% confidence 
level (Table 7). 

In the final experiment, an ANOVA study 
was conducted with the high voltage to the 
photomultiplier turned off (Table 6). With this 
arrangement, the only possible source of varia- 
tion left would have to be associated with the 
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Table 5. Signal (counts at 670.7 nm) obtained without flame 

Scan 1 Scan 2 Scan 3 Scan4 Scan 5 

16.75 16.37 16.31 16.19 16.19 

16.50 16.37 16.31 16.19 16.19 

16.31 16.37 16.18 16.19 16.19 

16.37 16.37 16.18 16.19 16.31 

16.37 16.37 16.18 16.19 16.25 

16.37 16.37 16.18 16.06 16.25 

16.37 16.31 16.31 16.19 16.19 

16.31 16.37 16.31 16.19 16.19 

16.25 16.37 16.31 16.19 16.19 

16.25 16.37 16.19 16.19 16.19 

16.31 16.37 16.19 16.19 16.25 

16.37 16.37 16.19 16.06 16.37 

16.37 16.37 16.31 16.19 16.19 

16.31 16.37 16.31 16.19 16.19 

16.25 16.37 16.19 16.19 16.19 

Sum of Degrees of 

Source of variation squares freedom Variance 

Between scans 0.4833 4 0.1208 

Within a scan 0.3526 70 0.005037 

stability of the electronics used for signal pro- 
cessing. The ANOVA results reveal a calculated 
F-ratio of 13.8, indicating a significant variation 
between scans. A check of the homogeneity of 
variance by the Cochran test showed that the 
variances obtained for this experiment were 
clearly homogeneous at the 99% confidence 
level (Table 7). Though long-term drift in the 
preamplifier circuit could not be ruled out, a 
more likely source of variation between scans 
would be the amplifier gain adjustment, on the 
ADC board, which occurs between mirror 

Table 6. Output (counts at 670.7 nm) of ADC board with 

photomultiplier high voltage off 

Scan 1 Scan 2 Scan 3 Scan 4 Scan 5 

15.69 15.81 15.94 15.94 15.81 

15.69 15.81 15.94 15.94 15.94 

15.81 15.81 15.94 15.94 15.75 

15.81 15.81 15.94 15.94 15.81 

15.81 15.69 15.94 15.94 15.87 

15.75 15.75 15.94 15.94 15.87 

15.69 15.81 15.94 15.87 15.87 

15.75 15.81 15.94 16.44 15.81 

15.81 15.81 15.94 15.87 15.75 

15.81 15.81 15.94 15.75 15.87 

15.81 15.69 15.94 15.87 15.81 

15.81 15.75 15.94 15.94 15.87 
15.69 15.81 15.94 15.94 15.94 

15.69 15.81 15.94 15.75 15.81 

15.81 15.81 15.94 15.81 15.75 

Sum of Degrees of 

Source of variation squares freedom Variance 

Between scans 0.3750 4 0.09375 

Within a scan 0.4766 70 0.006808 

rotations. This potential instrumental variabil- 
ity was felt to be more a probable source of 
variation because it is definitely correlated with 
mirror rotation. 

Interpretation of results 

Influence of mirror rotation on instrument sta- 
bility. The purpose of this study was to answer 
two important questions regarding the perfor- 
mance of the optiplexer/multiple entrance-slit 
spectrometer. (1) Does mirror rotation influence 
the reproducibility of the signal from the spec- 
trometer? (2) If mirror rotation does influence 
the signal reproducibility, what is the extent and 
source of the variability introduced? 

The results of the statistical analysis of the 
data clearly show that, in all cases, the changes 
which occur during the rotation of the opti- 
plexer mirror do result in a statistically signifi- 
cant variation in the signal at the 99% 
confidence level. This means that the signal 
variation which occurs during mirror rotation is 
significantly greater than that observed for pho- 
ton shot noise, short-term source-fluctuation 
noise (i.e., source drift and nebulizer drift), 
short-term electronic drift (photomultiplier 
power supply fluctuations and amplifier drift), 
and other sources of variability which are not 
correlated with mirror movement. 

The influence of mirror rotation was essen- 
tially the same, regardless of whether a line 
source (buffered lithium emission from the 
flame) or a continuum source (tungsten lamp) 
was used. Since the dispersion optics are station- 
ary within the instrument, the signal variation 
observed between rotations cannot be a result of 
wavelength instability, but must result either 
from inability of the inner mirror to access the 
individual light guides reproducibly, or from 
some other instrumental parameter such as the 
amplifier gain adjustment which varies along 
with mirror rotation, or from a combination of 
both. 

The influence of mirror rotation in the opti- 
plexer on signal reproducibility should be most 
severe for a source with a non-uniform intensity 
profile. With such a source, even small varia- 
tions in imaging the source onto the light guide 
could produce large signal variations, owing to 
changes in the source zone sampled. This inter- 
pretation is in line with the magnitude of the 
first four F-ratios shown in Table 7. The most 
significant influence of mirror rotation was ob- 
served when an unbuffered lithium solution was 
aspirated into the flame. This source should 
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Test run 

Table 7. Summary of analysis of variance results 

Variance Variance Calculated Calculated 
within* betweent F-rat@ Cochran Cl 

Unbuffered Li 1.64 128.3 
Buffered Li 2.90 18.22 
Flame background 0.0349 0.334 
Tungsten lamp 0.623 5.53 
HV on, no source 0.00504 0.121 
PMT HV off 0.0068 1 0.0938 

*FE, equation (10). 
tnvs, equation (11). 
&Qitical F-ratio = 3.65 at 99% confidence level. 
$‘Critical C value = 0.488 at 99% confidence level. 

78.2 0.467 
6.28 0.489 
9.57 0.294 
8.92 0.329 

24.0 0.335 
13.8 0.242 

have the most pronounced non-uniform inten- 
sity profile because of ionization effects in the 
flame. In contrast, the F-ratios obtained for the 
flame background and buffered lithium solution 
were similar to those obtained for the tungsten 
lamp. 

The results obtained without the flame and 
with the high voltage to the photomultiplier 
turned off, however, suggest that irreproducibil- 
ity of image formation on the light guides of the 
optiplexer may not be the sole cause of the 
observed signal variation between mirror rota- 
tions. Even with no signal from the photomulti- 
plier, the offset of the electronics showed a 
significant variation between rotations of the 
mirror. Since there is no direct link between 
preamplifier offset and mirror rotation, the most 
likely cause of the observed variations between 
mirror rotations is variability in the gain adjust- 
ment step which takes place between mirror 
rotations. 

Extent of variability introduced by mirror ro- 
tation. Inspection of the analysis of variance 
tables (Tables l-4) permits an estimation of the 
variability introduced in the signal during mir- 
ror rotation (i.e., V,). As indicated by equation 
(3), the variance between scans, Vs, is deter- 
mined by the difference between the weighted 
variance observed between scans, nV,, and the 
variance within scans, V,, divided by n, the 

number of intensity measurements associated 
with each scan. 

Table 8 shows the values obtained for Vs, the 
standard deviation of the signal as a result of 
mirror rotation, and the relative standard devi- 
ation, due to mirror rotation, of the signal, for 
all six experiments. It should be re-emphasized 
that the values for Vs reported in Table 8 are 
only estimates. Since Vs is a function of the 
difference between two variances (one based on 
4 degrees of freedom and the other based on 70 
degrees of freedom), the estimate of the variance 
between scans is subject to larger errors than the 
estimate for the variance within scans, V,. 
Nevertheless, the average relative standard devi- 
ation in the observed signal, due to rotation of 
the mirror for the four experiments conducted 
with a light source, was only 0.76%. Thus, 
although parameters associated with the rota- 
tion of the mirror were found to be a significant 
source of variability in the signal, compared 
with various forms of drift, the relative magni- 
tude of the signal variation introduced during 
mirror rotation itself is quite small. 

CONCLUSIONS 

This study has demonstrated the power of 
statistical analysis in evaluating the perfor- 
mance of new instruments and suggests that 

Test run 

Table 8. Estimated signal* variability during rotation of optiplexer 

Standard Average Rel. standard 
v,t k v,/n§ deviation signal deviation, % 

Unbuffered Li 8.44+0.11 2.91 f 0.33 277.6 1.0*0.1 
Buffered Li 1.02 f 0.19 1.01 f 0.44 281.9 0.36 f 0.16 
Flame background 0.0199 f 0.0023 0.141 f 0.048 16.75 0.84 f 0.29 
Tungsten lamp 0.327 f 0.042 0.572 f 0.204 66.73 0.86 * 0.31 
HV on, no source 0.008 f 0.0003 0.089 f 0.018 16.26 0.55 + 0.11 
PMT HV off 0.006 f 0.0005 0.077 f 0.021 15.85 0.49 f 0.13 

*Counts at 670.7 nm. 
TEstimate of variance due to mirror rotation, equation (3). 
#Error in the estimate of the variance due to mirror rotation, equation (2). 
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greater use should be made of statistical meth- 
ods in instrumental development. For example, 
when this study was undertaken, it was thought 
that because of the high wavelength stability of 
the instrument, photon shot noise and nebulizer 
drift would be the major sources of variability 
in the signal. Indeed, casual inspection of the 
data in Tables l-6 might lead to this conclusion. 
Careful statistical analysis of the data, however, 
leads to quite a different conclusion. While 
simple analysis of variance can point out where 
differences exist between treatment groups, even 
more powerful statistical analyses such as multi- 
ple linear regression studies can be used to 
identify the causes actually responsible for the 
treatment group differences, as well as their 
magnitude. Such information can be vital for 
improving the performance of prototype sys- 
tems during instrumental development. 

ANOVA studies conducted with the opti- 
plexer/multiple entrance-slit spectrometer have 
shown that variations in instrumental parame- 
ters which occur during mirror rotation in the 
optiplexer are a significant source of signal 
variation, compared with photon shot noise, 
source-fluctuation noise, and electronic drift. 
Although wavelength reproducibility is ensured 
by the use of stationary dispersion optics, sig- 
nificant signal variations do occur during rota- 
tion of the inner mirror of the optiplexer. 

Two sources of variability which might affect 
the performance of the instrument, and are 
correlated with mirror movement, are the irre- 
producibility in illuminating the fiber-optic 
light-guides, and variability introduced by the 
amplifier gain adjustment step between mirror 
rotations. When a spectral source was used, the 
results showed that the most significant effect of 
mirror rotation occurred with an unbuffered 
lithium solution, suggesting that emission 
sources with non-uniform intensity profiles in- 
crease the need for reproducibility in source- 
imaging on the light guides. If this is true, some 
means of image defocusing at the light guides of 
the optiplexer could result in better reproduci- 
bility. One way to accomplish this would be to 
place a diffuser screen in the opening in the 
shutter disk. Clearly, the autoranging gain 

adjustment step which takes place between 
mirror rotations needs to be studied in more 
detail to determine its effect on signal variability 
and to see whether other more stable alterna- 
tives exist for gain adjustment. 

Even though the instrumental changes that 
occurred during mirror rotation were found to 
be a significant source of signal variation in the 
prototype instrument, compared with other 
sources of variability, the actual magnitude of 
the variation introduced during mirror rotation 
was quite small. The average relative standard 
deviation introduced in the signal during mirror 
rotation was found to be only 0.76%. 
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Summary-Laser-excited fluorescence of aromatic molecular vapors in a graphite furnace has been used 
as a rapid screening method for polycyclic aromatic hydrocarbons (PAHs) in various sample types and 
as a fingerprinting technique for crude oils, petroleum products and particulate matter. The simplicity and 
speed of the method indicate that it will be a useful method for PAH screening. 

Many polycyclic aromatic hydrocarbons 
(PAHs) are classified as EPA priority pollutants 
because they are known or suspected carcino- 
gens. The two main sources of PAHs in the 
environment arise from incomplete combustion 
of fossil fuels for energy production and from 
incomplete combustion of refuse. Interest in 
carcinogenic compounds led to the development 
of many gas and liquid chromatographic tech- 
niques for determination of specific compounds 
in such samples as crude oils, petroleum prod- 
ucts, diesel particulates and urban dust.’ These 
methods generally involve elaborate extraction 
and fractionation schemes prior to analysis. 

Recently, several groups have reported the 
use of electrothermal atomizers for the study of 
the ultraviolet absorption of molecular vapors. 
Tittarelli et al.* found that by monitoring ultra- 
violet absorption at 190 nm as a crude oil 
sample was vaporized at temperatures from 140 
to 900”, spectral fingerprints characteristic of 
the samples could be rapidly obtained. In 
later work,3 a photodiode array was used to 
monitor absorption in the wavelength range 
190-355 nm. Plotting the sequential spectra pro- 
duced a three-dimensional plot characteristic of 
the sample vaporized. These representations 
were also used as a fingerprint for the sample, 
and had more distinguishing characteristics 
than the earlier two-dimensional plots. Absorp- 
tion of ultraviolet light by vapors produced in a 
graphite furnace has also been used to charac- 
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terize pollutants in water and sediments and as 
a fingerprinting technique for various oils, 
petroleum products and soaps.4 The high tem- 
peratures obtained with a graphite furnace facil- 
itated the direct analysis of heavy oils, resinous 
materials and other complex samples often too 
difficult for analysis by gas chromatographic 
techniques. 

In this work, a novel system involving laser- 
induced fluorescence of PAHs in a graphite 
furnace was investigated as a screening method 
for PAHs and as a fingerprinting technique for 
environmental samples and other complex 
mixtures. Direct analysis of crude oil, petroleum 
products and solid materials was accomplished 
without sample pretreatment. 

EXPERIMENTAL 

A block diagram of the experimental system 
is shown in Fig. 1. The laser used was an He-Cd 
continuous wave laser (Model 4210N, Liconix, 
1390 Borregas Ave., Sunnyvale, CA 94089) with 
a maximum output of 6 mW at 325 nm. The 
laser beam passed through a 1.5 mm hole drilled 
through a polished aluminum off-axis parabolic 
mirror before passing lengthwise through the 
inside of the graphite tube. 

The graphite furnace was from an atomic-ab- 
sorption spectrometric system (Model CTF555, 
Instrumentation Laboratories, Therm0 Jarrell 
Ash, 590 Lincoln St., Waltham, MA 02254). 
The controller had adjustments for six tempera- 
ture settings and allowed selection of the ramp 
rate between the six stages. The furnace was set 
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Fig. 1. Schematic diagram of experimental system. 

to heat slowly from room temperature to 50” 
over 1 min to dry the sample, then linearly from 
50 to 500” over approximately 2 min as fluores- 
cence spectra were collected. The furnace was 
contained in a small enclosed housing which 
allowed volatilization of the sample in an inert 
environment of argon. The housing also con- 
tained a thermocouple in contact with the 
graphite tube to monitor the temperature. 

The flat field spectrograph (Instruments SA, 
Inc., 173 Essex Ave., Metuchen, NJ 08840) had 
a dispersion of 24 nm/mm, a focal length of 0.2 
m and a spectral range of 200-800 nm. A 1024 
pixel intensified diode array (Model TN 6100, 
Tracer Northern, 2551 West Beltline Highway, 
Middleton, WI 53562) was mounted on the 
spectrograph with a laboratory-constructed 
flange which held the array in the focal plane. 
The diode array head contained a Peltier effect 
thermoelectric cooler capable of cooling the 
head to -2o”, which reduced the dark current. 
A dedicated computer controlled the acqui- 
sition, storage, processing and output of data. 
Generally, the array was exposed for 2 set 
before data were read and stored. Spectra were 
displayed on the screen and stored after auto- 
matic subtraction of a pre-stored background 
spectrum. Additional software called Quadra 
(Tracer Northern) allowed for the generation, 
scaling and plotting of three-dimensional repre- 
sentations of fluorescence intensity US. wave- 
length vs. scan number of sequentially 
accumulated spectra. Scan number was corre- 
lated to time and therefore furnace temperature. 

RESULTS AND DISCUSSION 

The fluorescence was collected at 180” relative To determine the sensitivity of the system, 
to the laser excitation. The cone of fluorescent analytical calibration curves were prepared by 
light leaving the graphite tube was collimated by placing 100 ~1 of standard solutions in methanol, 
an off-axis parabolic mirror. About 0.3% of the ranging from 100 to 0.1 pg/ml, into the graphite 
signal was lost by light escaping back through furnace. A drying cycle was employed to evapo- 
the 1.5 mm hole. The collimated light was rate the solvent. The appearance time of the 
focused on the entrance slit of the spectrograph sample has been found to depend linearly on the 
by a second off-axis parabolic mirror. boiling point of the compound.’ Figure 2 shows 
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Fig. 2(A). Caption opposite. 
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Vaporization cycles of (A) anthracene, (B) benzo(b)fluoranthene, (C) pyrene and (D) coronene. 
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Table 1. Limits of detection (LOD) obtained by laser 
fluorescence spectrometry of vaporized polycyclic aromatic 

hydrocarbons 

Linear dynamic 
PAH LOD, ng range* Slopet 

Pyrene 34 3 0.99 
Benzo(b)fluoranthene 41 3 1.04 
Benzo(a)pyrene 73 >3 1.04 
Coronene 19 >3 0.97 
Anthracene 103 >3 1.03 
Fluoranthene 138 >2 1.01 

*Orders of magnitude. 
tSlope of log-log calibration curve. 

typical vaporization cycles for several stan- 
dards. The temperature ramp rates were chosen 
to give a compromise between the increased 
sensitivity obtained with fast ramp rates and the 
increased thermal resolution from use of slower 
ramp rates. Small variations in ramp rates have 
very little effect on the appearance of the three- 
dimensional plot. Since all plots have the same 
temperature scale, the ramp rate simply affects 
the number of spectra that can be taken during 
the vaporization cycle, assuming that the scan- 
rate remains unchanged. For instance, the plot 
of a standard vaporized at a 30% greater ramp 
rate would appear the same if the number of 
scans displayed was reduced from 55 to 39. 

For preparation of calibration curves, spec- 
tral information is collected and stored in a 
slightly different form. The software allows the 
user to define a spectral region of interest. This 
region is chosen to correspond to the fluores- 
cence peak of a particular compound. As the 
sample vaporizes, only the area above the base- 

line of the region of interest is stored. A repre- 
sentation of the peak area of the fluorescence 
peak us. time is plotted as a histogram. The area 
under the histogram peak is proportional to the 
volume under the peak in the three-dimensional 
representation, but required much less com- 
puter memory. For the six compounds for 
which standard curves were prepared, the 
log-log plots are linear over three or more 
orders of magnitude. The limits of detection 
(LODs) are calculated as three times the 
standard deviation of the blank measurement, 
divided by the slope of the analytical calibration 
curve (countslng). The slopes of the analytical 
calibration curves, the linear dynamic ranges 
and the LODs for the six PAHs are shown in 
Table 1. The major limitation to lower LODs is 
the high standard deviation of the blank 
measurement. Uncertainty in the background 
subtraction causes the low concentration points 
to deviate from the linear calibration curve. At 
higher concentrations, the curves bend over, 
especially for strongly absorbing compounds, 
owing to pre-filter, post-filter and self-absorp- 
tion effects. Also, the furnace emission interferes 
with compounds fluorescing at longer wave- 
lengths and/or vaporizing at higher tempera- 
tures. These detection limits are about 10 times 
higher than those reported for previous work in 
this laboratory by Kirsch.6 However, Kirsch6 
used more powerful lasers and the fluorescence 
collection angle was not limited by baffles in the 
graphite tube housing. In addition, averaging 
pixels produced a higher signal to noise ratio at 

500 

300 700 

Wavelength (nm) 

Fig. 3. Vaporization cycle of a standard mixture of anthracene and perylene, showing the thermal 
resolution of two PAHs. 
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the expense of spectral resolution. The detection Shekiro and Skogerboe,’ then our detection 
limits obtained in this work are comparable to limits will be lower by a factor of 3-5 than those 
the approximate determination limits reported shown in Table 1. 
by Shekiro and Skogerboe’ for absorbance To demonstrate the thermal resolution of the 
measurements of PAII vapors. If we calculate system, standard mixtures 
our detection limits with the same criteria as Figure 3 shows the thermal 

7 

were vaporized. 
resolution of two 
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Fig. 4(A) and (B). See p. Illfor caption. 
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PAHs. The standard compounds evolved over 
about a 25 set or 145” interval. In the thermal 
dimension, the FWHM for most of the com- 
pounds tested is about 9 set, or about 50”. Since 
the PAHs fail to undergo sharp vaporization 
transitions into the vapor phase, the thermal 
resolution capabilities are limited. The highest 
number of compounds thermally resolved is 
three. On average, vapor phase PAH spectra 

exhibit peak widths of 60-90 nm FWHM. This 
lack of sharp features and the limited thermal 
resolution preclude the identification of individ- 
ual components of a complex mixture. It also 
seems likely that components in a sample matrix 
will vaporize at slightly different temperatures 
than the pure materials do, further complicating 
the extraction of qualitative information. 
Finally, to demonstrate the fingerprinting 

600 500 400 

Wavelength (nm) 

500 

10,000 

h 

Y 
E 
s 
.E 

f 
J 

5000 

2 
d 

0 

600 500 400 

Wavelength (nm) 

Fig. 4(C) and (D). See p. 118 for caption. 
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500 
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Fig. 4(G). 

Fig. 4. Vaporization cycles of (A) Kirkuk crude oil, (B) SRM 1582 crude oil, (C) ES Sider crude oil, (D) 
SRM 1580 shale oil, (E) regular gasoline, (F) SRM 1649 urban dust and (G) SRM 1648 urban dust. 

capability of the system, three samples of crude 
oil, three samples of particulate matter and 
several types of petroleum products were ana- 
lyzed. The resulting three-dimensional plots all 
contain distinguishing features. Samples pro- 
ducing similar plots can be differentiated by the 
relative intensities or peak widths of the various 
features. Figure 4 shows plots obtained from the 
vaporization of some of these samples. 

Future work in this laboratory will be focused 
on adapting a pulsed laser and gated photodi- 
ode array to increase the signal to noise ratio 
and gain added selectivity, based on the fluores- 
cence lifetime of vaporized species. Additional 
work is planned to investigate matrix, absorp- 
tion and pyrolysis effects which contribute to 
the appearance time of the various components. 
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Summary-A prototype multielement atomic-absorption spectrometer (SIMAAC) consisting of a con- 
tinuum source and an echelle polychromator modified for wavelength modulation, has been used to 
determine several elements in a variety of biological materials. Analyses have ken done with flame 
atomization as well as graphite furnace atomization. Compromise atomization conditions do not 
significantly limit the accuracy or precision. Analytical results for a variety of samples are reported. 

Atomic-absorption spectrometry (AAS) has 
gained widespread acceptance since it was first 
introduced in the late 1950s. AAS is acknowl- 
edged as being a straightforward atomic spec- 
troscopic technique with relatively few 
interferences and has widely been used for trace 
metal analysis. Several atomic spectroscopic 
techniques have been commercially developed 
for multielement analyses but until recently, 
only sequential multielement AAS systems were 
commercially available. In 1979 Harnly et al.’ 
described a prototype simultaneous multiele- 
ment AAS system based on the continuum 
source system first described by Zander et al.* 
This spectrometer is referred to as the SIMAAC 
system ( Simultaneous Multielement Atomic 
Absorption Spectrometerwith a Con&uum 
Source). The SIMAAC system con&ts of an 
echelle polychromator modified for wavelength 
modulation, a continuum light source, a flame 
or graphite furnace atomizer, and a minicom- 
puter for data acquisition and manipulation. A 
block diagram of the system is shown in Fig. 1. 
This spectrometer, with its simple optical 
configuration, has several unique features and 
offers some capabilities which exceed those 
provided by conventional single-element line- 
source AAS (AAL).’ SIMAAC features simul- 
taneous determination of up to 16 elements by 
use of a multielement exit cassette with the 
echelle polychromator. In addition, simul- 
taneous multielement detection limits similar 
to those obtainable with line-source AAS 
are yielded for those elements measured at 
wavelengths longer than 270 nm. Wave- 
length modulation provides double beam, 

background-corrected absorbances as well as 
extended analytical ranges covering 5-7 orders 
of magnitude of concentration for each element. 
This facilitates the simultaneous determination 
of multiple elements, the concentration of which 
may differ by a factor of 1000 or more. Com- 
puter control of the SIMAAC system provides 
high speed (18 kHz) intensity-data acquisition 
as well as controlling the wavelength modula- 
tion. All intensity data from the 16 channels are 
stored, absorbances are computed, and all data 
processing, calibration, statistical review of the 
data, and presentation of data in the form of a 
final report are done by the computer. Although 
fairly complex, the software associated with the 
system is quite flexible and can also facilitate 
furnace emission measurements and atomic- 
absorption spectra measurements. 

When evaluating SIMAAC as a multielement 
system, it is often compared with inductively 
coupled plasma atomic-emission spectrometry 
(ICP-AES) and inductively coupled plasma 
mass spectrometry (ICP-MS), most often with 
the former. SIMAAC GFAAS detection limits 
are superior to ICP-AES detection limits and 
sample volume requirements are much smaller, 
typically 5-25 ~1. ICP-AES direct reading poly- 
chromator systems are typically capable of 
determining more elements simultaneously than 
the sixteen which SIMAAC can simultaneously 
detect.3 Generally, multielement AAS is more 
susceptible to chemical interferences, and 
ICP-AES to spectral interferences. SIMAAC 
GFAAS detection limits are in many instances 
comparable to ICP-MS detection limits. 
ICP-MS has the advantage of being more 
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Fig. 1. Block diagram of the SIMAAC system. (L, and L2 are lenses; QP is a quartz refractor plate, M, 
and M, are mirrors; EG is the echelle grating; P is the order-sorting prism). 

suitable for the determination of refractory 
elements than is AAS, but is susceptible to 
interferences from polyatomic ions when 
analyzing complex biological samples.4 

The SIMAAC system was developed jointly 
by Tom O’Haver of the University of Maryland 
and the Nutrient Composition Laboratory of 
the U.S. Department of Agriculture. Several 
researchers have been involved in the develop- 
ment, characterization, and optimization of this 
system over the last decade, providing hard- 
ware, software, and analytical applications ex- 
pertise.5-26 Although research continues on 
future hardware and software modifications 
which may be implemented, the system has been 
used in the same basic configuration for routine 
multielement applications for the past 8 years. 
Both flame analyses and graphite furnace anal- 
yses have been done with this system. Appli- 
cations have ranged from semi-quantitative 
determinations of metalloenzymes to determine 
molar ratios, to high-accuracy trace metal deter- 
minations for the characterization of commer- 
cial reference materials. The author’s experience 
with some multielement methods and resultant 
analytical applications data obtained by using 
the SIMAAC system are discussed here. 

EXPERIMENTAL 

SIMAAC 

The data presented in this work were ob- 
tained with the SIMAAC prototype multi- 
element AAS system.’ The system has five main 
components: the continuum source, the atom- 
izer, the echelle polychromator, the wavelength 
modulation hardware and the signal-processing 
electronics. The continuum source is a 300-W 
Cermax lamp (ILC Technology, Sunnyvale, 
CA). Either a flame or a graphite furnace atom- 
izer can be used with the system (see Fig. 1). 
Flame AAS data were obtained by using either 
a conventional air-acetylene flame or a nitrous 
oxide enriched air-acetylene flame. Graphite 
furnace AAS (GFAAS) data were obtained with 
an HGA 500 graphite furnace equipped with 
an AS-40 autosampler (Perkin-Elmer Corp., 
Norwalk, CT). The echelle polychromator is a 
Spectraspan III (Beckman Instrument Co.) with 
photomultiplier tubes as detectors. Wavelength 
modulation is accomplished with a quartz plate 
mounted on a galvanometer inside the entrance 
slit and driven by a scanner controller (General 
Scanning, Watertown, Mass). Photomultiplier 
tube currents are amplified by a preamplifier 
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and converted into a voltage by a preamplifier 
circuit and the outputs are multiplexed by the 
computer. Voltages are digitized by the analog- 
to-digital converter of the computer and stored 
for future data processing. The PDP 1 l/34 
computer (Digital Equipment Corp., Maynard, 
Mass.) provides control of the wavelength mod- 
ulation, and is responsible for acquisition of 
intensity data, computation of absorbances, file 
maintenance of analytical data and experimen- 
tal conditions, analytical calibration with non- 
linear calibration algorithms, and printing of 
the final report summaries. 

Elements and wavelengths 

flame temperature, allowing the simultaneous 
determination of Ca, Cu, Fe, K, Mg, Mn, 
Na, and Zn.6 With a 60% N,O-enriched air- 
acetylene flame, accuracies of 100 f 11% were 
achieved for the simultaneous determination of 
these 8 elements.6 The nitrous oxide enriched 
flame is more turbulent, providing precisions 
which are a factor of 2-3 poorer than those 
obtainable with a normal air-acetylene flame. 
All nitrous oxide enriched air-acetylene flame 
data were obtained at a viewing height of 9 mm 
in the flame. An ionization suppressant was 
added (1000 pg/ml Cs) to both samples and 
standards to prevent low recoveries for 
potassium. 

Elements were selected for determination by 
means of the multielement cassette of the echelle 
on the basis of their potential interest in the 
context of nutrition and food composition. The 
elements (and measurement wavelengths) are: 
Al (309.3 nm), Ca (422.7 nm), Co (240.7 nm), Cr 
(357.9 nm), Cu (324.7 nm), Fe (248.3 nm), K 
(404.4 nm), Mg (285.2 nm), Mn (279.5 nm), MO 
(313.3 nm), Na (589.6 nm), Ni (232.0 nm), Pb 
(283.3 nm), Sn (224.6 nm), V (318.5 nm) and Zn 
(213.9 nm). 

Graphite furnace conditions 

In most cases, the most sensitive resonance 
lines are utilized, but a less sensitive line has 
been employed for potassium, which is often 
present at high concentrations in samples ana- 
lyzed with this system. 

Simultaneous multielement furnace analyses 
were done under compromise atomization con- 
ditions which are summarized in Table 1.’ A 
char temperature of 500” was selected to avoid 
pre-atomization losses of Pb and Zn. The com- 
promise atomization temperature of 2700” was 
selected to ensure complete atomization of 
refractory elements such as MO and V. All 
determinations utilized a 20-~1 injection vol- 
ume. Argon was used as the purge gas, at the 
default flow-rate of 300 ml/min. All determi- 
nations were done with platform atomization 
and peak area measurements were used for 
quantification. 

Air-acetylene frame conditions Calibration standards 

Compromise conditions have been estab- 
lished for the simultaneous determination of 8 
elements (Co, Cr, Cu, Fe, K, Mn, Na, and Zn). 
Acceptable Ca and Mg recoveries are obtained 
after dilution of the sample with 0.5% lan- 
thanum solution. The optimum conditions in- 
clude an air-acetylene flow-ratio of 4.2 (air flow 
10.8 l./min; acetylene flow 2.6 l./min) and a 
viewing height in the flame of 1.5 mm.5 These 
conditions provide accuracies of 100 &- 5% and 
precisions of 5% relative standard deviation 
(RSD) for the analysis of reference materials of 
various compositions, These conditions were 
used for all air-acetylene flame analyses re- 
ported in this work. 

Multielement calibration standards were 
made with multielement stock solutions from 
Spex Industries (Metuchen, NJ). The standards 
had a final nitric acid concentration of 5% v/v, 
obtained by addition of nitric acid purified by 
sub-boiling (isopiestic) distillation (Seastar 
Chemicals, Seattle, WA). Nine standards were 
made for flame analyses, covering 4 orders of 
magnitude of concentration (0.1, 0.5, 1.0, 5.0, 
10.0, 50.0, 100 and 500 pgg/ml Mn, Zn, Cu, Co, 
Cr; 1.0, 5.0, 10.0, 50.0, 100, 500, 1000 and 

Table 1. GFAAS program for simultaneous multielement 
determinations* 

Nitrous oxide enriched air-acetylene frame 

Normal air-acetylene flames do not provide 
sufficiently high flame temperatures to dissoci- 
ate some of the stable compounds formed by 
Mg and Ca. Nitrous oxide may be added to an 
air-acetylene flame (60% N,O) to increase the 

Temperature, Ramp, 
“C set 

Dry 170 20 
Char 500 20 
Atomize? 2700 0 
Clean-out 2700 1 
Cool down 20 1 

*Platform atomization. 
tArgon flow, 20 ml/min during atomization. 

Hold, 
set 

30 
30 
10 
5 

10 
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5000 pg/ml Ca, Fe, K, Mg, and Na). Standards 
for nitrous oxide enriched air-acetylene flame 
work contained 1000 pgg/ml cesium as an ion- 
ization suppressant. The 10,000 pg/ml Cs stock 
solution was prepared from Suprapur cesium 
chloride (EM Laboratories, Darmstadt, F.R.G.). 

Sample preparation 

Most samples were prepared by wet-ashing 
with a nitric acid/hydrogen peroxide mixture. 
This low-temperature procedure is suitable for 
biological sample preparation for large studies. 
Biological fluids such as serum and urine were 
decomposed by a dry-ashing procedure, the 
samples being heated in a muffle furnace at 480” 
overnight. Nitric acid purified by sub-boiling 
distillation, and Ultrex (J. T. Baker, Phillips- 
burg, NJ) or Perone (DuPont, Wilmington, DE) 
hydrogen peroxide were used for all sample 
preparation work. 

RESULTS AND DISCUSSION 

Air-acetylene flame analyses 

Flame analysis methods were validated in- 
itially by analyzing a number of reference ma- 
terials. From the large number of total 
multielement determinations done, it has been 
found that accuracies of 100 + 5-l 5% can gen- 
erally be obtained.* Flame applications over the 
past 8 years have ranged from single-sample 
analysis to studies involving hundreds of sam- 
ples. Sample throughput for large studies has 
been as high as 90 samples (or 720 determin- 
ations) per day. One large study recently com- 
pleted dealt with the analysis of chicken samples 
obtained for a nationwide study at USDA. As 
part of the quality control (QC) program for 
this study, a chicken QC material was developed 
in-house and characterized. Table 2 contains 
data resulting from the characterization of this 

Table 2. Analytical data for a chicken control material 
(C21-1916) flame results 

Concentration, rig/g,, dry weight 

Element SIMAAC results* Line-source AAS results? 

cu 0.85 k 0.15 1.15+0.28 
Zn 22.6 f 2.4 24.2 f 1.5 
Na 1806 f 326 1963 + 52 
K 13819 k 968 14005 + 472 
Mg 1285 k 264 1092 k 40 
Fe 12.3 k 3.3 15.9 + 2.2 
Ca 313+54 265 &- 29 

*Uncertainties represent + 1 standard deviation (n = 9). 
tuncertainties represent 95% confidence intervals (n = 15). 

0 12 3 4 5 6 7 8 g10 
Experiment Number 

Fig. 2. Quality-control chart for Zn determined in NBS 
SRMl572 Tomato Leaves. Data obtained over 9 experi- 
ments spanning a 5-month period. The solid line represents 
the mean certified Zn value and the dotted lines represent 
the uncertainties quoted in the certificate. (Certified value: 

62 & 6 pg/g Zn.) 

chicken QC material (C2 1-19 16) for 7 elements. 
The SIMAAC multielement analytical data are 
compared with conventional single-element 
AAS (AAL) data obtained under specific opti- 
mized analytical conditions. Review of the data 
shows good agreement between the SIMAAC 
and AAL values. Uncertainties for the 
SIMAAC Na, K, and Mg data reflect the 
decrease in the slope of the analytical calibra- 
tion curve at high concentrations for these 
elements, leading to larger concentration uncer- 
tainties. This material and several NBS standard 
reference materials (SRMs) were analysed dur- 
ing the course of the study (5 months) to ensure 
that accurate results were being reported. Trace 
element results from this study indicated that 
Fe and Zn were present in much higher concen- 
trations in dark meat than in light meat and 
that there was no significant difference in trace 
metal concentrations as a function of the brands 
analyzed. 

A collaborative study with a scientist from the 
Plant Stress Laboratory of USDA was made, in 
which peanut leaf samples were analyzed to 
evaluate the effect of metals added to the soil on 
the trace metal levels in peanut leaves. More 
than 2000 peanut leaf samples were analyzed 
in duplicate over the course of the study. A 
peanut-leaf control material was prepared and 
characterized for 7 elements (Mn, Zn, Fe, Cu, 
Mg, Ca, K) and repeatedly analyzed throughout 
the course of the study, along with NBS 
SRM 1572 Tomato Leaves. A QC chart for Zn 
determinations in the Tomato Leaves control 
material is shown in Fig. 2. Here, Zn data for 
9 experiments for the study (spanning a 5 month 
period) are shown. Use of Tomato Leaves as a 
QC material showed significantly high Zn values 
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Table 3. Peanut-leaf control material reference values Table 4. Flame results for diet reference material RM8431 

Element Concentration, fig/g, as received* 

Mn 84.8 f 4.0 
Zn 42.6 k 6.5 
Fe 135+20 
cu 12.6 f 1.0 
M8 0.97 + 0.08 
Ca 2.18 kO.24 
K 1.12 kO.12 

*Uncertainties represent 95% confidence intervals (n = 15). 

for experiments 5 and 6, indicating a possible 
problem and resulting in these experiments 
being repeated. These and similar data for the 
elements determined indicate that analytical 
accuracy is not adversely affected by the com- 
promise flame atomization conditions. Refer- 
ence values for the peanut-leaf control material 
developed for the study are shown in Table 3. 

Concentration, pgcglg, dry weight 

Element SIMAAC results* Reference values? 

cu 3.3OkO.15 3.36 k 0.33 
Zn 16.0 &- 0.8 17.0 &- 0.6 
Mn 7.76 + 0.31 8.12 + 0.31 
Na 3607 f 410 3120 f 160 
K 9158 + 350 7900 f 420 
M8 760* 100 650&40 
Fe 36.8 f 1.9 37.0 f 2.6 
Ca 2259 f 306 1940 f 140 

*Uncertainties represent + 1 standard deviation (n = 5). 
tUncertainties represent 95% confidence intervals. 

Multielement analysis capabilities of the 
SIMAAC system have proven useful in the 
characterization of a number of reference ma- 
terials, including Mixed Diet RM8431.9 This 
material was prepared by USDA and is mar- 
keted by the National Bureau of Standards. 
Flame analyses were done to quantify levels of 
Cu, Zn, Mn, Na, K, Mg, Fe, and Ca in this 
freeze-dried diet material. Supplemental data 
from 9 additional laboratories, using a total of 
10 different analytical methods, contributed to 
the reference values for this material.’ The 
SIMAAC flame data as well as the reference 
values for Mixed Diet RM8431 are given in 
Table 4. Good agreement is seen between the 
SIMAAC data (mean + standard deviation) 
and the reference values. 

Table 5. Clearly, low Ca values are seen for 
most of the reference materials analyzed with a 
conventional air-acetylene flame. The nitrous 
oxide enriched flame permits the simultaneous 
determination of all the elements of interest. 
Larger uncertainties are reported for Tomato 
Leaves and Spinach Leaves because these sam- 
ple digests contained high Ca concentrations 
corresponding to a region of decreased slope 
and the calibration curve. Results from the 
simultaneous determination of 8 elements in 
NBS SRM 1577 Bovine Liver are shown in 
Table 6. The average accuracy was 100 f 6% 
for the 8 elements determined simultaneously, 
based on the mean certified values for this 
material. 

Graphite furnace AAS analyses 

Nitrous oxide enriched air-acetylene flame 
analyses 

Simultaneous determination of Mg and Ca 
with the other elements routinely determined 
requires a hotter flame for analysis. Typical Ca 
results obtained by using standard multielement 
conditions with an air-acetylene flame are com- 
pared with results obtained by using a 60% 
nitrous oxide enriched air-acetylene flame, in 

The full potential of multielement AAS deter- 
minations can only be realized when a graphite 
furnace is selected as the atomization device. 
Multielement GFAAS provides sub-ng/ml de- 
tection limits with PI-sized samples’ but can also 
tolerate fairly high analyte concentrations by 
using the extended range capabilities of the 
SIMAAC system. Results from the analysis of 
dry-ashed SRM 2670 Toxic Elements in Freeze- 
Dried Urine (elevated level) are given in Table 
7. Simultaneous multielement GFAAS results 
for 5 elements compare favorably (average accu- 
racy 100 + 4%) with the mean certified values 
for this material. 

Table 5. Flame results for Ca concentrations in reference materials* 

Concentration, pg/g, dry weight 

Material Air-acetylene Enriched Certified value 

Wheat flour 65.7 f 5.8 198 f 8 190 10 f 
Rice flour 35.7 f 5.3 145 f 3 140*20 
Bovine liver 43.1 f 5.8 113*4 124&6 
Tomato leaves - 30365 f 1339 30000*300 
Spinach 12300 f 1100 12829 f 310 13500 f 300 

*Uncertainties represent f 1 standard deviation (n = 3-S). 
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Table 6. Nitrous oxide enriched air-acetylene flame results 
for Bovine Liver SRM 1577 

Concentration, pg/g, dry weight 

Element SIMAAC results* Certified value 

Mn 9.68 f 2.34 10.3 * 1.0 
Zn 125 f 13 130 * 13 
Fe 233 + 12 268 k 8 
cu 187k5 193 * 10 
M8 598 + 24 604k9 
Ca 113&4 124k6 
Na 2682 + 145 2430 &- 130 
K 9262 + 424 9700 * 600 

*Uncertainties represent f 1 standard deviation (n = 5). 

Its multielement capabilities and small 
sample-size requirements make SIMAAC well 
suited for GFAAS analyses of biological fluids 
which may only be available in limited quanti- 
ties. Recently, SIMAAC data were provided for 
the characterization of a protein reference solu- 
tion prepared by Dr. Gordon Fell at the Royal 
Infirmary in Glasgow, Scotland.4 This material 
is used for quality control purposes for clinical 
analyses. Simultaneous multielement analytical 
data obtained by using the SIMAAC system are 
compared with the ranges of data obtained by 
experts using atomic-absorption spectrometry, 
ICP-AES, and ICP-MS, in Table 8. The range 
of SIMAAC results compares favorably with 
the ranges of results obtained by the other 
techniques. 

Several years ago Dr. Susan Lewis developed 
several methods for multielement determi- 
nations in blood serum with the SIMAAC 
system. Of particular interest were the GFAAS 
methods developed. ‘OJ’ The first method per- 
mits the determination of Fe, Cu, and Zn in 
25 ~1 of serum and the second method was 
developed to facilitate the determination of 
Al, Co, Cr, Mn, MO, Ni, and V in blood serum 
after dry-ashing of 2 ml of lyophilized serum 
and dilution to a final volume of 0.5 ml. These 
methods were used to assist in the character- 
ization of Bovine Serum reference material 
(RM8419) produced at USDA and sold by the 

Table 7. GFAAS results for toxic elements in freeze-dried 
urine SRM 2670 

Concentration, pg/g, dry weight 

Element SIMAAC results* Certified values 

cu 331* 33 370 f 30 
Pb 98* 12 109*4 
Cr 86 f 7 85 + 6 
Ni 294 f 23 (300) 
Cd 84 f 6 88 f 3 

*Uncertainties represent + 1 standard deviation (n = 3). 

Table 8. GFAAS results for plasma protein solutions 

Range of concentrations, rig/ml 

Element SIMAAC Reference values* 

Al 320-360 330420 
Cr lWl60 120-150 
cu 16&220 180-280 
Mn 20&400 160-250 

*Based on data from AAS, ICP-AES, and ICP-MS. 

National Bureau of Standards.” As a result 
of the success with this material, a second 
bovine serum material was developed as a 
standard reference material (SRM 1598) and 
SIMAAC characterization data were requested. 
The first serum control material was run as a 
QC material for the characterization study 
and analytical data for 5 elements (Mn, Cr, Co, 
MO, and Al) for both RM8419 and SRM1598 
are listed in Table 9. The SRM1598 data 
are those which were reported to NBS in the 
characterization of that material. Co determi- 
nations were somewhat variable, so a range 
was reported rather than a mean f standard 
deviation. The certified values and uncertainties 
were determined subsequently and include 
reference data from a variety of methods and 
analysts. 

Graphite furnace slurry analyses 

Clearly, conventional sample preparation 
procedures provide a satisfactory means of 
sample decomposition for multielement GFAAS 
analyses. Additional benefits with regard to time 
saving and avoidance of sample contamination 
may be realized by eliminating this tedious 
sample preparation step and analyzing solids 
directly. Solid samples prepared as slurries may 
be introduced into the graphite furnace directly 
by conventional liquid sample delivery tech- 
niques, and extensive treatment of the samples 
is thus avoided.13 Slurry data thus obtained for 
the simultaneous multielement analyses of NBS 
SRM1568 Rice Flour appear in Table 10. A 
slurry of 10 mg of material in 5 ml of 5% v/v 
nitric acid containing 0.04% Triton X-100 was 
prepared. The slurry sample was mixed by 
ultrasonic agitation until the time that the 
autosampler withdrew an aliquot for injection 
into the graphite furnace. The SIMAAC data 
compare favorably with the certified values 
(average accuracy 100 + 11% based on the 
mean certified value). These and similar data for 
a variety of reference materials and biological 
and botanical materials suggest that this 
technique shows a great deal of promise. 
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Table 9. GFAAS results for bovine serum materials 
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Concentration, ng/ml 

Material Element SIMAAC result* Reference/certified value 

Bovine Serum 
SRM1598 

Mn 3.56 * 0.41 
Cr 0.23 5 0.06 
co 0.6-l .6 
MO 10.9 f. 2.9 
Al 3.14 & 0.89 

Bovine Serum 
RM8419 

Mn 2.12&0.18 
Cr 0.34 f 0.04 
co 0.8-2.4 
MO 13.7 rf: 3.2 
Al 8.04 f 0.30 

3.89 f 0.33 
0.14 f 0.08 
1.28 kO.19 
11.8 f 1.1 
3.8 f 0.9 

2.6 & 0.5 
0.30 f 0.05 

1.2hO.3 
16&4 
13*5 

*Uncertainties represent F 1 standard deviation (n = 5). 

Table 10. Slurry GFAAS results for NBS SRM 1568 Rice R~R~C~ 
Flour 

Concentration, pg/g, dry weight 

Element SIMAAC result* Certified value 

Mn 17.0 f 1.1 20. I f 0.4 
Zn 17.0 f 3.4 19.4 f 1 .o 
Fe 9.5 f 0.2 8.7 j, 0.6 
cu 1.9 f 0.2 2.2 + 0.3 
Ca 133f6 MO+20 

*Uncertainties represent f 1 standard deviation (n = 3). 

CONCLUSIONS 

The SIMAAC system, with its simple optical 
configuration, is a versatile analytical tool al- 
lowing rapid and ~onv~ient multiel~ent 
determination of up to I6 elements. Good back- 
ground correction capability and the extended 
range provided by the wavelength modulation 
are very desirable features of the system. Sub- 
ngfml detection limits can be obtained with ~1 
samples when graphite furnace atomization is 
employed. A large number of applications have 
been made with both flame and graphite furnace 
atomization under compromise conditions, with 
minimal effect on the accuracy and precision. 
Sample matrices analyzed range from biological 
fluids to coals and sediments. The rapid multi- 
element analysis capabilities of this system make 
it well suited for the evaluation of new methods 
such as the GFAAS slurry analysis techniques. 
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Summary-The objective of this study was to investigate the feasibility of using a commercially available 
cation-exchange column for trace metal preconcentration. In addition, the advantages of interfacing the 
column to a highly sensitive element-selective detector were examined. A high-performance ion-chro- 
matograph (HPIC) with a high-pressure pump and valve system was used to aid loading and delivery of 
the mobile phase. An inductively coupled plasma mass spectrometer combination (ICP-MS) was used as 
a detection device, with interfacing by means of a small diameter liquid-transport tube. The performance 
of the HPIC/ICP-MS combination was optimized by varying the concentration and flow-rate of two 
eluents (nitric acid and hydrochloric acid). The effects of varying the sample pH were assessed and the 
column capacity was determined by “breakthrough” teats. The elements copper, cadmium, mercury and 
lead were studied; the detection capability was dependent upon the sample volume loaded onto the 
column. The accuracy of the method was assessed by analysis of an “in house” reference standard. 

The Ontario Ministry of the Environment 
conducts many environmental studies which 
require information regarding the metal content 
of different sample matrices. An example of this 
is the acidic precipitation in Ontario study 
(APIOS). Many of these samples contain trace 
concentrations of elements that are of key 
importance to the project but are below the 
detection capability of the conventional ultra- 
trace metal determination methods based on 
ICP-MS. In particular, the levels of Cd 
and In are below the detection capability of 
the instrumental technique for many typical 
sample events.’ Other studies that require 
ultratrace metal determination in different ma- 
trices include long-range transport of air partic- 
ulates, and metal contamination of freshwater 
invertebrates and of surface and ground wa- 
ters.24 The preliminary work reported in this 
paper will be the basis for developing an analyt- 
ical method to support some or all of these 
studies. 

Ion-exchange columns have long been used 
for preconcentration for trace metal determi- 
nation.5-7 Commercial cation-columns specifi- 
cally designed for use in high-performance 
ion-chromatography (HPIC) systems are in 
use.* Though most of the applications involve 

*Author for correspondence. 

separation of the common transition metals, 
some work has been done with concentrator 
columns.9 

Commercially available HPIC systems gener- 
ally use photometric or conductimetric detec- 
tion to determine analytes in the eluate. These 
detectors provide a non-specific, universal 
response for various analytes. Single-element 
detectors have an advantage over non-specific 
detectors for the determination of individual 
analytes in the eluate from a chromatographic 
column. These techniques include color- 
imetry,“,” atomic-absorption spectrophotom- 
etry (AAS)‘2,‘3 and graphite-furnace atomic- 
absorption spectrophotometry (GFAAS).14 
GFAAS provides superior detection limits but 
sample throughput is limited by the discrete 
sample-introduction system. 

Multielement detectors have the advantage of 
being specific as well as more sensitive than 
traditional single-element detectors. The use of 
multielement detectors can eliminate chromato- 
graphic interference caused by co-eluted peaks 
of different elements.15 Systems that use multi- 
element detectors to measure elements in an 
eluate include atomic-fluorescence spectrometry 
(AFS),16 inductively coupled plasma atomic- 
emission spectrometry (ICP-AES)‘7,‘8 and 
direct current plasma atomic-emission spec- 
trometry (DCP-AES).‘9,20 
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Work in HPLC/ICP-AES has advanced to 
the point where temperature gradients are being 
employed in reversed-phase liquid chromatog- 
raphy to solve some of the elution problems for 
sulphur and silicon compounds in order to 
achieve better detection limits.2’ 

Inductively coupled plasma mass spectrome- 
try (ICP-MS) is a relatively new technique for 
elemental analysis; its operation and perfor- 
mance have been described elsewhere.22g23 

In the work described here an ICP-MS sys- 
tem was used as the detector for analytes eluted 
from a resin-based short IC cation guard- 
column. The advantages offered by the ICP-MS 
system include excellent detection limits, very 
fast sequential multielemental detection capabil- 
ity and the ability to measure isotope ratios in 
eluting peaks. Other workers have used ICP- 
MS as a detector in chromatographic separation 
and speciation studies,24,25 and off-line in studies 
of preconcentration, with use of the isotope 
dilution and standard addition techniques.26,27 
Gel filtration has also been used recently for 
sample preparation in interference studies.2s 

Maximum preconcentration is achieved when 
the analytes are removed from the column as 
rapidly as possible. Well defined, narrow ana- 
lyte peak-widths are required since the ICP-MS 
system uses peak-height measurements to deter- 
mine concentrations. Peak-area measurements 
can be made, but calculations must then be done 
off-line, with external software. Short retention 
times also permit higher sample throughput. 
Since all analytes from a previous sample must 
be removed from the column before a new 
sample is loaded, the retention times dictate the 
sample analysis rate. 

Copper, cadmium, mercury and lead were 
chosen as test analytes because of their signi- 
ficance in many environmental studies. They are 
also representative of a mass range that is 
scanned frequently. 

Interfacing of an HPIC with ICP-MS has 
been studied by other workers. Dean et a1.29 
stated that the number of theoretical plates, an 
indication of column efficiency and retention 
time, was not affected significantly by changes in 
the size of the liquid-transport tube. On the 
other hand, Whaley et aL3’ conducted extensive 
work on the flow and transport characteristics 
of an HPLC coupled to ICP-AES and found 
that the distance between the column and 
nebulizer should be as short as possible. It seems 
logical to minimize dispersion throughout the 
system. The major contributor to dispersion in 

an ICP is the spray chamber but this is a 
fixed variable. Large connection lines will cause 
additional dispersion. However, this potential 
problem can be minimized by keeping the dis- 
tance between the column and nebulizer as short 
as possible by using a small-bore connection 
tube. 

This work describes the general characteris- 
tics of the HPIC/ICP-MS system and the opti- 
mization of chromatographic conditions for the 
cation guard column for concentration and 
elution of metal ions. The final objective of the 
study is to demonstrate significant elemental 
preconcentration. 

EXPERIMENTAL 

Apparatus 

An Eldex model 264-100 dual-piston high- 
pressure pump was used in this study. Two 
Rheodyne six-port syringe-loading manual 
sample injector valves (model 7125) were em- 
ployed to load the sample onto the column. The 
syringe-loading ports were modified to permit 
continuous sample flow rather than single in- 
jections. This allowed the sample-loading and 
elution to be performed in a semi-automated 
mode. Switching from loading to injection was 
done manually. 

The column used for these studies was a 
Dionex Ionpac cation guard cartridge, model 
HPIC-CSS. Information on the physical and 
chemical make-up of the ion-exchange resin is a 
commercial secret. The column and the sample- 
introduction system of the ICP-MS were con- 
nected with 90 cm of 0.58 mm bore polyethylene 
tube (Clay Adams Inc.). The operating con- 
ditions for the ICP and the mass spectrometer 
were optimized for precision and detecting 
power prior to connection to the HPIC 
(Table 1). 

Reagents 

The eluents for this study were prepared from 
Sea-Star ultrapure nitric and hydrochloric acids 
(Sea-Star Chemicals, Sydney, British Columbia, 
Canada). The analyte contamination levels in 
the concentrated nitric acid were listed as 
0.020 ng/ml Cu, 0.005 ng/ml Cd and 0.04 ng/ml 
Pb. The analyte contamination levels in 
the concentrated hydrochloric acid were 
0.050 ng/ml Cu, 0.020 ng/ml Cd and 0.50 ng/ml 
Pb. There were no assay listings for Hg in either 
acid. The stock metal standard solutions 
(1000 pg/l.) were prepared from either Fisher 
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Table 1. Spectrometer description and operating conditions action can result in experimental differences of 
Instrument column capacity for each element. 

ICP-MS System Perkin-Elmer/Sciex Elan model 250 
ICP Plasma Therm Co. model 2500 
Sample Meinhard C-3 nebulizer 

introduction Scott-type spray chamber 
Fassel-type torch with extension for 
interface compatibility 

Software Beta copy of version 11.0 

Operating conditions 

ICP Forward power 1lOOW 
Coolant flow-rate 12 l./min 
Auxiliary flow-rate 0.8 l./min 
Nebulizer flow-rate 1.6 I./min 
Nebulizer back pressure 45 psig 
Viewing height 20 mm above 

load coil 
Ion lens P - 11.97 V (dc.) 

B +3.55 V (d.c.) 
s2 + 17.00 V (dc.) 
El -lO.llV(d.c.) 

Operating 1st stage lo-’ mmHg 
pressure 2nd stage 3.5 x 10ms mmHg 

Measurement low resolution 
parameters sequential mode; 3 points per peak, 0.5 set 

measurement time 
Isotopes 

scanned Wu, Wd, 208Pb, *02Hg 

Cadmium, copper and lead were eluted 
quickly, with sharp peaks, but the mercury peak 
had a long tail, showing a significant back- 
ground signal for 15-20 min after the peak 
maximum had appeared. This was attributed to 
a memory effect, the mercury being adsorbed on 
the system components and then slowly leached. 
Figure 1 shows a multielement scan produced 
by using the sequential scanning mode of the 
ICP-MS with 5% v/v nitric acid as eluent and 
a multielement solution containing 10 ng/ml of 
each analyte. Note the substantial tail on the Hg 
peak, indicative of a memory effect. 

Eflects of eluent strength on retention time 

or BDH reagent grade materials. The sodium 
hydroxide used was BDH analytical reagent 
grade. Doubly distilled demineralized water 
(DDW) was prepared by passing distilled water 
through a Barnstead Nanopure-II system, and 
collecting it in batches. 

The removal of cations from cation columns 
is dependent on the acidity of the eluent. In 
general, the higher the acid concentration, 
the shorter the retention time.3’ As mentioned 
earlier, rapid removal of the analyte “plug” 
from the column is desirable. A series of experi- 
ments was conducted to determine the effects of 
eluent strength on retention time, with various 
concentrations of nitric and hydrochloric acids. 

RESULTS AND DISCUSSION 

Column capacity 

Since information on the column packing 
material and dimensions was not available, 
the column capacity was determined experi- 
mentally. Solutions containing 10 pg/ml of 
each element of interest were passed through 
the column at a flow-rate of 2.0 ml/min. 
“Breakthrough” was indicated by the con- 
tinuously monitored analyte signal increasing 
significantly above background. Table 2 dis- 
plays the column capacity results. The theoreti- 
cal column capacity is expected to be similar for 
all four elements. Differences in flow-rates, con- 
centrations of standards, analyte contamination 
of the eluent, and column packing/analyte inter- 

A multielement solution of copper, cadmium 
and lead, each at a concentration of 10 ng/ml, 
was used for this experiment. The pH of this 
solution (2.8) was rather low because of preser- 
vation of the stock solution with nitric acid. The 
solution was pumped through the column until 
200 ng of each element had been loaded, then 
the elements were eluted with nitric acid at 
concentrations varied from 0.05 to 10% v/v. 
The set of experiments was then repeated with 
hydrochloric acid as the eluent. 

Table 2. Column capacity 

Breakthrough Capacity, 
Element time, min w 

cu 38 6.0 
Cd 70 6.3 
Hg 88 5.7 
Pb 126 6.1 

Figure 2 shows a profile of retention time us. 
nitric acid concentration for Cu, Cd and Pb. 
The retention time decreases rapidly with in- 
creasing acid concentration up to about 3%, 
and then more gradually. The profile for Hg is 
similar (Fig. 3). Figures 4 and 5 show the results 
for use of hydrochloric acid as eluent. The 
curves exhibit the same general trends, with a 
decrease in retention time with increasing acid 
concentration, but the time resolution of the 
elements is better than that with nitric acid, at 
all but the highest acid concentrations, suggest- 
ing that hydrochloric acid may be preferable 
for methods requiring separation rather than 
preconcentration. 

Nitric acid was preferred for the present work 
because it generally gave lower retention times 
for all the elements studied. Because of the 
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Eluont - 5% HNO, 
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Fig. I. Scan of a multielement solution eluted from the cation column after passage of a solution 
containing 10 ng/ml of each element, for 11 min at 2 ml/min. 

significantly longer retention times and poor 
peak resolution for mercury, no further experi- 
ments were done with it. 

Limitations on eluent strength 

With the ICP-MS system, the acid concen- 
trations of the sample entering the spray cham- 
ber should be kept as low as practicable because 
high concentrations of acid degrade the nickel 
sampling orifice, resulting in imprecision of the 
signa1.32 

In addition, spectral interferences appear, 
owing to the combination of H, N and 0 atoms 
with metal ions in the plasma. Since the nitric 
acid is a good source of these elements, the acid 
concentration becomes a limiting factor. Tan 

Column brdlne 
200 ne 

Per Element 

I I I I 
a 

Acid Con~entrotloneWJ HNO, e 

Fig. 2. The effect of varying the concentration of nitric acid 
as eluent on the retention time for Cu, Cd and Pb. 

) 

and Horlick have done extensive work docu- 
menting the spectral interferences caused by 
nitric acid solutions. 33 A further reason for 
limiting the concentration of the acid in the 
eluent is that there are detectable levels of 
analyte contamination in the acid, which will 
degrade the detection limits. Also, high concen- 
trations of acid (> 6M) will cause the column 
resin to shrink, resulting in a diminished diffu- 
sion velocity of ions in the resin bed. This 
will result in longer retention times for the 
analytes.3’ 

On the basis of these considerations and the 
experimental results discussed above, the eluent 
concentration of 5% v/v nitric acid chosen was 
a good compromise. 

200 I 
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Fig. 3. The effect of varying the concentration of nitric acid 
as eluent on the retention time for Hg. 
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Fig. 4. The effect of varying the concentration of hy- 
drochloric acid as eluent on the retention time for Cu, Cd 

and Pb. 

Eflects of flow-rate on retention and response 
times 

The piston pump delivers both the sample 
loading stream and the elution acid stream. 
Monitoring the elution profiles of analytes while 
changing the flow-rate through the piston pump 
allows determination of the effects of flow-rate 
on retention and response times. In these experi- 
ments we have defined the response time as the 
time elapsed from the beginning of the loading 
sequence to the initial response of the detector 
to the eluted analyte. 

Pump flow-rates were adjusted by mechanical 
movement of the micrometer scaled stop-rod 
which controlled the length of piston travel. 
Flow-rates for the experiment were 0.5, 1 .O, 2.0, 
3.5 and 5.0 ml/min. The pump setting for each 
flow-rate was determined experimentally by col- 
lecting the eluent from the column for 1 min and 
measuring its volume. The maximum flow-rate 
with this pump was found to be 5 ml/min. 
Retention and response times were determined 
by monitoring the profile produced for each 

Column LoodIng 
200 no 

0 1 
I I I I 1 

0 2 4 0 a 10 

Acid Concentration (%) HCI 

Fig. 5. The effect of varying the concentration of hydro- 
chloric acid as eluent on the retention time for Hg. 

analyte. The retention and response times were 
found to be similar for all three elements, so 
plots for one analyte will be given. A solution of 
10 ng/ml Cu was pumped to produce a column 
loading of 200 ng of Cu, the loading time being 
adjusted according to the flow-rate setting, e.g., 
to 40 min at the 0.5 ml/min flow-rate. Figure 6 
shows the retention and response times as func- 
tions of flow-rate. As expected, the retention 
time decreases as the pump flow-rate is in- 
creased. It levels off at flow-rates above 
3.0 ml/min. The response time decreases more 
rapidly as the flow-rate is increased. At a flow- 
rate greater than 2.0 ml/min, the response time 
is constant at approximately 2.0 min. A flow- 
rate of 3.5 ml/min was chosen as optimum. 

Higher flow-rates degrade the precision of 
the analyte signal from the ICP-MS, because 
the flow-rate exceeds the optimum input rate for 
the nebulizer. Increased pumping speed may 
also cause imprecise movements of the piston, 
resulting in irregular flow-rates. 

Eflects of sample pH on detention time and 
instrument response 

Samples submitted to the laboratory may 
vary in pH. Any analytical method chosen for 
sample analysis must ensure that variations in 
the sample pH will not bias the accuracy of the 
results. 

The acidity or alkalinity of a sample will 
affect the complex equilibrium of the column.” 
It is necessary to establish a “working pH 
range” that will have minimal effect on instru- 
ment response and retention time. This will 
eliminate the need for any sample pH adjust- 
ment, which would not only be time-consuming 
but could also be a significant source of contam- 
ination. 

Six sample solutions with pH values of 11.5, 
9.5, 7.4, 4.7, 3.0 and 1.6 were prepared with 

0 
I I I I I I 

0 I a s 4 6 e 

Flow Rote (ml/mln) 

Fig. 6. Effect of flow-rate on retention and response time. 
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175 ng of cu 
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DH 

Fig. 7. Effect of pH on retention time for Cu. 

analyte concentrations of 10 ng/ml each of Cu, 
Cd and Pb. The pH was adjusted with nitric 
acid and sodium hydroxide solution. Each of 
the six solutions was loaded onto the column at 
a flow-rate of 3.5 ml/min for 5 min, giving an 
analyte loading of 175 ng for each element, and 
5% v/v nitric acid was used as the eluent. The 
instrumental responses for each analyte at the 
different pH levels were measured and retention 
times were determined. 

Figure 7 depicts a plot of the retention time 
for Cu as a function of sample pH. Insignificant 
variation in retention time was observed over 
the range of pH from 1.6 to 9.5. At pH > 9.5 
the retention time increased, probably because 
of precipitation of metal hydroxides on the 
column. 

Figure 8 displays the Cu signal response VS. 
sample pH. Unlike the relatively flat retention 
time curve, this profile exhibits a decreased 
signal at low pH and an increased one at high 
pH, with a constant response between pH 4 and 
9. This means that any sample with a pH falling 
in this range can be loaded onto the column, 
eluted and analysed, with minimal bias in the 
result. The lower limit could be extended to 
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Fig. 8. Effect of pH on ion count-rate of an analyte solution 

Table 3. 

Mean count Standard 
(n = lo), deviation RSD, 

Element ionslsec ions jsec % 

cu 106,666 9456 8.8 
Cd 71,617 4067 5.6 
Pb 362,880 16,849 4.6 

pH 3 without much loss of accuracy. Copper 
was used as a representative element since all 
three elements gave similar profiles. 

Recovery studies 

To confirm that all the analyte was recovered 
from the column with each elution, the relation- 
ship of the peak area for a steady-state 
nebulized sample to the peak area for a precon- 
centrated sample was monitored. The recoveries 
calculated for Cu, Cd and Pb were 105, 104 and 
1 I 1% respectively. 

Precision 

Precision was measured by loading a solution 
containing 10 ng/ml of Cu, Cd and Pb onto the 
column at a flow-rate of 3.5 ml/min for 5.0 min, 
giving a 175 ng loading per element. The results 
are given in Table 3. 

De tee tion limits 

The detection limit was determined by load- 
ing 20 ml of DDW as a blank and 20 ml of an 
aqueous 10 ng/ml standard onto the column, 
eluting with 5% v/v nitric acid and measuring 
the ion count-rates for the bIank and standard. 
Ten replicates were run, and the detection limit 
was calculated as the sample concentration cor- 
responding to a signal that was three times the 
standard deviation of the blank. The values 
found are given in Table 4. A comparison with 
the detection limits obtained for direct nebuliza- 
tion suggests that the HPIC detection limit (with 
a 20-ml sample) is lower by a factor of 10-17. 
Theoretically, the detection limits can be further 
lowered by increasing the loading on the 
column. For example, loading 40 ml of sample 
should result in halving the detection limits. The 

Table 4. Detection limit compari- 
son 

Detection limit, rig/l.. 

Direct 
Element nebulization HPIC* 

cu 20 2 
Cd 50 3 
Pb 35 2 

*Based on a 20-ml sample. 
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validity of this assumption will be tested in 
future investigations. 

High-purity blanks are necessary for ultra- 
trace metal determinations. As seen above, the 
laboratory DDW is adequate for measurements 
at rig/l.. levels, but for pg/l. levels the water 
would contain sufficient contaminant to reduce 
the detection power of the method. 

Laboratory DDW can be purified by passing 
it through the HPIC column and collecting the 
effluent. As the capacity of the cation column 
used in this study is high, a substantial amount 
of water can be ultrapurified by this method. If 
this water is used for the blanks, serial dilution 
of standards and preparation of the eluent, the 
blank count-rates will be reduced and thus the 
detection power increased. 

Figure 9 depicts the peaks obtained for Cu, 
by analysing 100 ml of a blank re-purified as 
described above, and a lOO-pg/l. standard ob- 
tained by serial dilution with the re-purified 
water. As can be seen, there is a significant 
difference between the count-rates for the 
standard and the blank. 

Accuracy 

The accuracy of the method was examined by 
using a Ministry of the Environment (MOE) 
control reference sample, used in a documented 
method for ultatrace determination of metals 
in acid precipitation samples.’ Table 5 shows 
a comparison of accuracy between the con- 
ventional method and HPIC/ICP-MS. The 
measured values are within 10% of the accepted 
values for the MOE control reference. It was 
expected that the technique would be as accu- 
rate as the data indicate, with this reference 
material, since it is a relatively clean matrix. 

Retention Tlmo lmin) 

Fig. 9. Ion count-rate for a 100 pg/l. Cu standard solution 
and a re-purified blank (lOOmI; concentration on the 

column and elution with 5% v/v nitric acid). 

Table 5. Accuracy of the HPIC method with 
Ministry of the Environment Reference Stan- 

dard (MOE-CHKS)* 

Expected Observed 
Element value, ng/ml value,? nglml 

cu 5.73 f 0.29 6.03 f 0.48 
Cd 5.23 f 0.26 5.77 f 0.29 
Pb 5.10 f 0.25 4.75 f 0.33 

*This material is an “in house” reference 
standard used as an instrument control for 
the determination of trace elements in acid 
precipitation.’ 

tconcentrations are based on use of a lo-ml 
aliquot of sample. 

Matrices containing higher levels of dissolved 
solids may cause some chemical interferences. 

CONCLUSIONS 

Use of ICP-MS detector with its advantages 
of excellent detection power and simultaneous 
multielement detection, has resulted in develop- 
ment of a successful HPIC/ICP-MS technique 
for on-line preconcentration. The Dionex CS5 
column has been shown to be capable of con- 
centrating up to 6 peq of analyte before being 
overloaded. The optimum eluent strength for 
the determination of Cu, Cd and Pb has been 
established as 5% v/v nitric acid, used at a 
flow-rate of 3.5 ml/min. 

Characterization of the Dionex CS5 column 
has shown that samples with a pH range of 3-9 
can be successfully analyzed by this technique. 
Knowledge of the column capacity and reten- 
tion times permits automation of off-line perfor- 
mance of the preconcentration step, allowing 
the ICP-MS system to be used for other analy- 
ses while fractionated samples are being pre- 
pared. Mercury gives a peak with prolonged 
tailing, so peak-area rather than peak-height 
measurements must be used, and the analysis 
time is practically doubled. 

Hydrochloric acid has better separation capa- 
bility than nitric acid and is a potential eluent 
for future studies. 
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Summary-Results obtained for 12 elements in approximately 1600 rocks by instrumental neutron 
activation analysis (INAA) are compared with those obtained by ICP emission spectrometry (ICP-ES), 
XRF, and atomic-absorption spectrometry (AAS). Sample duplicates and two controls are used to 
evaluate the precison of the methods investigated. Application of a method (Maximum Likelihood 
Functional Relationship) to determine and quantify rotational and translational bias is demonstrated. The 
elements Na, Fe, Ba, Co, Cr, La, Ni and Rb can be determined in rocks by INAA with sulIicient sensitivity 
and precision, whereas the determination of Ag, Yb, Zn and Zr suffers from inadequate sensitivity. Good 
agreement is seen in the results for Na (by INAA, ICP-ES and XRF) and Ag (INAA and AAS). A 
significant positive bias (13% or less) is evident in the comparison of results by INAA and ICP-ES or 
XRF for Cr, Ba, Ni and Fe over a wide range of concentration. A similar trend, though less significant, 
is observed for the elements Yb, Rb, La and Co; the upper limit of concentration for satisfactory 
determination is within a decade of the highest detection limit for these elements. Rotational and 
translational bias is evident for Zn in the comparison of data obtained by INAA and ICP-ES, the results 
by INAA being appreciably lower above about 400 ppm Zn. 

Since the advent of high-resolution germanium 
detectors in the 196Os, instrumental neutron 
activation analysis (INAA) has played a major 
role in the determination of trace elements in 
silicate rocks.’ This technique has been particu- 
larly well suited to the direct determination of 
rare-earth elements and refractory metals such 
as Hf, Ta, Th and U, as evidenced by the large 
amount of data reported in the characterization 
of geochemical standard reference materials.‘” 
Renewed interest in exploration for deposits of 
Au and the platinum group elements (PGEs) in 
the 1980s led to the widespread application of 
this technique in the analysis of rocks, soils and 
stream or lake sediments. While sensitivity for 
Au and its pathfinder elements (e.g., As, Sb, Se) 
is adequate by INAA, prior separation and 
preconcentration are necessary in the determi- 
nation of PGEs.’ Features such as the unrivalled 
simplicity of INAA, its low detection limit of 
about 5 rig/g for Au, and the ability to analyse 
sample weights greater than 1 g (usually l-30 g) 
have encouraged the growth of commercial 
laboratories using nuclear reactor facilities. The 
ease of handling sample weights in excess of 5 g 

*GSC contribution 10189. 

has been particularly beneficial in the determi- 
nation of Au, where the well-known “nugget” 
effect’ creates uncertainty when inadequate 
sampling sizes are used. In recent years, “pack- 
ages” have been developed by these INAA 
laboratories, designed to provide the geochemist 
with additional data to be used in identifying 
rock type, alteration processes and pathfinder 
elements. Thus, as many as 33 elements are 
determined along with Au for only a fractional 
increase in the cost. The non-destructive nature 
of this technique, together with its cost-effective- 
ness, have resulted in its adoption in large-scale 
regional reconnaissance surveys in countries 
such as the U.S.A. and Canada.9 The Geological 
Survey of Canada (GSC) is currently applying 
this technique to the analysis of large numbers 
of archived samples, primarily for Au, but 
information on the concentrations of other 
elements is proving valuable. 

The objective of this work was to compare 
results obtained by INAA with those obtained 
by other established techniques such as wave- 
length-dispersive X-ray fluorescence (XRF), 
inductively-coupled plasma emission spec- 
trometry (ICP-ES) and atomic-absorption spec- 
trometry (AAS). The data sets used in this 

TAL 37,,--1 135 
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evaluation are not ideal, in that the main objec- 
tive of the original programme was to support 
a follow-up geochemical interpretation study 
and not to compare analytical methods. The 
choice of elements needed by the geochemist in 
this investigation dictated the use of various 
“packages” employing the techniques of INAA, 
ICP-ES, XRF and AAS. The elements deter- 
mined in the INAA “packages” which are also 
common to the other three are those under 
study here, namely Na, Fe, Ba, Ag, Co, Cr, La, 
Ni, Rb, Yb, Zn and Zr. Some elements in the 
INAA suite, such as Cd, Hg, Ir, Te and Sn, have 
detection limits which are too high for geochem- 
cal exploration purposes; ideally, such limits 
should be at or below natural abundance levels 
in the medium analysed. 

Data for about 1600 rocks, analysed over a 
two-year period, have been collated for this 
comparison. The samples have widely varying 
matrices, largely unweathered, from felsic to 
basic in nature and ranging from “background” 
granites to ore-grade drill-core rocks high in 
chromites or sulphides. Samples were crushed, 
ground and ball-milled to less than 200 mesh 
(74 pm) at the GSC, split into two groups and 
analysed at several production-oriented labora- 
tories. In evaluating the results obtained, it 
should be borne in mind that these laboratories 
are employing methods designed to be cost- 
effective and efficient for as many elements as 
possible, and hence compromises have been 
effected. This is not a comparison of methods 
each optimized for sensitivity and selectivity. 
Therefore, results may be degraded not solely by 
the errors inherent in each method but also by 
the presence of heterogeneity in the samples, 
possible sample mix-up, and errors in the re- 
porting of data by the laboratories. The preci- 
sion of the methods and bias between them are 
evaluated for the 12 elements according to 
methods described later. Absolute accuracy is 
more difficult to assess, as in-house control 
samples rather than international standard ref- 
erence materials were used because large 
amounts of sample material were required. This 
study is a comparison of data produced by using 
production-oriented methods or “analytical sys- 
tems” as designed and implemented by the 
respective laboratories. Hence, the conclusions 
to be drawn are valid with respect to the “sys- 
tems” employed but may not be relevant in 
other comparisons involving laboratories 
using similar techniques but different overall 
methods. 

EXPERIMENTAL 

The INAA data were obtained under contract 
with Becquerel Laboratories of Mississauga, 
Ontario, Canada; all other results were reported 
by the Analytical Chemistry Laboratories of the 
GSC. Samples were usually sorted into batches 
of similar geology, varying in number from 
about 30 to 150 and split into two sets for 
analysis at GSC and contract laboratories. Two 
control samples were inserted at regular inter- 
vals (usually 1 in 20) and numbered in sequence 
with the rock samples, and were to be used to 
measure the precision of the analytical methods. 
Samples were also split, following preparation, 
to form a set of “blind duplicates” or replicates 
which would yield information not only on the 
precision of the methods used but also on the 
degree of homogeneity of each element in the 
various sample types. Both controls and blind 
duplicates were designed to be “unknowns” in 
each suite of samples. 

INAA 

Samples, weighing between 5 and 10 g, were 
encapsulated in snap-cap polyethylene vials, 3.5 
cm in diameter and 1 cm in height. A flux 
monitor (proprietary) was attached to each vial 
and then shrink-wrapped to ensure sample in- 
tegrity. Some commercial laboratories use 
nichrome or iron wires inserted in a batch of 
vials to monitor the change in flux density with 
distance from the core. Samples were stacked in 
bundles and irradiated for approximately 20 
min at the McMaster Nuclear Reactor (Hamil- 
ton, Ontario) in a neutron flux of 4 x 10” 
n.cm-2.sec-‘. Cadmium shielding was em- 
ployed to permit activation by epithermal rather 
than thermal neutrons, as this type of irradia- 
tion with energy above 0.5 eV enhances sensitiv- 
ity of Au, the element around which the 
“package” was designed. After a seven-day 
decay period, the gamma-ray spectra were ac- 
quired by use of co-axial germanium detectors 
and a Nuclear Data multichannel analyser sys- 
tem optimized for high count-rate applications 
and incorporating a Westphal-type dead-time 
correction. The resolution of the Ge detector is 
1.8 keV (FWHM) at the 1.333 MeV peak of 
@‘Co. Samples were mounted on an automatic 
changing-wheel and counted for 15 min at 
a distance of approximately 1 cm from the 
detector. 

The nuclear data relevant to the elements 
under discussion are shown in Table 1. If there 
are two or more interference-free peaks avail- 
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Table 1. Nuclear data for the 12 elements under study: all nuclear reactions are (n, y) 
except for “Ni(n, D)“CO 

Parent 
nuclide 

Isotopic 
abundance, Gamma-ray, 

% Radionuclide keV Half-life Interferences 

*‘Na 100 UNa 1368.5 15.0 hr Sb 

S8Fe 0.31 s9Fe 

“OBa 0.11 “‘Ba 
‘OPAg 48.2 ““‘“Ag 
wo 100 MC0 

Wr 
‘39La 

4.35 
99.9 

“Cr 
‘*La 

“Ni 68.3 wo 
85Rb 72.2 =Rb 
‘74Yb 31.6 ‘75Yb 

2754.1 
1099.2 
1291.6 
496.3 
884.7 

1173.2 
1332.5 
320.0 
487.0 

1596.5 
810.8 

1076.6 
396.3 

44.6 d 

11.7 d 
252 d 

5.27 y 

27.7 d 
40.2 hr 

Ni, Co, Ta 

U fission 

Ni 

Lu, Nd, Fe 
U fission 

70.8 d 
18.8 d 
4.19 d Th 

MZn 48.6 65Zn 1115.5 244 d Sc, Eu, Tb, Ta 
%Zr 17.4 95Zr 756.7 65.5 d U fission 

able for quantification of an isotope, results are 
averaged. Where gamma-rays produced by an 
interfering radionuclide cannot be resolved 
from the analyte peak (e.g., 1120.52 keV from 
&SC and 1115.52 keV from 65Zn), inter-element 
corrections are made. Similarly, when a signifi- 
cant proportion of the activity measured occurs 
from the fission of U within the sample and not 
just from the activation of the analyte, as can be 
the case for Ba, La and Zr, corrections are 
computed by quantifying the amount of U in 
the sample. Hence, net peak areas are derived; 
this laboratory does not currently employ peak 
deconvolution programs. Calibrations are per- 
formed with USGS, NBS and IAEA standard 
reference materials, supplemented where neces- 
sary by synthetic solutions spiked on known 
matrices such as SiOz. Results are corrected for 
weight differences between samples, exponential 
decay of activity neutron-flux gradient and vari- 
ations in counting geometry. A laboratory con- 
trol sample is analysed at a frequency of 1 in 20 
to check for errors. Changes in the routing 
procedure, such as an increase in decay period, 
counting time or detector distance, are made 
when samples abnormally high in trace elements 
are encountered. When this occurs, for example 
when heavy mineral concentrates or ore-grade 
materials are analysed, precision is often de- 
graded for elements at low levels, and hence 
detection limits are raised. In this study, some 
samples contained ore-grade concentrations of 
Au, Ag, Zn, Cu, Ba and Sb. 

determined by AAS. The methods used are 
similar to those described in the handbook by 
Thompson and Walsh. ‘O A Jobin-Yvon Model 
48 simultaneous ICP atomic-emission spec- 
trometer incorporating a holographic 2400 
grooves/mm grating was used. Details of the 
instrumentation and operating conditions are 
given in Table 2. The AA spectrometer em- 
ployed in analysis for Ag was the Varian Model 
475; standard conditions with background cor- 
rection at the 328.1 nm Ag line were used. 

ICP-ES/AAS 

Two sample digestion procedures were em- 
ployed: fusion for major and minor elements 
(Na, Fe, Ba) and acid attack combined with a 
fusion for trace elements (Ag, Co, Cr, La, Ni, 
Yb, Zn). The former involves fusion of a 
0.5-g sample with 1.5 g of a 3 : 1 w/w mixture of 
lithium metaborate and lithium tetraborate at 
900”. The melt is dissolved in 250 ml of 4% v/v 
nitric acid containing 10 ml of 0.8% EDTA 
solution to stabilize elements such as Ba in 
solution. The dissolution procedure for the trace 
elements consists of an acid attack on 1 g of 
sample with an HF/HNO, HCl/HClO., mixture 
and evaporation to dryness followed by dissolu- 
tion in 10% v/v hydrochloric acid. Any residue 
remaining is filtered off, then fused with 0.5 g of 
lithium metaborate and the cooled melt is dis- 
solved in 10% v/v hydrochloric acid. Again, 
EDTA is added as a complexing agent and the 
two hydrochloric acid solutions are combined 
and diluted accurately to a total volume of 100 
ml. Hence, the solution for trace element analy- 
sis is five times as concentrated as the solution 
for determination of major elements. 

The elements Na, Fe, Ba, Co, Cr, La, Ni, Yb Calibration is done with a combination of 
and Zr were determined by ICP-ES. Silver was USGS and CANMET standard reference mate- 
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Table 2. Hardware and operating conditions used in analysis by 
ICP-ES 

RF generator 
Nebulizer 

Spray chamber 
Torch 
RF power 
Plasma Ar flow-rate 
Auxiliary Ar flow-rate 
Sheath Ar flow-rate 
Solution uptake rate 
Integration time 

Spectral lines 

2.5 kW, frequency 21.12 MHz 
Meinhard “C” concentric glass 

Scott-type 
JY demountable HF resistant 
1.2 kW 
13 l./min 
0.2 l./min 
0.3 l./min 
1.7 ml/min 
10 set, 3 measurements each 

Element 

Na 
Fe 
Ba 
co 
Cr 
La 
Ni 
Yb 
Zn 

Wavelength, Spectral 
?lM interferences 

588.9 
261.1 
233.5 
228.6 Ti, Fe, Mg 
261.7 Fe, Mg, Mn 
233.1 Ti, Mn 
231.6 Fe, Mg, Mn, Ba 
328.9 Ti, Fe 
213.8 Al, Fe 

rials and synthetic solutions made by spiking 
blanks for each procedure. Three IO-set integra- 
tions of the ICP signal are made and inter- 
element corrections calculated where necessary 
(Table 2). 

XRF 

The elements Na, Fe, Ba, Rb and Zr were 
determined by XRF. The sequential Philips PW 
1404 wavelength-dispersive spectrometer was 
employed. The side-window Rh tube was oper- 
ated at 4&60 kV and 50-75 mA and the 
analysing crystals were LiF (200) (for Fe, Ba, 
Rb, Zr) and PX-1 (for Na). X-Ray intensities 
were measured with a scintillation detector at 
the 28 goniometer positions corresponding to 
the respective K, (Na, Fe, Rb, Zr) and L, (Ba) 
lines. 

Glass discs were prepared by fusing 1 g of 
sample with a mixture comprising 5 g of 
Li,B,O,, 0.3 g of LiF, 0.5 g of NH,NO, and 
0.3 g of NH,1 at about 1000” for 20 min in a 
Claisse-type fluxer, after which the melt was 
poured into a 95% Pt-5% Au alloy mold. 
Calibration was done with duplicate samples 
of 26 standard reference materials. Corrections 
for interference effects were based on the 
LaChance-Trail1 model; an iteration process 
employing a 22 x 22 matrix was applied. 
Further details of the method are given 
elsewhere. ‘U 

Data presentation and statistical analysis 

The principal goal of the data analysis was to 
ascertain whether bias exists between different 
methods of determination. The simplest way to 
achieve this is to examine x-y scatter plots, 
where x refers to method 1 and y to method 2; 
in the absence of bias, data points should fall 
symmetrically about the 45” line, corresponding 
to the equation y = x. In the presence of a linear 
bias, the point will fall about some other line, 
y = a + #kc, where a is the intercept and /? is the 
slope. Statistical characterization of bias in- 
volves the estimation of a and /I; if a # 0, a 
translational bias is suspected and if /3 # 1, a 
rotational bias is suspected. 

Conventional least-squares fitting to mini- 
mize C(y - a - /lx)* is unsuitable, because 
different lines are determined according to 
whether y is regressed on x, or x on y, and both 
methods involve measurement error which 
varies with concentration. Ripley and Thomp- 
sonI have proposed a new technique, using the 
Maximum Likelihood Functional Relationship 
(MLFR), to overcome these problems. The 
MLFR expresses the theoretical relationship 
between methods as a straight line, but the same 
line is obtained when x and y are reversed. The 
method combines the advantages of a reduced 
major-axis correlation, with the ability to con- 
sider the measurement errors for both x and y 



at each point. The MLFR method uses The blind-duplicate control charts illustrated 
weights, wi, for the i = 1,2 . . . n sample points. here are log-log plots, and include two control 
In ordinary weighted regression the weights lines. These are both 95th percentile lines for the 
are often assumed to be inversely proportional selected precision. The precision is specified only 
to the variance of the dependent variable, as 2k, and the intercept is assumed to be zero for 
wi = l/var( y,). For MLFR, the expression for these charts, i.e., zero error at zero concentra- 
the weights involves the variances for both x tion. The 95th percentile for a particular preci- 
and y: wi = l/[var(x,) + /l’var(y,)]. Because B sion is an upper confidence line, above which no 
appears in this expression, and is one of the more than 5% of the points should lie if that 
unknowns, a non-linear method of solution is level of precision is to be accepted, and assum- 
required. For each sample, x, var(x), y, and ing that the errors are Gaussian. For small 
var ( y) must be available for the MLFR line to numbers of points, tables of the binomial distri- 
be calculated. When var(x) and var (y) are bution can be used to calculate the exact prob- 
constant, the MLFR line is the same as the ability that M out of N points will fall above the 
reduced major axis correlation. 95% percentile.15 The approach taken in this 

Ideally, each sample would be split into at paper has been to plot a series of 95% percentile 
least four, so that duplicate determinations lines, corresponding to 5, 10, 20, 30, 40, 50, 60, 
could be used to estimate measurement errors 70,80,90 and 100% precision, using the expres- 
for both methods with each sample. In practical sions given by Fletcher,16 on each blind dupli- 
situations this may be too costly, and estimates cate graph. After rejecting any obvious “fliers” 
of error can be substituted for measured errors. that appear to be due to errors such as sample 

For many analytical systems, the relationship mix-up, two of these lines are selected and 
u, = CT, + kc has been shown to be an appropri- retained. Two pairs of samples which appear to 
ate model for measurement error, where rr, is the be mismatches are identified by “stars” in the 
standard deviation of measurement at concen- control charts. The 95% percentile line separat- 
tration c, rr,, is the standard deviation at “zero” ing rough/y 5% of the points on its upper side 
concentration and k is a constant.15 Analytical is chosen as an approximate guide to the preci- 
variation is often given in terms of precision, PC, sion. For comparison, the 95% percentile for a 
which is normally taken to be twice the relative much lower precision is also illustrated, as the 
standard deviation (rsd), PC = 20,/c. Combining “sandwich” between the pair of lines assists a 
these two expressions gives P, = 20,/c + 2k, graphical appraisal. Note that in this paper, the 
from which it can be seen that the precision two control lines both represent 95% percentiles 
approaches 2k at high concentrations. (PC must for two different precision specifications, 
be multiplied by 100 if it is to be expressed as whereas in reference 15 two control lines for two 
a percentage). different precentiles (90th, 99th) are illustrated 

Thompson and Howarth15 show that blind at the same precision specification. Also note 
duplicates (sample splits, not field duplicates) that when duplicate results are identical, the 
inserted randomly in a batch of samples provide points are plotted at the lowest level of the 
an excellent method for estimating analytical logarithimic y-axis on the graphs. 
error. Their method involves plotting the abso- In estimating bias between methods by 
lute difference us. the mean for each duplicate MLFR, a range of precision specifications for 
pair, where the absolute difference is used as an each method was tested experimentally to eval- 
estimate of the standard deviation of measure- uate the sensitivity of the value of a and b and 
ment, and the mean is used as an estimate of their standard errors to different values of preci- 
average concentration. They show that a robust sion. In general, the values of a and /I varied 
method of fitting a line to these points provides little even with quite large changes in precision, 
reasonable estimates of co and k. However, whereas their standard errors increased with 
when fewer than 50 duplicates are available they increasing precision. Thus, if the precision is 
suggest using a graphical control chart to verify improperly specified, the slope and intercept of 
an assumed level of precision. the MLFR line are not much affected, but the 

Because of the relatively small number of tests of significance for a = 0, fl = 1 can be 
blind duplicates, the control chart method is affected. For most of the cases reported here, 
employed here. This allows a rough estimate of the test b = 1 could be rejected with confidence 
precision, which in turn is used to calculate the for a wide range of precision specification, 
measurement errors for fitting the MLFR line. whereas the test a = 0 could normally not be 
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rejected. The exceptions are discussed in the 
results section. 

Note that for all the bias calculations, values 
at or below the detection limit were omitted 
from the MLFR calculations, although the 
points are plotted. For some elements, an upper 
bracket was also imposed for line-fitting, as 
discussed in the text. Where INAA values are 
reported as below the detection limit, they have 
been multiplied by S/8. This has not affected any 
calculations but the points are then evident on 
the plots. The values computed for a and fl in 
the MLFR line are shown, together with the 
number of data points, in the figures (Figs. 
1-12). 

RESULTS AND DISCUSSION 

The detection limits established by the labora- 
tories are given in Table 3, together with each 
element’s average crustal abundance. These 
limits are regarded as being the lowest concen- 
trations which can be distinguished from pro- 
cedural blanks in applying the methods as used 
by the laboratories. Many factors contribute to 
the variation associated with an analytical 
method or system, such as the instrumental 
precision, the quality of reagents used, the envi- 
ronment, the analyst, the presence of interfer- 
ences, and the procedures employed for 
calibration and blank correction. These are in 
addition to the variance associated with the 
representativeness of the sample or its degree of 
heterogeneity; in this study this variance should 
be minimal for the INAA, for which relatively 
large sample weights are taken (5-10 g). The 
detection limits shown for Na and Ba determi- 

nation by XRF are probably unusually high, 
owing to the particular configuration of the 
spectrometer (e.g., the Rh tube is insensitive for 
Ba). Similarly, epithermal irradiation is less 
sensitive than thermal irradiation for Fe and 
Yb, hence commercial laboratories employing 
the latter technique report superior detection 
limits of 0.02% for Fe (cJ 0.2%) and 0.2 ppm 
for Yb (c$ 2 ppm). However, the detection 
limits for Ni and Rb are significantly better by 
epithermal irradiation, at 20 ppm (cJ 200 ppm) 
and 5 ppm (cJ 30 ppm), respectively. 

Results for the two sediment control samples, 
SS04 and SS06, are shown in Table 4. Sample 
SS04 was analysed about 26 times by each of the 
methods indicated, but SS06 was inserted more 
frequently, to give a total of 78 separate analy- 
ses. It is customary at the GSC to determine 
major and minor elements in predominantly 
silicate or carbonate matrices by XRF and to 
select other samples, high in S for example 
(greater than 1 or 2%), for analysis by ICP-ES. 
Therefore, these sediments, composed mainly of 
fine silt and clays, were analysed for Na, Fe and 
Ba by XRF. Some elemental concentrations 
determined by XRF or ICP-ES were reported 
as being below the stated detection limits. 

Sodium 

Results for Na determined by INAA are 
compared with those by ICP-ES and XRF in 
Figs. la and 1 b, respectively. The correlation of 
both methods with INAA is excellent; y = 0.94x 
for ICP-ES us. INAA and y = 0.98x for XRF 
vs. INAA. The MLFR lines are not significantly 
different from the 45” lines shown on the graphs. 
In both data sets some ‘fliers” exist, where, for 

Table 3. Detection limits reported by the production laboratories for the 12 
elements under study: values in ppm @g/g) unless noted otherwise 

Detection limit 
Average crustal 

Element INAA ICP-ES XRF abundance” 

Na 0.02% 0.07% 0.37% 2.5% 
Fe 0.2% 0.06% 0.07% 4.7% 
Ba 50 20 20 425 
Ag 2 2’ 0.07 
co 5 5 25 
Cr 20 10 100 

: 20 2 10 10 30 75 
Rb 5 20 90 
Yb 2 0.5 3 
Zn 100 5 70 
Zr 200 20 165 

*Determined by AAS, in the solution analysed by ICP-ES for the trace 
elements Co, Cr, La, Ni, Yb and Zn. 
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Fig. 1. (a) Comparison of results by ICP-ES and INAA for Na. (b) Comparison of results by XRF and 
INAA for Na. (c) Control chart of duplicate pairs in the determination of Na by INAA. (d) Control chart 
of duplicate pairs in the determination of Na by ICP-ES. (e) Control chart of duplicate pairs in the 

determination of Na by XRF. 
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example, the Na content is estimated to be in the 
range l-5% by INAA but near the detection 
limit by ICP-ES or XRF. 

In examining the control charts (Figs. lc, d, 
e) illustrating the data for the blind duplicates, 
it is apparent that the precision is best for XRF 
and can be expected to be better than 5% at the 
95% confidence level. Indeed, 16 of the 18 pairs 
show no measurable difference in Na content. 
Precision, in the range 0.02-10.0% Na, can be 
expected to be better than 15% by INAA, with 
results for 18 out of 44 pairs agreeing exactly. 
Performance for Na by ICP-ES appears to be 
inferior to that of the other two methods; 
however, only 11 sets of duplicates were 
analysed. Data obtained for the control sam- 
ples, SS04 and SSO6, by INAA and XRF indi- 
cate only slightly superior precision by XRF 
(Table 4). Here the precision (twice the rsd) is in 
the range ll-16% by XRF and 1418% by 
INAA, showing more similarity between the 
two methods than is demonstrated by the agree- 
ment between duplicates. The mean values for 
the controls agree within the ranges set by the 
standard deviations, again indicating a lack of 
bias for Na between INAA and XRF. The data 
do not support the widely different detection 
limits established by the laboratories where the 
XRF limit is the poorest, 0.4% Na (Table 3). 

Iron 

Results for Fe are significantly higher by 
INAA than by either ICP-ES or XRF, the 
slopes of the MLFR lines being 0.86 + 0.03 and 
0.94 + 0.01, respectively (Figs. 2a, 2b). There 
are relatively few “fliers” in both data sets, 
considering the large number of samples 
analysed (179 + 1083). As the other two meth- 
ods show a similar trend, though of different 
magnitude, to that of INAA, it is concluded that 
there is a problem with accuracy in determina- 
tion of this element by INAA and this is likely 
to be due to an error in the construction of the 
calibration curve. The data for the control 
samples (Table 4) further exemplify this high 
bias of as much as 16% (for SS04) by INAA 
compared for XRF. 

Precision for Fe by ICP-ES and XRF 
appears to be comparable (Figs. 2d, 2e), at 10% 
or better in the range l-IO% Fe. However, 
analysis by INAA is less reproducible and the 
upper limit for precision is about 15%. This 
finding is confirmed by the data for SS06 (Table 
4). However, the precision obtained by XRF for 
SS04 is worse than that predicted by the dupli- 

TAL ,7,1-J. 

cates and is comparable to that for INAA, in the 
range 13-15%. 

Barium 

A high bias is evident in the determination of 
barium by INAA, as shown in Figs. 3a and 3b, 
where the slopes of the MLFR lines comparing 
ICP-ES and XRF with this technique are both 
very significant and essentially equal to 0.88. 
Similarly, the mean values for Ba in SS04 and 
SS06 are significantly higher by INAA (1583 
and 858 ppm, respectively) compared to XRF 
(1290 and 752 ppm, respectively). It is thought 
that a poor calibration exists in the determina- 
tion of Ba by INAA at this laboratory, as the 
other two methods exhibit identical behaviour, 
and it would be very unlikely that both would 
be equally affected by interferences. 

The worst precision is shown by INAA (Figs. 
3c-3e), about half the results for the blind 
duplicates falling between 5 and 50% in the 
wide range of 2&30000 ppm Ba content. 
Though the upper limits of precision by ICP-ES 
and XRF are 20 and 30%, respectively, most of 
the points lie at below 5%. The precision for 
control samples conforms to the pattern shown 
by the duplicates in analysis by INAA and XRF 
(Table 4). 

Silver 

Results for Ag by AAS correlate well with 
those by INAA; the values of 0.94 and 0.97 for 
the intercept and slope of the MLFR line are 
not significant (Fig. 4a). There is a substantial 
amount of scatter, however, showing higher 
results by AAS at low Ag contents (c 20 ppm) 
and the opposite trend at levels of Ag between 
20 and 150 ppm. The precision is difficult to 
estimate, as nearly half (21) of the duplicates 
analysed by INAA were below the detection 
limit of 2 ppm; however, it can be expected to 
be considerably better than 50% at Ag concen- 
trations from 2 ppm to > 1000 ppm (Fig. 4b). 
Analysis by AAS should yield precisions 
between 5 and 60% (Fig. 4c), essentially equiv- 
alent to INAA. The two control samples did not 
contain detectable quantities of Ag but the noisy 
data obtained by the AAS method (Table 4) 
indicate that a detection limit of 1 ppm is 
somewhat optimistic. This is confirmed by 
results for a third control sample, SSO3, where 
results by AAS yielded a strongly skewed distri- 
bution with mean and standard deviation of 
5.6 + 7.2 ppm (n = 7) and all eight results by 
INAA were below the detection limit of 2 ppm. 
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Fig. 2. (a) Comparison of results by ICP-ES and INAA for Fe. (b) Comparison of results by XRF and 
INAA for Fe. (c) Control chart of duplicate pairs in the determination of Fe by INAA. (d) Control chart 
of duplicate pairs in the determination of Fe by ICP-ES. (e) Control chart of duplicate pairs in the 

determination of Fe by XRF. 



Comparison of multielement techniques 

El 
6ooo 

I 

u” 
- 4000 

2000 

0 

10000 

8 
6 1000 
ti 
& 

; 
8 100 

c 

10 

(a) 

0 2000 4000 BOoo @JO0 BlOoO 
NAA 

(cl 

10 100 1000 10000 1OOOOo 

MEAN 

mooo 

moo 

6ooo 

B 
x 

4000 

2000 

0 

for rock analysis 

(b) 

145 

Ba, ppm N = 1148 
/ 

0 2000 4000 6000 8000 10000 
NAA 

/ 

;i;.- 

. 

/ 

” . 

. 

MEAN 
Fig. 3. (a) Comparison of results by ICP-ES and INAA for Ba. @) Comparison of results by XRF and 
INAA for Ba. (c) Control chart of duplicate pairs in the determination of Ba by INAA. (d) Control chart 
of duplicate pairs in the determination of Ba by ICP-ES. (e) Control chart of duplicate pairs in the 

determination of Ba by XRF. 



146 G. E. M. HALLEY al. 
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Fig. 4. (a) Comparison of results by AAS and INAA for Ag. (b) Control chart of duplicate pairs in the 
dete~~nation of Ag by INAA. (c) Control chart of duplicate pairs in the dete~iMtion of Ag by AAS. 

Cobalt 

Unlike most of the other MFLR lines, that 
for Co was fitted not over the entire concentra- 
tion range shown in Fig. 5a but rather between 
5 and SO ppm Co. This was done to exclude 
those points showing a linear relationship paral- 
lel to the 45” line but displaced towards the 
y-axis. These points correspond to ultramafic 
rocks high in Ni (> 1000 ppm) and Cr ( > 1000 
ppm), elements which degrade detection of Co 
by INAA and therefore raise the detection limits 
proportionately from 5 ppm to over 100 ppm. 
Hence, setting values reported as “less than” to 
five-eighths of the associated detection limit, can 
result in such an erroneous pattern. Both the 
intercept (2.4) and slope (0.92) of the plot of 
ICP-ES VS. INAA data are significant. Thus the 

ICP-ES results tend to be high at or below 
about 30 ppm Co, and above this level the 
INAA results are higher. This relationship is 
shown by the control samples, where ICP-ES 
yields a slightly higher mean for SW at 
16 ppm Co, but the INAA mean is higher for 
SS06, at 48 ppm compared to 40 ppm Co 
(Table 4). 

About half of the duplicate pairs show virtu- 
ally identical results by INAA, whereas the 
remainder exhibit absolute differences consis- 
tent with precision levels of about 520% 
(Fig. 5b). A misleading estimation of the preci- 
sion associated with the ICP-ES method is 
given by three or four pairs showing exception- 
ally poor agreement; the majority of the points 
exhibit the same pattern as those for INAA 
(Fig. 5~). This is confirmed by the control data 
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Fig. 5. (a) Comparison of results by ICP-ES and INAA for Co. (b) Control chart of duplicate pairs in 
the determination of Co by INAA. (c) Control chart of duplicate pairs in the determination of Co by 

ICP-ES. 

for Co (Table 4) and by the identical detection 
limits established by both laboratories. 

Chromium 

There is considerable scatter, especially at 
higher levels (> 1000 ppm), in the plot of 
ICP-ES DS. INAA results for Cr (Fig. 6a). 
However, the slope of 0.80 is significant with 
a standard error of about 0.02. The distri- 
bution of chromite in rocks can be hetero- 
geneous, but a fairly even spread of points on 
either side of the 45” line would be expected 
if this were the cause of the noise. The lack 
of agreement between the INAA and ICP-ES 
results is evidenced by the control samples 
where values by the former method are about 
21% and 33% higher (Table 4). 

The precision of both methods appears com- 
parable, consistent with 5 and 3040% for the 
blind duplicates (Figs. 6b, 6c). The precision for 
the control samples ranges from 12 to 32% with 
INAA showing superior reproducibility for 
SS06 and the reverse for SW. 

Lanthanum 

A significant bias is seen in the MLFR line for 
La in the comparison of ICP-ES and INAA 
data (Fig. 7a), producing a slope of 0.83 + 0.02. 
There is a considerable degree of scatter, espe- 
cially towards the x-axis, which is caused by 
high and varying detection limits (2400 ppm) 
for samples with higher Au (> 1 ppm), Sb 
(> 3000 ppm) and As (> 3000 ppm). Such sam- 
ples were not used in the computation of the 
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Fig. 6. (a) Comparison of results by ICP-ES and INAA for Cr. (b) Control chart of duplicate pairs in 
the determination of Cr by INAA. (c) Control chart of duplicate pairs in the determination of Cr by 

ICP-ES. 

MLFR line. The results for the controls obey 
the predicted behavior where the value by 
ICP-ES is 8485% of that by INAA. 

The upper limit of the precision for La by 
ICP-ES is slightly inferior to that by INAA, at 
30% (Figs. 7b, 7~). However, most of the dupli- 
cate results agree extremely well for both meth- 
ods (note the density of points on the x-axis) 
indicating that a value considerably lower than 
30% is likely. It is interesting to note that the 
same eight duplicate samples show precision in 
the 5-30% range on both graphs, suggesting 
that this is a heterogeneity effect. Virtually 
identical precision is obtained by both methods 
in the analysis of SS06, but results for SS04 by 
ICP-ES are considerably less reproducible than 

those by INAA (Table 4). These data suggest 
that the detection limit of 10 ppm reported by 
the ICP-ES laboratory (Table 3) is pessimistic 
and should be similar to that by INAA. 

Nickel 

Bias also exists in the comparison of ICP-ES 
and INAA results for Ni, the slope of the 
MLFR line being 0.90 + 0.02 (Fig. 8a). Simi- 
larly, the mean values obtained by ICP-ES for 
the control samples are 89-91% of the concen- 
trations by INAA (Table 4). 

More than half the results for the blind 
duplicates fall below the detection limit of 
20 ppm Ni by INAA. However, the control 
charts (Figs. 8b, 8c) for the pairs by both 
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Fig. 7. (a) Comparison of results by ICP-ES and INAA for La. (b) Control chart of duplicate pairs in 
the determination of La by INAA. (c) Control chart of duplicate pairs in the determination of La by 

ICP-ES. 

methods are very similar, indicating an upper 
limit of precision of about 30% in the range 
10-1000 ppm Ni. The data for SS06 obey this 
rule (Table 4), but poor precision of about 
4560% is obtained by both methods for SS04 
at about 45 ppm Ni. This may be due to the 
concentration of Ni in SS04 being only 2-4 
times that of the detection limit, or to a moder- 
ate heterogeneity effect which seems evident in 
this sample. 

Rubidium 

Values between 30 and 300 ppm Rb were used 
in the estimation of the MLFR line (XRF us. 
INAA) in order to eliminate the effect of scatter 
towards the y-axis shown in Fig. 9a. This noisy 
set of data was derived from two batches of 

ultramafic rocks, but it was not possible to 
correlate the high XRF results with the above 
average concentrations of Cr, Fe, Ni, As or Au 
in these suites. However, these are the same 
samples for which the detection limits were 
higher in the INAA method for Co and it is 
possible that high levels of Cr etc. lead to a 
higher background in XRF. Although the XRF 
laboratory reports Rb down to 0 ppm, a detec- 
tion limit of 20 ppm (cJ 5 ppm by INAA) is 
suggested (Table 3). Again, bias between the 
methods based on XRF and INAA is evident in 
Fig. 9a, the intercept being significant at 0.82. 
The mean results by INAA for the control 
samples are also higher than those by XRF (53 
us. 51 ppm for SS04 and 146 vs. 115 ppm for 
SS06). 
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Fig. 8. (a) Comparison of results by ICP-ES and INAA for Ni. (b) Control chart of duplicate pairs in 
the determination of Ni by INAA. (c) Control chart of duplicate pairs in the determination of Ni by 

ICP-ES. 

The precision of both methods is similar. 
More than half the duplicate pairs exhibit preci- 
sion better than 5%, and most of the remainder 
fall between 5 and 40-&O% in precision 
(Figs. 9b, SC). The control samples behave 
accordingly, with essentially the same rsd (8%) 
by both methods for SS06 and a higher standard 
deviation for SS04, which has an Rb concen- 
tration of about 52 ppm, closer to the detection 
limit (Table 4). 

Ytterbium 

As in the case of La, the plot of results for Yb 
by ICP-ES vs. INAA shows scatter along the 
x-axis (Fig. lOa). This is caused by elevated 
detection limits for samples very high in Au 

(> 1 ppm) and Sb (> 1000 ppm). However, 
elimination of these points in the computation 
of the MLFR line still results in a bias towards 
high INAA results (y = 0.80x). This is con- 
firmed by the mean results for SS06 (4.9 ppm vs. 
3.8 ppm by ICP-ES), although the results for 
SS04 are identical (Table 4). 

The upper limit of precision by both methods 
appears to be 40% (Figs. lob, 1Oc) but few 
samples contain Yb at concentrations much 
above the detection limits of 0.5 and 2 ppm. 
Remarkably good reproducibility is shown in 
the replicate data for the control samples which 
are low in Yb concentration (Table 4). This 
suggests that the detection limit for Yb by 
INAA could be lowered to equal that by 
ICP-ES, viz. 0.5 ppm. 
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Fig. 9. (a) Comparison of results by XRF and INAA for Rb. (b) Control chart of duplicate pairs in the 
determination of Rb by INAA. (c) Control chart of duplicate pairs in the determination of Rb by XRF. 

Zinc 

The comparison of methods based on 
ICP-ES and INAA for Zn differs from that for 
the other 11 elements. It is evident in Fig. 1 la 
that there is a bias towards high INAA results 
at low levels of Zn, which is reversed dramati- 
cally at about 400 ppm Zn. Rotational and 
translational effects are present. If the relation- 
ship y = - 83 + 1.2x is used to predict the 
ICP-ES results for SSO4 and SS06 (Table 4), 
the values for Zn are computed to be 63 and 
152 ppm, respectively, which agree well with the 
mean results of 62 (n = 26) and 154 ppm 
(n = 74). The conformity of fit to this MLFR 
line at such low levels of Zn suggests that the 

real detection limit for Zn by INAA is in fact 
much better than the 100 ppm reported and 
that the calibration in this region should be 
investigated. 

The control chart for duplicate results by 
ICP-ES shows only modest improvement in 
precision over that for INAA (Figs. llb, llc), 
with about half the points falling between the 5 
and 30% lines, compared to the corresponding 
limits of 5 and 40% by INAA. This is not 
consistent with the large disparity in the stated 
detection limits of 5 and 100 ppm Zn, respect- 
ively. The control samples show a greater spread 
in the precision of the two methods, to be 
expected near the 100 ppm Zn concentration 
(Table 4). 
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determination by Yb by INAA. (c) Control chart of duplicate pairs in the determination of Yb by ICP-ES. 

Zirconium 

There is no apparent relationship between the 
results obtained by XRF and those obtained by 
INAA in the determination of Zr between 200 
and 1000 ppm (Fig. 12a), where the detection 
limits differ by an order of magnitude (Table 3). 
Scatter would have been predicted on both sides 
of the 45” line rather than on only the one. The 
mean results for the control samples (Table 4) 
agree within the wide limits set by the standard 
deviations. Most of the duplicates have Zr 
concentrations below the detection limit by 
INAA (Fig. 12b). However, the XRF results 
appear to have good reproducibility, the 
majority of points on the control chart 
(Fig. 12~) falling below the 5% line and most 
of the remainder below the 10% precision line. 

It is unlikely that these disparities in results 
between INAA and ICP-ES for the elements 
Fe, Ba, Co, Cr, La, Ni, and Yb are caused by 
inadequate dissolution of the samples in the 
latter technique. Both major and trace element 
decompositions are regarded as “total”. Acid 
decomposition alone, with the HF/HClOJ 
HNOj mixture, is inefficient for minerals such as 
chromites, spinels and zircons, but in the 
ICP-ES method used here, any residue is 
decomposed by fusion with LiBO,. The proba- 
bility of inter-element interferences causing 
enhancements in the INAA method or suppres- 
sions in the ICP-ES method is low for those 
elements such as Co and Ni where there is an 
absence of scatter about the MLFR line (Figs. 
5a, 8a). The samples analysed represent a wide 
range of major and minor elemental concentra- 
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Fig. 11. (a) Comparison of results by ICP-ES and INAA for Zn. (b) Control chart of duplicate pairs in 
the determination of Zn by INAA. (c) Control chart of duplicate pairs in the determination of Zn by 

ICP-ES. 

tions. The degree of fit to the MLFR line for Cr 
is less tight and the presence of interferences, 
shown by rotational and translational effects, is 
suggested (Fig. 6a). Though the bias in results 
for the elements La and Yb is large (slopes of 
0.83 and 0.80, respectively), the maximum 
concentration under investigation is only ten 
times the highest detection limit and hence 
uncertainty is to be expected (Figs. 7a, lOa). The 
bias may be suggestive of slightly inadequate 
background correction in the INAA method at 
low levels of La and Yb. The XRF data for Ba 
support the contention that the high bias in the 
INAA results is caused by calibration error. 
However, agreement between the XRF and 
INAA (y = 0.94x) results for Fe is better than 
that shown betweeen ICP-ES and INAA, indi- 

cating that the high bias in the INAA is not 
serious (Figs. 2a, 2b). The slope of the MLFR 
line for XRF 11s. INAA for Rb is significant, but 
there is considerable scatter in this narrow range 
close to the detection limit of 20 ppm by XRF 
(Fig. 9a). Rotational and translational effects in 
the comparison of results for Zn by ICP-ES 
and INAA (Fig. 1 la) are highly significant; 
the behaviour predicted by using the MLFR 
relationship is exact for the control samples. 
International reference materials well docu- 
mented for Zn over a wide concentration range 
are required to identify the source(s) of the 
disagreement. 

Another evaluation’* of multielement neutron 
activation analysis in geochemical exploration, . 
as applied to lake sediments, has found the 
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Fig. 12. (a) Comparison of results by XRF and INAA for Zr. (b) Control chart of duplicate pairs in the 
determination of Zr by INAA. (c) Control chart of duplicate pairs in the determination of Zr by XRF. 

method capable of providing good-quality use- 
ful data for 18 elements, including Fe, Ba, Co, 
La, Rb and Yb; detection limits for Cr, Ni, Zn 
and Zr were too high relative to the elemental 
abundances in this medium. An accurate assess- 
ment of bias was not made, though comparison 
was made with other methods based on ICP-ES 
and AAS, for about 1500 sediments. 

CONCLUSIONS 

The elements Na, Fe, Ba, Co, Cr, La, Ni and 
Rb can be determined in rocks by epithermal 
INAA with adequate sensitivity and reproduci- 
bility for application in geochemical studies. 
Control charts for duplicate samples indicate 
that the precision by INAA can be expected to 

be moderately inferior for Fe, Ba and Cr, 
compared to the ICP-ES method, and for Na, 
Fe and Ba compared to the wavelength- 
dispersive XRF method. Equal or slightly 
superior precision by INAA was in evidence for 
Na, Co, La and Ni compared to that achieved 
by the ICP-ES method and for Rb compared to 
the XRF method. Inadequate sensitivity was 
found for the determination of Ag, Yb, Zn and 
Zr in rocks by INAA. The data suggest that 
though the detection limit of 200 ppm for Zr 
may be optimistic, the limits for Zn and Yb 
could actually be lower than those (100 and 2 
ppm respectively) reported by the laboratory. 

Results for Na by the INAA method agree 
well with those by the XRF and ICP-ES 
methods. Similarly, bias was not in evidence in 
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the comparison of INAA and AAS methods for 
Ag. Application of the MLFR technique indi- 
cated positive bias of INAA compared to 
ICP-ES and XRF for the elements Cr, Yb, Rb, 
La, Ba, Ni, Fe and Co, listed in order of 
decreasing severity of bias. However, since most 
of the data points for Yb, Rb, La and Co were 
within a decade of one of the detection limits, 
such a bias of 10%120% is neither surprising 
nor serious. However, bias between the methods 
for Cr, Ba, Ni and Fe has major implications 
when data sets incorporating various analytical 
methods are merged for interpretive studies. 
The two independent sets of results for Ba and 
Fe by XRF and ICP-ES methods strongly 
support the belief that the INAA method gives 
high results, rather than the contention that the 
other two methods are producing results which 
are systematically low. The significant rota- 
tional and translational effects evident for Zn in 
the comparison of results obtained by INAA 
and ICP-ES require further investigation. This 
is the only element for which lower results can 
be expected at high concentration levels by 
INAA than by ICP-ES. Replicate data for the 
two sediment control samples universally 
confirm the predictions made by application of 
the MLFR technique and conform to the preci- 
sion specifications outlined by the control charts 
for duplicate samples. 

In view of the numerous errors and sources of 
variance possible in the application of the pro- 
duction-oriented methods in this investigation, 
the precision demonstrated by the results is 
good. The biases shown for Fe, Ba, Cr, Ni and 
Zn warrant further investigation of the accu- 
racy, by analysis of international standard refer- 
ence materials. Such biases may be related to the 
calibration strategies adopted by the laborato- 
ries and may not reflect differences inherent 
in the analytical techniques themselves. The 

advantages of simplicity, ease of automation, 
minimal sample preparation or treatment, flexi- 
bility in sample size, non-destructive nature of 
the technique and cost-effectiveness ensure an 
increasing application of INAA in geochemical 
programmes. 
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Summary-The Analytical Research Laboratory at Exxon Research and Engineering Company in 

Baytown, Texas acquired one of the first inductively coupled plasma atomic-emission spectrometer 
(ICP-AES) systems in the petroleum industry in early 1976. During the next ten years, extensive hardware 
and software improvements were made to increase flexibility and maintain state-of-the-art performance. 
In 1987 the purchase of a new ICP-AES was considered but postponed in favor of renova- 

tion/modernization of the vintage instrument. A factor in the decision was a reorganization of the 
laboratory that year, which significantly altered its analytical needs. This paper details the construction 

of a combination simultaneous/sequential ICP-AES system, using as a foundation the 13-year old 
polychromator. The new system is meeting the needs of the new analytical laboratory, chartered to provide 
analytical problem-solving services for the Exxon Baytown Refinery/Chemical Plant complex and 

affiiliates throughout the Exxon circuit. 

The Analytical Research Laboratory of Exxon 
Research and Engineering Company in Bay- 
town, Texas ordered a Jarrell Ash Plasma 
AtomComp 90-975 in late 1975. This induc- 
tively coupled plasma atomic-emission spec- 
trometer (ICP-AES) consisted of a 24-channel 
0.75-m polychromator interfaced to a 2-kW, 27- 
MHz inductively coupled plasma (ICP) source. 
A Digital Equipment Corporation PDP 8/m 
computer and a teletypewriter completed the 
system, which cost $62,000. At the time of pur- 
chase, the analytical research laboratory was 
responding to the needs of a rapidly expanding 
synthetic fuels research program. Justification 
for the purchase was based on increasing work- 
load of samples of a variety of complex materi- 
als (coal, shale, ash, coal liquids, shale oils, pro- 
cess water, metals, deposits, etc.) and increased 
emphasis on multielemental analysis, particu- 
larly for environmentally important elements. 

The instrument was installed in May 1976, 
and was one of the first in the petroleum 
industry. Detection limit specifications negoti- 
ated with the manufacturer were not met during 
the first few months, owing to the poor sensitiv- 
ity obtained with the split-flow atomic absorp- 
tion-type nebulizer initially supplied (Table 1). 
Development of the cross-flow nebulizer im- 
proved the sensitivity for all elements, and met 
specifications. Improvement in the argon-flow 
control and optimization of the plasma/poly- 

chromator resulted in still lower detection 
limits. Description of these improvements is 
given in the literature.‘*2 By 1980, measured 
detection limits compared well with those in 
published compilations.3g4 

During the first 5 years the workload for the 
ICP-AES increased rapidly and the cost per 
sample analyzed decreased. A study performed 
at the end of 1980 revealed accumulated savings 
exceeding one million dollars, based on the cost 
differential between ICP-AES and alternative 
methods.’ The polychromator array was ex- 
panded to include environmentally important 
elements and low sensitivity lines for abundant 
elements. Methods were developed for obtain- 
ing accurate and reproducible corrections for 
spectral interferences.1*6 

Increasing need for accurate determination of 
environmentally important elements in coal, 
coal fly-ash, shale, sludge and other complex 
materials justified the addition of a high-resolu- 
tion echelle spectrometer (SpectraSpan IIIB) in 
198 1. The echelle spectrometer was mounted on 
an optical table to the right of the ICP source 
unit so that the plasma could be viewed by both 
spectrometers simultaneously.’ The combina- 
tion of higher resolution and the ability to 
choose optimum positions for off-line back- 
ground corrections resulted in 70-97% reduc- 
tion in spectral interferences affecting 10 
important elements. This was accomplished 
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with little or no loss in sensitivity (Table 2). Figure 1 shows the ICP-AES system as it was 
Both multichannel spectrometers were operated operated from 1981 to 1988. One-way commu- 
simultaneously, resulting in a dual polychroma- nication was provided between the two data 
tor ICP-AES system. terminals and a Hewlett-Packard HP-1000 

Table 2. Dual polychromator ICP-AES system (1981) 

Jarrell Ash AtomComp 750 SpectraSpan III B 

Type: 
Grating: 

Resolution: 
Array: 

0.75 m Paschen-Runge 
2400 grooves/mm, ruled, reciprocal 
linear dispersion 0.54 nm/mm, 
270 nm blaze 
0.03 nm (first order) 
41 channels for 33 elements 

Background 
correction: 

0.04 nm on high wavelength 
side of line 

Type: 
Grating 

Resolution: 
Array: 

Background 
correction: 

0.75 m Czemy-Turner 
echelle, reciprocal linear 
dispersion 0.1 nm/mm 
(300 mn, 75th order) 
0.005 nm-0.02 nm 
10 channels for 10 elements plus 
single element capability 
either side of line, variable 
distance from line. 

Element 

As 
Be 
Cd 
MO 
Pb 
Se 
Tl 
Ni 

Sb 

U 

Detection limits @g/ml) for elements common to both spectrometers 
Wavelength, nm AtomComp 750 SpectraSpan III B 

193.759 0.025 0.080 
234.861 0.0014 0.0003 
214.438 0.008 0.009 
202.030 0.007 0.013 
220.353 0.014 0.035 
196.090 0.040 0.070 
377.572 0.040 0.070 
341.476 0.016 
231.604 0.005 
231.147 0.030 
206.833 0.040 
367.007 0.050 
409.014 0.080 

YEDIIJM REODLUTIDN 
FDLYCIIROIUTDR 

JAURRELL ruin 
MDDEL760 

35 ELEMENTS 
41 DETEmDm 

I I 

YINICDWUTER MICROCRDCESSDR 

I 

SAMPLE 
I 

Am43 
DPERATDWS 

SWITCH SILENT - 700 

TERMINAL PRINTER 

I ARLS HP low CDMPUTER I 

Illall REmLlmDN 
COLYCliROlUTDR 
8cECTRAMETRI~ 
s?EmmsPAN me 

10 ELEMENTS 
10 DETECT- 

Fig. I. Dual spectrometer ICP-AES system as configured 1981-1988. The high-resolution echelle 
polychromator was turned with its back to the operator, making it necessary to wire the sample analysis 

switch to the ASR 43 console. 



160 ROBERT I. EWTTO 

computer. Data were collected from both spec- 
trometers simultaneously and combined into 
one file per run. Reagent-blank correction, dilu- 
tion, and spectral interference corrections were 
performed by the HP-1000 and a report was 
generated for each sample analyzed. Provision 
was made for entering values for elements found 
to be at high concentrations and redetermined 
by subsequent dilution and repeat analysis. In- 
terference corrections were performed on the 
basis of the value entered; thus accurate analy- 
ses for major, minor and trace concentrations 
were included on a single printout. 

By 1988 the Analytical Research Laboratory 
had analyzed a large number of samples, per- 
forming 2.3 million elemental determinations 
by ICP-AES. A program of long-term spec- 
trometer performance monitoring and mainten- 
ance included the following. 

(1) Every 6-12 months all optical surfaces 
were examined for fogging and cleaned/replaced 
as necessary. All photomultiplier tube windows 
were cleaned and exit-slit alignments were 
checked and reprofiled as necessary. Weak 
photomultiplier tubes and defective parts were 
replaced. 

(2) Every 2-3 years a “major overhaul” 
included the items above plus replacement 
of gas-handling apparatus, R.F. load coil 
and impedance matching electronics (isolation 
capacitors, etc.). 

The program of long-term maintenance com- 
bined with daily optimization performed by 
using the Cu/Mn intensity ratio was effective in 
maintaining long-term performance.* No irre- 
versible changes in sensitivity were noted for the 
polychromator from 1980 to 1988. The sensitiv- 
ity of the echelle spectrometer was degraded by 
a factor of two during this period, by fogging of 
the transfer optics. 

In 1986 the purchase of a new ICP-AES 
system was considered for the following 
reasons. 

(1) The AtomComp 750 was over 10 years 
old, and needed major renovation. 

(2) The PDP 8/m computer/disk drive and the 
echelle spectrometer were becoming unreliable 
and expensive to service. 

(3) The calculation programs on the HP-1000 
computer were written in BASIC. A need ex- 
isted to shut down the BASIC interpreter on the 
system. Rewriting these in FORTRAN would 
have been expensive and time-consuming. 

A market survey conducted in 1987 pointed 
out several instruments that would have met or 
exceeded specifications for sensitivity, selectivity 
and precision. However, none possessed soft- 
ware capable of performing the calculations 
currently performed for full matrix correction 
for spectral interferences and correction for 
interferences with elements determined after 
dilution. The same year the Analytical Research 
Laboratory was reduced in size and reorganized 
concurrently with the relocation of the Synthetic 
Fuels Research Laboratory. The reorganized 
laboratory, Baytown Specialty Products Ana- 
lytical, remained in Baytown to serve the needs 
of the Exxon Baytown complex for problem 
solving and non-routine analysis. The amount 
and character of the ICP-AES workload 
changed, resulting in a lighter but steady 
workload with even more variety of sample 
types-alloys, catalysts, corrosion deposits, pro- 
cess waters, petroleum products, etc., and con- 
tinued need for flexibility to determine special 
elements, and greater emphasis on rapid, reli- 
able service for plant control/troubleshooting. 

In mid- 1987 Therm0 Jarrell Ash Corporation 
announced the availability of an IBM PC/AT 
microcomputer upgrade/replacement for the 
PDP 8 series computers. The software supplied 
with this system included multi-position back- 
ground correction and improved capability for 
spectral interference corrections. The decision 
was made to purchase this upgrade together 
with a sequential spectrometer at a cost less than 
half that of a new combination simultaneous/ 
sequential ICP-AES system. Plans were made 
for a complete renovation of the vintage poly- 
chromator and interfacing of the sequential 
spectrometer. Data transfer to the HP-1000 and 
new software to compensate for limitations in 
the vendor software were required. 

The remainder of this paper details the 
construction and performance of an ICP-AES 
system for the 1990s. 

SYSTEM HARDWARE 

In addition to the “major overhaul” items 
mentioned above, the light baffling for each 
polychromator exit-slit assembly was disassem- 
bled and reassembled with fresh light-proof 
tape. The old tape had dried and become em- 
brittled, breaking free and partially blocking the 
light-path more than once during the past few 
years. All optical surfaces, except the grating 
and the exit-slit refractor plates were replaced. 
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Refractor plates were cleaned and electronic 
connections inside the spectrometer housing 
were cleaned and checked. The optics were 
aligned and the exit-slits reprofiled. Two spec- 
tral-line changes were made (footnote, Table 1). 

The PDP 8/m computer, disk drive and 
teletypewriter were replaced with an IBM 
PC/AT microcomputer with 640 kB RAM, 30 
MB hard disk drive, 1: 2 MB floppy drive and 
graphics printer. The spectrometer control in- 
terface was made through the original “spec- 
trum shifter” refractor plate servo driver. It was 
necessary to install a thicker refractor plate to 
accommodate the + 1 nm spectral displacement 
range capability of the vendor’s “Ther- 
moSPEC” software. 

The decommissioned echelle polychromator 
was removed and the table it rested on was 
lowered to allow the sequential spectrometer to 
view the plasma from the same direction, and on 
a level with it. Optical transfer was accom- 
plished with a 76 mm diameter MgF,-coated 
quartz projection lens (75 mm focal length, 
Therm0 Jarrell Ash #006542) positioned 90 
mm from the plasma observation zone and 450 
mm from the sequential spectrometer entrance 

JARRELL ASH 

MODEL 760 

POLYCHROMATOR 

06 ELEMENTS 

41 DETECTORS 

Table 3. Sequential spectrometer 

Type: 
Focal length: 
Grating: 
Wavelength range: 

Linear dispersion: 

Step size: 

Slit size: 

Temperature control: 
Photomultipliers: 

Crossed Caemy-Turner 
0.75 m 
2480 grooves/mm, galvanic drive 
NO-265 nm (second order) 
265-535 nm (first order) 
0.5 mn/mm (first order) 
0.25 &mm (second order) 
0.018 nm (first order) 
0.008 nm (second order) 
0.001 mm (first order) 
0.0005 nm (second order) 
Width, 0.025 mm 
Height, 3 mm 
35 f 0.05 
Hamamatsu R427, R300 

slit (image magnification 5: 1). The lens was 
attached to an xyz positioning device on an 
optical track built within the ICP source hous- 
ing. A laser was used to align the light-path 
from the plasma through the spectrometer. 

The sequential spectrometer specifications are 
given in Table 3. Operating software for this 
spectrometer resides in an Apple IIe computer 
having a dual floppy disk and a separate graph- 
ics printer. The configuration of the dual spec- 
trometer ICP-AES system is shown in Fig. 2. 

THERM0 JARRELL ASH 

BEQUENTIAL 

BPECTROMETER 

ACCESSORY 

2400 BROOVEB/mm 

QRATINQ 

I 

\ r---- l 

I 

IBM MAINFRAME COMPUTER 

I~-- EXXON AFFILIATE ICP-AEB CUSTOMERS I 

Fig. 2. Present configuration of the dual spectrometer ICP-AES system. IBM software will soon operate 
the sequential spectrometer, eliminating the need for the Apple Be computer. 
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DATA TRANSFER/SOFTWARE 

The ThermoSPEC software lacks the capabil- 
ity of correcting an analysis for high concentra- 
tions by use of subsequent dilution and repeat 
analysis. To overcome this limitation data are 
transferred in batch mode from the IBM PC/AT 
to the HP-1000 computer. The transfer is ac- 
complished in two stages. The IBM ENABLE 
program is used to select and transfer completed 
sample analyses from the ThermoSPEC data 
base to a floppy disk. The IBM PC/AT then 
becomes a terminal of the HP-1000, using 
“Reflection 7” run from DOS. Data on the 
floppy disk are read into files for processing on 
the HP-1000. 

Fortran software was written for the HP-1000 
to accomplish the following tasks. 

(1) To produce a custom-formatted printout 
of each analysis with organizational heading, 
sample description, customer identification, 
sample dilution factor, units, date and time 
analyzed.. Customer and sample description 
are obtained automatically by interaction with 
the Laboratory Information Management 
System (Beckman LAO “Lab Manager”). The 
operator provides only a six-digit analytical 
sample number as each sample is analyzed. 

(2) To identify samples giving results outside 
the linear calibration range (“out of range” 
values). A bold warning is provided at the top 
of the report and upper limit concentrations are 
printed. 

(3) To permit the operator to enter corrected 
values for “out of range” elements and perform 
incremental interference corrections for concen- 
trations entered to replace out of range data. 
Comprehensive spectral interference corrections 
performed by the IBM computer are valid and 
complete if no determinations performed are 
out of range. 

(4) To provide diagnostic information for 
each determination, including the standard de- 
viation for replicate exposures, detection limits 
(corrected for dilution) for elements not de- 
tected, and notation for elements determined at 
concentrations within a factor of 5 times the 
detection limit. 

A later version of the software will include 
diagnostics indicating the relative amount of 
interference correction performed for each de- 
termination, as offered with the BASIC pro- 
grams.* In the near future ICP-AES customers 
throughout Exxon will be able to receive 

analysis reports electronically over a data-link 
with an IBM mainframe computer. 

PERFORMANCE 

After the reconditioning of the polychroma- 
tor hardware and optics, optimum positions 
were chosen for background correction, and 
detection limits were determined with several 
values of the Cu/Mn intensity ratio.’ The value 
of the Cu/Mn ratio selected as the best com- 
promise yielded the detection limits shown in 
the furthest right column of Table 1. Except 
for potassium, the optimum detection limits 
measured 9 years apart are comparable. The 
detection limit for potassium was degraded 
when the adjustable cross-flow nebulizer was 
replaced with a fixed cross-flow nebulizer, 
both operated without an aerosol baffle within 
the Scott spray chamber. The adjustable cross- 
flow nebulizer could be “tuned” to produce 
an aerosol droplet size distribution favoring 
larger droplets and increasing sensitivity for 
the alkali metals. The fixed cross-flow nebulizer 
has the advantage of greater convenience and 
reliability. 

Criteria for evaluation of the performance of 
the sequential spectrometer are as follows, 

(1) Resolution-should be adequate for the 
determination of trace elements in complex 
materials where spectral interferences compro- 
mise the accuracy of data produced by the 
polychromator. 

(2) Sensitivity-should be comparable to that 
of the polychromator. Sensitivity at wavelengths 
shorter than 200 nm should not be degraded 
significantly by the optical components, as they 
are with the echelle spectrometer. 

(3) Precision-should not be degraded signifi- 
cantly by error in resetting wavelengths. 

The resolving power of the sequential spec- 
trometer is significantly better than that of the 
polychromator, and equivalent to the resolution 
of the echelle spectrometer as used in routine 
operations. Figure 3 shows a comparison of 
wavelength scans obtained for a solution of 
1: 100 Be:Fe at Be(I) 234.861 nm. Figure 4 
shows a scan in the same wavelength region 
performed with the echelle spectrometer, for a 
solution having the same Be: Fe ratio. The 
sequential spectrometer scan (Fig. 3, scan B) 
reveals at least 5 Fe lines, with a single Be 
line marked by the cursor. Expansion of the 
central portion of this scan (scan C) shows 
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Scan A: Polychromotor 

234.01 “m n. 233.72 “in 

Scan 8: Sequentiol spectrometer 

234.01 “m 

Scan C: Detail of Scan B 

234.73 nm 234.93 “In 

I J I 
Fig. 3. Wavelength scans centered at Be (I) 234.861 nm, performed with an aqueous solution of Be 
(1 pg/ml) and Fe (100 pg/ml). Scan A: polychromator scan in first order. Scan B: sequential spectrometer 
scan in second order. Scan C: sequential spectrometer scan showing resolution of Be line from nearby 

Fe lines. 

nearly complete resolution of an iron line at 
234.830 nm from the Be line. Complete baseline 
separation of these lines is achieved by the 
echelle spectrometer with optimum slit sizes 
(Fig. 4). This resolution is often compromised 
in routine operations because of the necessity 
of using larger slit sizes to increase sensitivity. 
The slit sizes used for the scans in Fig. 3 
are those employed routinely. The wavelength 
mismatch between scans A and B probably 
indicates calibration error in the polychromator 
scan. Comparison of scans A and B emphasizes 
that the sequential spectrometer should be 

used each time an important trace element 
determination is affected by spectral inter- 
ferences. 

A comparison of sensitivity and precision for 
the polychromator and the sequential spectrom- 
eter is shown in Table 4. The sensitivity of the 
two spectrometers is approximately equal 
throughout the wavelength range of the sequen- 
tial spectrometer. The sequential spectrometer 
does not exhibit as much loss in sensitivity as 
the echelle spectrometer at 190-200 nm, even 
though the interior of both spectrometers 
was nitrogen-purged. Short-term precision was 
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Be I 

234.661 
Fe P 

234.630 “m 

9 
‘I 
‘I 
‘I 
IP 

step size 
0.0029 “In 

x 

Fig. 4. Direct current plasma echelle spectrometer wave- 
length scan showing the complete resolution of Fe (II) 
(1000 pg/ml) and Be (I) (10 pg/ml). (Reproduced from 
R. Botto, Spectrochim. Acta, 1983,38B, 129, by permission. 

Copyright 1983, Pergamon Press, Oxford.) 

measured at concentrations approximately 20 
and 1000 times the detection limit. Except for 
MO, the precision at low concentrations is the 
same, within a factor of two, for both spec- 
trometers. The results are approximately the 
same at the higher concentrations. The high 
precision obtained for resetting the wavelength 
by the galvanic grating drive in the sequential 
spectrometer yields analytical precision on a par 
with that of a fixed grating/detector system. 
Values for short-term and day-to-day precision 
of wavelength resetting are in Table 5. The 
day-to-day precision values were determined 
without grating drive recalibration, by using the 
Hg lamp as reference. Thermostatic control of 
the sequential spectrometer minimizes analytical 
calibration drift due to wavelength change. 
Early experience has shown that long-term 
calibration drift is similar for both spec- 
trometers and related mainly to changes in the 
source/sample delivery system. 

A reduction in spectral interferences for the 
polychromator was achieved by the use of flex- 
ible background corrections (1 or 2 positions, 
variable distance from peak wavelength). Some 
important examples are shown in Table 6. 
The line change for Ni was made to avoid a Zr 
interference even more troublesome than those 
listed elsewhere.’ 

CONCLUSIONS 

A high-performance dual spectrometer 
ICP-AES system was built by renovating a 
13-year old polychromator and interfacing it 
with a high-resolution scanning sequential spec- 
trometer. The cost of the entire project was 
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considerably less than half the cost of a new 
system having comparable features. The perfor- 
mances of the updated polychromator and the 
sequential spectrometer are comparable in 
terms of sensitivity and precision. The higher 
resolution of the scanning spectrometer pro- 
vides for accurate determination of trace ele- 
ments in complex materials where spectral 
interferences abound. Enhanced by custom soft- 
ware and computer network links, the life of a 
vintage ICP-AES sytem should be extendable to 
the turn of the century. 
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Summary-The Smets method, which is frequently used to obtain the rate constant of atom formation 
in the gas phase, has been improved. The assumption of first-order kinetics for atom formation and the 
steady-state approximation appearing in the previous models are avoided, so the non-linearity in the 
Arrhenius plots can be eliminated. The reasons for this non-linearity are discussed. 

A number of methods have been developed for 
determining the kinetic parameters of atom 
formation in electrothermal atomic-absorption 
spectrometry.‘-lo Among these methods, the 
Smets method* and the Sturgeon and Chakro- 
barti method3 are frequently used to study the 
atomization mechanism.“-‘5 The experimental 
conditions in the Smets method are similar to 
actual analytical conditions,‘5 so this method 
can be regarded as a better one for determining 
the kinetic parameters for atom formation, 
However, the Arrhenius plots obtained by the 
Smets method often curve toward the abscissa 
at higher temperatures. This makes the method 
suitable only for the initial part of the ab- 
sorbance signal, and sets a limit for obtaining 
kinetic information about atom formation over 
a wider range of temperature. 

The present study was undertaken to solve 
the non-linearity problem in the Arrhenius plots 
and to discuss the reasons for the phenomenon. 

EXPERIMENTAL 

A Perkin-Elmer 5000 atomic-absorption 
spectrometer equipped with an HGA-500 furn- 
ace and an Atomic Spectroscopy Data System 
10 was used. A model AS-40 autosampler was 
used to inject the test solutions into the furnace. 
The absorbance-time data could be collected at 

*Author for correspondence. 

0.02~set intervals and stored on a diskette by the 
Data System 10. The temperature-time charac- 
teristics of the graphite furnace were obtained 
with an optical pyrometer, and a Perkin-Elmer 
standard pyrolytic graphite tube was used 
throughout the experimental work. A typical 
absorbance signal profile is shown in Fig. 1. 

All chemicals used were of the highest purity 
commercially available. Atomic-absorbance 
measurements were made at 232.0 nm by use 
of a nickel hollow-cathode lamp and at 670.8 
nm with a lithium hollow-cathode lamp. High- 
purity argon (99.99%) was used as the purge 
gas. 

RESULTS AND DISCUSSION 

Improvement of the Smets method 

Smets has described a method for determin- 
ing the rate constant for atom formation. The 
rate of change of the number of atoms in the 
optical pathway, dn/dt, is given as the difference 
between the rate formation, I&,,, and the rate 
of dissipation, bss: 

dn /d t = R,, - %iss. (1) 

Assuming that the processes of formation and 
dissipation follow first-order kinetics, equation 
(1) is rewritten as 

dnldt = k,N - k,n (2) 

where k, and k2 are the rate constants of for- 
mation and dissipation, respectively, and N is 
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the number of metal atoms left on the tube 
surface. The initial number of atoms, N,, is 
given by 

N,=i mRf,,,dt 
s B 0 

where /I is the atomization efficiency. The 
number of atoms (N,, - N) vaporized during 
the time t is equal to 

Integration of equation (2) from t = 0 to t = co 
gives 

j;Rfomdt =J;Rcii,,dt (4) 

and using the steady-state approximation 
results in 

k, = k,A 
(5) 

(k2) 
s 

*A dt - )k2( ‘A dt 
0 s 0 

or 

k,=iA 
’ mAdt 

s 

(6) 

0 

where 

(kz) = mk2dt mn dt, 
s is 

P,< = ;i 

0 

f 

dt/l 

I 

2n n dt, 
0 0 

A is the absorbance, and /I is arbitrarily set 
equal to 1. 

In fact, from equation (2) to equation (6), it 
has been assumed that the number of atoms 
(No - N) vaporized is equal to that 

removed during the time t. However, to be more 
exact, the number of atoms vaporized (No - N) 
should be expressed as 

No-N= ‘k,ndt+n 
s 

(7) 

whence 

N=pik, ) 
co 

2 Adt-A (8) 
I 

900 
0 4 8 12 16 20 24 

t, set 

Fig. 1. Typical absorbance. signal profile. Conditions: 
0.1 ng Li/HNO,, ashing temperature 900”, atomization 

temperature 2300” (8-set ramp), no internal gas-flow. 

where p is the proportionality constant 
between the absorbance and the number of 
gaseous analyte atoms. Although p is slightly 
temperature-dependent, it is generally assumed 
to remain unchanged.5~6~‘6*‘7 If the formation 
of gaseous atoms is an x th order kinetic pro- 
cess, the rate of formation &,,.,,, can be 
written as 

R - _ !$ = k,N” = koNxe -EJRT 
form - (9) 

where k. and E, are the frequency factor and 
activation energy for atom formation, respect- 
ively, and R is the gas constant. If the heating 
rate is u = dT/dt, then 

d(k21mAdt-A) 

- b2jyA dt _ Ar = ko~*~‘a~‘~~‘a’RT~rO) 

According to Coats and Redfern,” equation 
(10) becomes 

In Y = -EJRT 

+ ln[k,p’-‘R(1 - 2RTIEJaEJ (11) 

where 

In Y =ln(ln[k,~~ dtl(k,lA dt - A)]j/T$ 

for x = 1 (12) 
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and 

In Y =ln 
{ (k,p df --;~;~&~~ ““3 

for x # 1 (13) 

Thus, a plot of In Y us. l/T should result in a 
straight line with slope - E,/R for the correct 
value of x, since it may be shown that for most 
values of E, and the temperature range over 
which reactions generally occur, the second 
term on the right-hand side of equation (11) is 
practically constant.” 

Consideration of atom dissipation 

Before calculating E, by using equations (11) 
and (12) or (11) and (13), we should obtain the 
value of k2. The atom loss from the furnace is 
the resultant of element-specific removal pro- 
cesses such as element recombination in the gas 
phase, and three different transport processes 
-diffusion, expansion and convection.‘9 Of 
these factors, diffusion is the dominant removal 
process. “J~JO Assuming that atom formation is 
negligibly small during the decay portion of 
the signal, many workers6~s*‘6~20 have successfully 
obtained the k2 value from the decay portion 
of the signal by plotting the logarithm of the 
absorbance US. time. In this work, we calculated 
k2 in the same way. To eliminate the influence 
of convection on atom loss, we conducted the 
experiments with and without a low internal gas 

-1.0 ‘- 
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-2.6 

-2.6 

-3.0 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 
0 0.2 0.4 0.6 0.6 1.0 1.2 1.4 1.6 1.6 2.0 

t, set 

Fig. 2. Plots of InA us. I for Li (x) and Ni (a); t = 0 at 
the absorbance maximum. Conditions for Li as in Fig. 1. 
Conditions for Ni: 0.1 ng Ni/HNO,, ashing temperature 
700”, atomization temperature 2300” (I-set ramp), internal 

gas-flow 50 ml/min. 

flow at the atomization stages. The expulsion 
of atom vapour caused no problem when only 
small quantities of metals, typically in the ng 
range, were introduced into the furnace.‘4*‘7*2’ 
The temperature-dependence of k2 can be 
treated as negligible, as proved by Chung.6 

The In A VS. t plots for calculating k, values 
are shown in Fig. 2. Except for the initial parts 
these plots exhibit good linearity. This suggests 
that the later part of the signal is solely deter- 
mined by the dissipation process. However, the 
initial bend in the curve observed indicates that 
atomization is not complete near to the ab- 
sorbance maximum. To minimize any influence 
of atom formation, the data used to calculate k, 
values were chosen from the period 0.6-1.8 set 
after the absorbance maximum. 

Arrhenius plots 

It is well known that the Arrhenius plots 
obtained by the Smets method [equation (611 
often bend towards the abscissa at higher tem- 
peratures.2~6~“~‘2*‘S A few workers have dealt with 
this problem. L’vov et al.‘*-** took the bending 
of the Arrhenius plots as a common phenom- 
enon in ETAAS and developed a macrokinetic 
theory of sample vaporization which was based 
on consideration of the distribution of a sample, 
and surface diffusion in the condensed phase. 
An analysis of mathematical models describing 
the vaporization process for the cases of a 
sample distributed in a porous bulk and over the 
vaporizer surface revealed several regions. The 
vaporization rate in these regions depends in 
different ways on the vaporization rate and 
diffusion coefficient of the sample in the con- 
densed phase. Thus, they successfully predicted 
and explained the appearance of breaks and 
inflections in the Arrhenius plots. However, the 
assumption in the Smets method that the sample 
is distributed over the surface in a monolayer 
is contrary to the major prerequisite of the 
macrokinetic theory. Guerrieri et al.‘O also 
theoretically predicted the sigmoid shape of 
the Arrhenius plots. According to this model,‘O 
atomization is assumed to be a reversible release 
process in which heterogeneous equilibrium is 
established between a monolayer or submono- 
layer surface film and a small interfacial region 
in the gas phase. A single binding energy is 
assumed to characterize all analyte atoms on the 
surface. Frech et al.” suggested that equation 
(6) holds if the rate constant of atom loss is 
larger than that of atom formation. Since the 
rate of atom formation (but not the rate of atom 
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loss) increases exponentially with tem~rature, 
this condition might not be f~filled at higher 
temperatures, and that would be one reason for 
the bending of the Arrhenius plots at higher 
temperatures. Chung6 considered the bending 
of the Arrhenius plots to be a result of under- 
estimation of the removal effect in the Smets 
model, in which the peak area was used to 
estimate it. Smets* tentatively attributed the 
high-temperature decrease in experimental acti- 
vation energy to an increased contribution of 
diffused atoms to the atomization. 

The bending of the Arrhenius plots may be an 
unavoidable fact which depends on the nature 
of the vaporization. Another possibility should 
be noted, however, namely that the bending of 
the Arrhenius plots perhaps results from some 
errors in the Smets model itself. Any unreason- 
able assumptions in the Smets model might be 
responsible for the bending of the Arrhenius 
plots. First-order kinetics for atom formation, 
and monolayer surface coverage over the entire 
furnace area, were assumed in the Smets model 
and in other models.2-10 However, it is possible 
that the dependence of the release rate on 
surface coverage is of some order other than 
unity, and permits fractional surface coverages. 
Holcombe et ~1.~~ used the Monte Carlo method 
to simulate the atomization of Ag in a graphite 
furnace and found it to be a nearly zero-order 
process. By using equations (11) and (12) or 
(13), the kinetic order and activation energy 
for atom formation can be obtained. Figures 3 
and 4 show near zero-order kinetics for the 
atomization of lithium and near first-order for 
nickel. In addition, a steady-state approxima- 
tion was used in the Smets model, but this 
approximation is valid only for the maximum of 
the signal. Thus the k, value calculated by using 
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Fig. 3. Plots of 1nY vs. l/T for Li at different n values: 
O(o), l(e) and 2(x). Conditions as for Fig. 1. 

t 

l 

-20 . 

-210 .I 3.9 4.0 4.1 4.2 4.3 4.4 4.5 

lo4 x l/T, K-’ 

Fig. 4. Plots of 1nY us. l/T for Ni at different n values: 
O(O), l(O), and 2(x). Conditions as for Fig. 2. 

equation (6) might be different from the actual 
value. The Arrhenius plots obtained by the 
Smets method and by equation (11) are shown 
in Fig. 5. It can be seen that the Arrhenius 
plot obtained by use of equation (11) is linear 
over a wider temperature range than does that 
obtained by the Smets method, which bends 
towards the abscissa at higher temperatures. 

Akman et ~1.~ proposed another method for 
determining the rate constant of atom for- 
mation. According to this model, it is assumed 
that atoms are not removed from the system at 
the very beginning of the signal (t <<residence 
time) and therefore, the second term on the 
right-hand of equation (1) is neglected. For a 
constantly increasing temperature, it is assumed 
that the rate of atom fo~ation is a linear 
function of time, and that the sample is com- 

2r ,-I3 

--14 

--15 

--16 

-4 - 

-5 - 

_6&$$l I 1 I I I I I-2, 
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Fig. 5. Arrhenius plots obtained .by the Smets method 
(x), Akman method (0) and the present method (0). 

Conditions as for Fig. 4. 
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pletely atomized in a period T,, defined as the of time during the atomization, and the assump- 
time from the beginning of atomization to the tion is therefore false and might result in the 
maximum of the signal, and for atom formation sigmoid shape of the Arrhenius plots obtained 
the following equations are derived: by the Akman method. 

R 
2No 

roml=.t =k,N 
Tl 

k, =2t 
2: - t2’ 

(15) 

The Arrhenius plot obtained by the Akman 
method [equation (15)] is also shown in Fig. 4. 
The sigmoid shape of the Arrhenius plots 
obtained by the Akman method is obvious. 
Thus, it is difficult to extract meaningful inform- 
ation about atom formation, from the Akman 
method.’ As mentioned above, the sigmoid 
shape of the Arrhenius plots was predicted 
by L’vov et a1.‘2,22 and Guerrieri et al.,” their 
results suggesting that the sigmoid shape of 
the Arrhenius plots resulted from the nature of 
the vaporization. However, an unreasonable 
assumption in the Akman model may be the 
cause of the sigmoid shape. First, we can check 
the assumption that the removal of atoms can 
be neglected. At the beginning of the signal this 
may be valid, but at later stages, the removal of 
atoms cannot be neglected, because there is an 
increase in the number of gaseous analyte 
atoms. It can be seen that neglecting the re- 
moval of atoms could result in the sigmoid 
shape. However, it is unnecessary to assume 
that the initial removal of atoms from the 
furnace can be neglected, since equation (15) is 
correct in the absence of this assumption. From 
equation (14) the number of atoms unatomized 
is given by 

N ” s Rfom dt = N” (T: - t2) (16) 
f G 

and combining equation (14) with equation (16) 
yields equation (15). Therefore, the sigmoid 
shape of the Arrhenius plots cannot be at- 
tributed to this assumption. Secondly, we can 
check the assumption that the rate of atom 
formation is a linear function of time. Since the 
number of unatomized atoms N decreases with 
increase in time, while the rate constant of atom 
formation k, increases with time (as the tem- 
perature increases), the rate of atom formation 
R form should have a maximum with the change 
in time. Therefore, it is impossible that the rate 
of atom formation should be a linear function 

CONCLUSION 

It is shown that certain assumptions which 
were made in the previous methods for 
determining the kinetic parameters for atom 
formation (and may not be valid under all 
conditions) might result in the non-linear phe- 
nomenon observed in the Arrhenius plots. To 
avoid this non-linearity and to study atomiz- 
ation processes further, it is necessary to de- 
velop more correct methods for obtaining the 
kinetic parameters for atom formation. 
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DETERMINATION OF TELLURIUM IN ORES, 
CONCENTRATES AND RELATED MATERIALS BY 

GRAPHITE-FURNACE ATOMIC-ABSOR~ION 
SPECTROMETRY AFTER SEPARATIONS BY IRON 

COLLECTION AND XANTHATE EXTRACTION* 

EWIE M. DONALDSON and MAUREEN E. LEAVER 
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Summary-A method for determining -0.01 pg/g or more of tellurium in ores, concentrates, rocks, soils 
and sediments is described. After sample d~m~sition and evaporation of the solution to incipient 
dryness, tellu~~ is separated from > 300 pg of copper by ho-pr~pi~tion with hydrous ferric oxide from 
an ammoniacal medium and the precipitate is dissolved in 1O.W hydr~~o~c acid. Alternatively, for 
samples containing ~300 pg of copper, the salts are dissolved in NW hydrochloric acid. Tellurium in 
the resultant solutions is reduced to the quadrivalent state by heating and separated from iron, lead and 
various other elements by a single cyclohexane extraction of its xanthate complex from -9&U 
hydrochloric acid in the presence of thiosemicarbazide as a complexing agent for copper. After washing 
with 10M hydrochloric acid followed by water to remove residual iron, chloride and soluble salts, tellurium 
is stripped from the extract with 16M nitric acid and finally determined, in a 2% v/v nitric acid medium, 
by graphite-furnace atomic-absorption spectrometry at 214.3 nm in the presence of nickel as matrix 
modifier. Small amounts of gold and palladium, which are partly co-extracted as xanthates if the 
iron-collection step is omitted, do not interfere. Co-extraction of arsenic is avoided by volatilizing it as 
the bromide during the decomposition step. The method is directly applicable, without the co-precipitation 
step, to most rocks, soils and sediments. 

Because of the shortage of available reference 
ores and related materials with certified tel- 
lurium contents, the accurate determination of 
trace and pg-amounts of tellurium in these 
materials, particularly in copper, lead and zinc 
concentrates, is of importance in CANMET’s 
certified reference materials project (CCRMP). 
Since the inception of this project in the early 
197&s, only one recent reference material, cop- 
per concentrate CCU-la, has been certified 
(with rather wide confidence limits) for tel- 
lurium, while approximate values for infor- 
mation purposes have been provided for an 
earlier copper concentrate, CCU-1, and for 
lead and zinc concentrates, CPB- 1 and CZN- 1, 
containing c 1 pg/g of tellurium. During the 
interlaboratory certification programmes, these 
copper concentrates were analysed for tellurium 
by a spectrophotometric method based on 
measurement of the chloroform extract of the 
tellurium(W) hexabromid~iantipy~lmethane 
ion-association complex, after separation of 

*Crown Copyright reserved. 

tellurium from copper by co-precipitation with 
iron(III), followed by its separation from 
the iron, and lead and other co-precipitated 
elements by chloroform extraction as the xan- 
thate from m 12M hydrochloric acid.’ However, 
this method was not applicable to the lead and 
zinc concentrates because of their low tellurium 
content. Consequently, in this earlier work an 
attempt was made to utilize a more sensitive 
flameless (carbon rod) atomic-abso~tion (AAS) 
finish, involving manual sampfe solution injec- 
tion, for small amounts of tellurium, but this 
work was discontinued because of the poor 
reproducibility obtained. In recent years, 
numerous graphite-furnace (GFAAS) and some 
flame AAS methods for tellurium have been 
based on its separation from matrix elements by 
extraction, usually into methyl isobutyl ketone, 
of the tellurium(W) chloro- and bromo-com- 
plexes from hydrochloricz-6 and hydrobromic 
acid718 media, and several very recent methods 
involve the extraction of the trioctylmethyl- 
ammonia (T~MA)-iodide ion-association 
complex. g-i* However, most of these extraction 
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174 ELSIE M. DONALDSON and MAUREEN E. LEAVER 

procedures, particularly of the chloro- and iodo- 
complexes, are not too selective, because many 
other elements, notably iron(II1) in the chloro- 
complex procedure and copper, lead and zinc in 
the TOMA-iodide procedure, are co-extracted 
under the same conditions. The bromo-complex 
extraction procedure is more selective because 
the co-extraction of iron(II1) can be largely 
prevented by reduction with ascorbic acid, but 
the extraction of tellurium is not quantitative in 
the presence of > 50 mg of iron. Consequently, 
to minimize error, it is necessary to extract the 
calibration solutions-to which iron must be 
added-regardless of whether the extract or an 
aqueous strip solution is used for the GFAAS 
measurement. Owing to the relatively high selec- 
tivity of the xanthate extraction procedure de- 
scribed previously,’ and the recent acquisition of 
more sophisticated graphite-furnace instrumen- 
tation, equipped with an automatic sampling 
device, it was considered that the earlier xan- 
thate extraction-flameless AAS approach might 
merit further investigation, particularly if quan- 
titative extraction of the tellurium complex 
could be achieved in one extraction step into a 
solvent of specific gravity < l.12*‘3 This would 
simplify and shorten the extraction procedure, 
and facilitate washing of the extract to remove 
entrained salts and reduce the concentration of 
some co-extracted elements. 

In the proposed method, tellurium is separ- 
ated from ~300 pg of copper and from 
iron(III), lead, zinc and various other matrix 
elements by a single cyclohexane extraction of 
its xanthate complex from N 9.5M hydrochloric 
acid in the presence of thiosemicarbazide as a 
complexing agent for copper. After washing to 
remove residual iron and soluble salts, tellurium 
is stripped from the extract with 16M nitric acid 
and determined by GFAAS in a 2% v/v nitric 
acid medium in the presence of nickel as matrix 
modifier. For samples containing >300 ,ug of 
copper, the preliminary separation of tellurium 
from copper by co-precipitation with hydrous 
ferric oxide is necessary. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer model 5000 atomic-absorp- 
tion spectrometer, an HGA-400 graphite-fur- 
nace, an AS-40 autosampler, and a Data System 
10 equipped with HGA graphics and data- 
collection software, were used, with a tellurium 
hollow-cathode lamp operated at 7 mA. The 
214.3 nm resonance line was used with a 
spectral band-pass of 0.7 nm. Pyrolytically- 
coated graphite tubes with solid pyrolytic 
graphite platforms were employed, and 20-~1 
aliquots of the appropriate solutions, containing 
0.01% nickel as matrix modifier, were injected. 
Measurements were made in the peak-area 
mode without background correction. The in- 
strumental conditions for the dry, char and 
atomization steps are given in Table 1. 

Reagents 

Standard tellurium solution, 100 pglml. Dis- 
solve 0.1251 g of pure tellurium dioxide by 
heating gently with 50 ml of concentrated nitric 
acid. Cool, transfer the solution to a 1-litre 
standard flask and dilute to volume with water. 
Prepare a l-pg/ml working solution in N 2% 
v/v nitric acid by appropriate dilution of the 
stock solution. The diluted solution is stable for 
at least 2 weeks. 

Nickelsolution, lOmg/ml. Dissolve 1 g of high- 
purity nickel metal by heating gently with -20 
ml of water containing 3 ml of concentrated 
nitric acid. Cool and dilute to 100 ml with water. 

Iron(III) solution, - 20 mglml. Dissolve 48 g 
of ferric chloride hexahydrate by heating gently 
with -400 ml of water containing 25 ml of 
concentrated hydrochloric acid. Cool and dilute 
to -500 ml with water. 

Thiosemicarbazide solution, 4% in 5M hydro- 
chloric acid. Prepare a sufficient volume of sol- 
ution, fresh as required, by warming the reagent 
with equal volumes of water and 10M hydro- 
chloric acid. Cool and filter the solution through 
Whatman No. 541 filter paper. 

Table 1. Instrumental conditions for the determination of tellurium 

Step function 
1 2 3 4 5 

Dry Char Char Atomize Clean 

Temperature, “C 110 300 900 2300 2600 
Ramp time, set 10 5 5 0 1 
Hold time, set 20 10 20 5 I 
Internal flow, argon mljmin 300 300 300 0 300 
Read, set - - - -1 - 
Base-line, set - - - -2 - 
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Pot~~ium ethyix~thate solution, 20%. Pre- 
pare fresh as required. 

Ammonia solution, 2% v/v. Store in a plastic 
bottle. 

Hydrochloric acid, IOM. 
Hydrochloric acid, 10% v/v. 
Sulphuric acid, 50% v/v. 
Cyclohexane. Analytical-reagent grade. 
Doubly demineralized water was used 

throughout and all acids employed were 
analytical-reagent grade. 

Calibration locutions 

Prepare O.Ol-, 0.02-, 0.03-, 0.04-, 0.05 and 
0.06-p g/ml tellurium solutions by adding 0.5, 1, 
1.5, 2, 2.5 and 3 ml, respectively, of l-pgg/ml 
standard tellurium solution to 50-ml standard 
borosilicate glass flasks containing 1 ml of con- 
centrated nitric acid and 500 ~1 of lo-mg/ml 
nickel solution. Dilute each solution to volume 
with water. Prepare a blank calibration solution 
in a similar manner. These solutions are stable 
for at least 2 weeks. 

Procedures 

Copper < 300 pg and iron 6 250 mg. Transfer 
up to 1 g of powdered sample (Note l), contain- 
ing up to - 20 pg of tellurium, to a 250-ml 
Teflon beaker. Add -5 ml of water and 0.5 g 
of sodium chlorate (Note 2), then cover the 
beaker with a watch-glass and add 10 ml of 
concentrated nitric acid followed by 10 ml of 
concentrated perchloric acid. Heat the solution 
until the evolution of oxides of nitrogen ceases, 
then allow it to cool to room temperature, 
remove the cover and wash down the sides of 
the beaker with water. Add 10 ml of concen- 
trated hydrofluoric acid and carefully evaporate 
the solution to fumes of perchloric acid. Cool, 
wash down the sides of the beaker with water 
again, then add 5 ml of concentrated hydro- 
bromic acid (Note 3) and carefully evaporate 
the solution to -3 ml. Cool, add 2 ml of water 
and 30 ml of concentrated hydrochloric acid, 
cover and heat the solution at 95-100” in a hot 
water-bath for - 30 min to reduce tell~ium(V1) 
to tellu~um(IV), then cool to room tempera- 
ture. Run a blank through the whole procedure. 

If the sample contains ~2 pg of tellurium, 
transfer the solution to a 125-ml separating 
funnel, marked at 50 ml, using 10M hydro- 
chloric acid contained in a plastic squeeze-type 
wash-bottle to wash the beaker (Note 4). 

If the sample contains >2 pg of tellurium, 
transfer the solution to a 1 OO-ml standard flask, 

using IOM hydr~hlo~~ acid to wash the 
beaker. Dilute the solution to volume with 10M 
hydrochloric acid, allow it to stand until any 
insoluble material has settled (Note 5), then 
transfer a suitable aliquot (5-50 ml), containing 
up to N 2 pg of tellurium, to a separating funnel 
and dilute to the mark with 10M hydrochloric 
acid. 

Add 5 ml of 4% thiosemicarbazide solution 
to the resulting solution, mix, allow the solution 
to stand for 10 min, then add 15 ml of cyclo- 
hexane and 1 ml of freshly prepared 20% potas- 
sium ethyl xanthate solution (Note 6) and shake 
the mixture for 2 min. Allow the layers to 
separate (Note 7), then drain off and discard the 
aqueous phase. Wash the extract by shaking it 
for - 30 set with 5 ml of 10M hydrochloric acid, 
drain off the acid phase, then wash it twice in a 
similar manner with 5-ml portions of water to 
remove sodium salts. Add 5 ml of concentrated 
nitric acid to the extract, stopper the funnel 
tightly and shake it for 10 min with a wrist- 
action shaker. Allow the layers to separate 
(Note 8), then drain the acid layer into a 100-ml 
beaker and wash the stem of the funnel with 
water. Wash the extract twice by shaking it for 
- 15 set each time with 5-ml portions of water 
and add the washings to the beaker. Wash the 
stem of the funnel with water each time and 
collect these washings in the beaker. 

Add 1 ml of 50% v/v sulphuric acid and 500 
~1 of concentrated perchloric acid to the result- 
ing blank and sample solutions, then add 50 ,ul 
(i.e., 500 pg of nickel) of lo-mg/ml nickel 
solution to the blank solution. Depending on 
the expected tellurium content, add sufficient 
nickel solution to the sample solution so that 
50 ,~l will be present for each 5 ml of final 
solution (Note 9), then cover the beakers and 
carefully evaporate the solutions to copious 
fumes of perchloric acid. Cool, remove the 
covers and evaporate the solutions to dryness. 
Cool, wash down the sides of the beakers with 
water and evaporate the solutions to dryness 
again to ensure the complete removal of sul- 
phuric acid. Cool, add 100 ~1 of concentrated 
nitric acid and -2 ml of water to the beaker 
containing the blank. Add sufficient concen- 
trated nitric acid (Note 9) to the beaker contain- 
ing the sample so that the final solution will be 
2% v/v in nitric acid, then add -2-10 ml of 
water, depending on the volume of the final 
solution. Heat both solutions gently to dissolve 
the salts and, if necessary, use a rubber-tipped 
glass rod to dislodge any salts adhering to the 
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bottom of the beaker. Cool the solutions to 
room temperature, then transfer the blank sol- 
ution to a 5-ml standard flask. Transfer the 
sample solution to a standard flask of appro- 
priate size (5-50 ml). Dilute both solutions to 
volume with water and mix. 

Measure the integrated absorbance of the 
sample and blank solutions under the con- 
ditions described under “Apparatus” and in 
Table 1 (Note 10). Determine the tellurium 
concentrations of the solutions by reference to 
peak-area values obtained concurrently for the 
calibration solutions. Calculate the tellurium 
content of the solutions (in ng or fig) and 
correct the result obtained for the sample 
solution by subtracting that obtained for the 
blank solution. 

Copper > 300 c(g-50 mg. After sample de- 
composition (Note 11) and evaporation of the 
solution to -3 ml as described above, add 
- 100 ml of water, 5 ml of concentrated hydro- 
chloric acid and, if necessary, sufficient 20- 
mg/ml iron(III) solution so that N 80 mg of iron 
will be present (Note 12), then heat to dissolve 
the soluble salts. Run a blank, with -80 mg of 
iron(II1) added, through the whole procedure. 

Add sufhcient concentrated ammonia sol- 
ution to the resulting solution to precipitate iron 
as the hydrous oxide, then add 5 ml in excess, 
cover, and heat the solution to boiling point to 
coagulate the precipitate. Allow this to settle, 
then filter (Whatman No. 541 paper) the sol- 
ution while hot and wash the beaker twice with 
2% ammonia solution added from a wash- 
bottle. Wash the paper and precipitate three 
times with 2% ammonia solution. Discard the 
filtrate. 

If the sample contains ~5 mg of copper 
(Note 13), wash the paper and precipitate once 
with water to remove ammonium salts, then 
place the original beaker under the funnel and 
dissolve the precipitate with 10M hydrochloric 
acid added from a plastic squeeze-type wash- 
bottle. Wash the paper three times with the acid 
solution, then discard the paper (Note 14). 
Cover the beaker, place it in a hot water-bath 
and proceed with the reduction, the dilution of 
the solution to 100 ml with 10M hydrochloric 
acid, if necessary, and the extraction and deter- 
mination of tellurium as described above. 

If the sample contains >5 mg of copper 
(Note 1 I), dissolve the precipitate back into the 
beaker with hot 10% v/v hydrochloric acid, 
added from a wash-bottle, and wash the paper 
three times with the acid solution, then once 

with water to remove most of the excess of 
acid. Reprecipitate the iron, filter the solution 
through the original filter paper, wash the 
beaker, paper and precipitate as described 
above, then dissolve the precipitate with 1OM 
hydrochloric acid and proceed with the reduc- 
tion and determination of tellurium as described 
above. 

Notes 

1. The recommended limits of copper and 
iron apply only if the whole sample solution is 
taken for extraction. For samples of high tel- 
lurium content, in which the solution is diluted 
to 100 ml and an aliquot is taken for extraction, 
the amount of copper and iron in the aliquot 
should not exceed these limits. However, if the 
iron content of the solution or aliquot taken for 
extraction is < 100 mg, up to 500 pg of copper 
can be present during the extraction. The Teflon 
beakers used for sample d~omposition and the 
glass beakers used for the strip solutions should 
be cleaned with hot (- 30%) hydrochloric acid 
followed by washing with doubly demineralized 
water before use. 

2. The addition of more sodium chlorate than 
this is not r~ommended, because too much 
sodium chloride would be formed during the 
extraction step and could interfere with the 
separation of the layers and/or clog the separ- 
ating funnel. 

3. Hydrobromic acid can be omitted if the 
arsenic, antimony and tin contents of the sample 
are low. 

4. The total volume of the solution should not 
exceed -60 ml. A small amount of insoluble 
material present at this stage will not usually 
interfere with the extraction of tellurium unless 
it interferes with the separation of the layers. 
Moderate amounts can be removed by filtering 
the solution into the separating funnel, using 
Whatman No. 541 or 42 (Note 5) paper, or 
preferably glass-fibre paper, and then washing 
the beaker and paper with IOM hydrochlo~c 
acid, However, the solution should be warmed 
first to ensure the dissolution of any soluble salts 
that may have crystallized on standing. 

5. Insoluble material can be removed more 
quickly, if desired, by centrifuging a suitable 
portion of the solution or filtering it through a 
dry filter paper. Whatman No. 42 paper is 
recommended if fine precipitates such as barium 
and strontium sulphates are present. 

6. Because of the rapid decomposition of 
xanthate in acidic solutions, xanthate solution 
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should only be added to two solutions at a time, 
followed by immediate extraction of the com- 
plex. For health reasons, all operations in- 
volving xanthate should be performed in a 
fume-hood, and an automatic pipette or one 
equipped with a suction bulb should be used for 
dispensing the solution. The aqueous phase 
after extraction, and any remaining xanthate 
solution, should be treated with concentrated 
nitric acid and boiled vigorously to destroy the 
xanthate before disposal of the solution.‘4 

7. If sodium chloride or precipitates such as 
barium and strontium sulphates clog the separ- 
ating funnel, stopper the funnel tightly, open the 
stop-cock and unplug it with an aluminium or 
preferably platinum wire. Any sodium chloride 
or other water-soluble salts remaining at this 
stage, or after the 10M hydr~hlo~c acid wash 
of the extract, will be removed by the two 
succeeding water washes. 

8. If the acid phase is not clear because of the 
presence of barium and/or strontium sulphates, 
add - 5 ml of water to dilute the acid and filter 
(Whatman 9 cm No. 42 paper) the solution and 
the succeeding strip solutions into the beaker. A 
simple and practical way to do this is to use a 
short-stemmed plastic funnel (60-mm diameter) 
supported on the beaker by a 70-mm diameter 
circle of thin flat plastic with a hole in the centre 
for the stem of the funnel. 

9. For final sample solution volumes of 5, 10, 
25 or 50 ml, add 50,100,250 or 500 ~1 of nickel 
solution, respectively. The corresponding vol- 
umes of concentrated nitric acid to be added in 
the subsequent part of the procedure are 100, 
200, 500 or 1000 ~1. 

10. If dilution of the sample solution is neces- 
sary, dilute a suitable aliquot directly in the 
autosampler cup with the blank calibration 
solution. 

11. Samples containing more than 50 mg of 
copper can be used if the tellurium content is 
relatively high and a small aliquot of the sol- 
ution obtained after a double hydrous ferric 
oxide separation is used for extraction. For the 
copper concentrates shown in Table 2, 400-mg 
samples were employed and lo-ml aliquots of 
the solutions obtained after a double iron separ- 
ation, followed by dissolution of the precipitate 
and dilution of the solutions to 100 ml with 10M 
hydrochloric acid, were taken for the determi- 
nation of tellurium. 

12. Samples containing more than - 150 mg 
of iron are not recommended, because the 
filtration step may become unduly slow and 

more copper will be retained in the hydrous 
ferric oxide precipitate. 

13. If the copper content of the sample is not 
known and the filtrate is definitely or even 
slightly blue, a second precipitation should be 
performed, In cases of doubt, a double precipi- 
tation is strongly recommended. 

14. The volume of the solution should not 
exceed - 40 ml. It is not necessary to remove all 
of the yellow iron colour from the filter paper. 

RESULTS AND DISCUSSION 

Nickel as matrix modifier 

Nickel,” palladium16 and mixtures of pal- 
ladium and magnesium,” copper and mag- 
nesium,‘* and nickel and copper’ have been 
r~ommended as matrix modifiers for the 
GFAAS dete~ination of tellurium. In this 
work, both nickel and palladium (as nitrates) 
were investigated by use of platform-atomiz- 
ation of tellurium from 2% v/v nitric acid 
solutions. Figure 1 (a) and (b), in which 
the simultaneous peak-height and peak-area 
measurements are plotted, show that under 
these conditions nickel is a better modifier for 
tellurium than palladium is, and that the appro- 
priate maximum charring temperature in the 
presence of nickel is - 1100”. This agrees with 
earlier workIs in which a maximum temperature 
of - 1200” is reported. Erratic results, which 
were most noticeable for the integrated ab- 
sorbance measurements, were obtained in the 
presence of palladium. With nickel as modifier, 
the integrated absorbance values were relatively 
constant and well-defined peaks were obtained 
at char temperatures up to 1100”. In these tests, 
the nickel solution was added directly to the 
tellurium solution during preparation, which 
ensured that a homogeneous mixture was in- 
jected into the furnace, but the palladium sol- 
ution was injected separately in 5-~1 portions. 
Further tests with nickel showed that its effect 
is constant from - 1 to at least 8 pg, and in 
subsequent work 2 pg were used per 20-~1 
aliquot of injected solution. This corresponds to 
a concentration of 0.01% nickel in the sample 
and calibration solutions. 

Separation of tellurium by extraction as the 
xanthate 

Preliminary tests to determine whether tel- 
lurium could be quantitatively extracted as the 
xanthate in a single extraction into a solvent of 
specific gravity -C 1 from >9M hydrochloric 
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0.8 

Char temperature (*Cl Char temperature PC) 

Fig. 1. Effect of char temperature and matrix modifier on the peak-height (a) and integrated absorbance 
(b) for tellurium. Te taken, 20 rl afO.l rg/ml solution in 2% v/v HNQ,; 0, in the absence of a modifier: 

0, in the presence of 2 pg of nickel; A, in the presence of 2 pg of palladium. 

acid were performed with cyclohexane under 
essentially the same conditions used recently for 
the extraction of arsenic xanthate.‘“*” These 
tests showed that under such conditions up to at 
least 5 pg of tellurium can be completely ex- 
tracted into 15 ml of cyclohexane from up to at 
least 60 ml of solution. As reported earlier,’ 
tellurium must be in the quadrivalent state for 
the extraction step. In the absence of iron(III), 
the reduction can readily be accomplished by 
heating >,7M hydrochlaric acid solutions of 
tellurium at w 100” for w 10-l 5 min. In its 
presence, heating for -30 min is recom- 
mended,’ 

~~r~~~~~g aprd GFAAS ~~~er~~~#~j~~ of ~~~~~~~~ 

As found earlier for arsenic,“’ the tellurium 
xanthate complex can be readily stripped from 
the cyclohexane extract by shaking it for - 10 
min with - 5 ml of concentrated nitric acid. No 
attempt was made to determine tellurium by 
direct injection of the extract into the furnace, 
because of the high sulphur-compound content 
resulting from the co-extraction of the excess of 
xanthate.‘* In this work, the sulphuric acid 
produced during the stripping process, by nitric 
acid oxidation of the xanthate, is readily re- 
moved by evaporating the solution to dryness in 
the presence of perchloric acid as oxidant for 
any organic material present, The addition of 
the required volume of nickel modifier solution 
to the strip solution before the evaporation step 
is recommended, to prevent the possible for- 
mation of insoluble tellurium oxy-compounds. 
Peak-area measurement was chosen for this 

work because peak-height measurements 
yielded low and erratic results for tellurium after 
treatment of the strip solutions as described 
above. Deuterium-arc background correction 
was found ~nn~~sa~. 

EflPeect of copper plus iron on the extraction of 
telluritbm 

Previous work’ showed that neither cop- 
per(I1) nor iron(II1) alone interferes with the 
extraction of tellurium as the xanthate, but that 
the extraction is either prevented or severely 
inhibited when both are present. This necessi- 
tated the separation of tellurium from copper by 
co-precipitation with iron(II1) from an ammoni- 
acal medium. In the present work, where only 
one extraction is performed, this effect is even 
more serious, The reason for this behaviour is 
not known However, tests have shown that, at 
low levels of copper, this interference can be 
eliminated or minimized by complexing the 
copper with thiosemicarbazide (thiourea is in- 
effective as a complexing agent for copper at 
high hydrochloric acid concentration). Figure 2 
(a) shows that in the absence of thiosemi- 
carbazide more than -50 pg of copper in the 
presence of 100 mg of iron@) will cause a low 
result for tellurium, but up to - 500 j4 g can be 
tolerated under the same conditions in the pres- 
ence of 200 mg of thiosemicarbazide. Figure 2 
(b) shows that, for the same amount of thio- 
semicarbazide, up to -250 mg of iron(II1) can 
be present at the 3OOqg copper level, but more 
than w 100 mg cannot be tolerated in the pres- 
ence of 500 ,~g of copper. Further work showed 
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I I I I I 
0 200 400 600 600 1000 

cu (pg) FeUlI) (mg) 

Fig. 2. Effect of copper plus iron on the extraction of tellurium. (a) Te taken, 2 pg; Fe(III) taken, 100 mg; 
0, in the absence of thiosemicarbazide; 0, in the presence of 200 mg of thiosemicarbazide. (b) Te taken, 
2 pg; thiosemicarbazide taken, 200 mg; A, in the presence of 500 pg of Cu; A, in the presence of 300 Fg 

of cu. 

that tellurium can be completely extracted from 
solutions containing 300 mg of iron(II1) and 
500 pg of copper if the amount of thiosemi- 
carbazide is doubled, but the addition of more 
than 200 mg, as recommended in this work, 
would not usually be necessary, because l-g 
samples of most ordinary rocks, soils and sedi- 
ments do not often contain more than N 300 pg 
of copper and 250 mg of iron. Consequently, 
most of these materials can be analysed directly 
without prior separation of the tellurium from 
copper by co-precipitation with iron. However, 
for samples containing larger amounts of cop- 
per, either a single or double co-precipitation is 
required, depending on the amount present. 
Under the precipitation and washing conditions 
used in this work, -260 and 370 pg of copper 
were retained in the precipitate, from initial 
5- and IO-mg levels, respectively, after a single 
co-precipitation with 100 mg of iron, and -36 
and 73 pg were retained after a double co- 
precipitation. Consequently, a single co-precipi- 
tation step is recommended for samples 
containing 300 fig-5 mg of copper, while a 
double co-precipitation is recommended for 
5-50 mg of copper. At higher levels of copper 
a third co-precipitation step would be required. 

Effect of other ions 

Under the acid conditions (-9.5M hydro- 
chloric acid) used for the extraction of tel- 
lurium, arsenic(II1) is completely co-extracted 
as the xanthate, gold(II1) and palladium(I1) are 

T.A.L. ,712-B 

largely co-extracted and platinum(IV) is slightly 
co-extracted.12*i7 Selenium(N) is also quantita- 
tively extracted, but is completely removed from 
the strip solution by volatilization, presumably 
as the dioxide, when the solution is evaporated 
to dryness in the presence of sulphuric acid. 
Interference from arsenic, if this is present in 
large amounts, can be readily avoided by 
volatilizing the bromide in the presence of 
perchloric acid during the sample decompo- 
sition step. Tin and antimony are also removed 
under these conditions. Gold, platinum and 
palladium are completely separated from tel- 
lurium during the iron(II1) co-precipitation 
step. However, even if this step is omitted, the 
amounts of these elements in ores, concentrates, 
rocks and related materials would not interfere 
in the determination of tellurium by GFAAS. 
Up to at least 20 pg of these elements per ml will 
not cause significant error in the result. Washing 
the extract with 10M hydrochloric acid removes 
small amounts of co-extracted platinum, anti- 
mony and mo1ybdenum,‘2*17 and residual iron 
and other elements that may be mechanically 
entrained in the extract. Washing with water 
removes residual hydrochloric acid and sodium 
chloride, and other water-soluble salts that may 
have precipitated in the highly acidic sample 
solution before or during the extraction step. 
Sodium and potassium, if present in the final 
solution, will cause a high result for tellurium. 

In the direct method, in which the co- 
precipitation step is omitted, large amounts of 
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insoluble material may interfere during the 
extraction step by preventing the complete sep- 
aration of the layers. If this occurs, the use of a 
smaller sample is recommended, if feasible, or 
tellurium can first be separated from the insol- 
uble material and some matrix elements by 
co-precipitation with iron. Any barium and 
strontium sulphates present during the extrac- 
tion step are partly removed with the aqueous 
phase. The remaining precipitate adhering to 
the inside of the funnel and mechanically en- 
trained in the extract will be retained in the strip 
solution but this can readily be removed by 
filtration before the solution is evaporated to 
dryness. 

Applications 

suitable aliquot (for GXR-1) for the extraction. 
Because of the large amount of insoluble 
material present in solutions of some of the 
GXR samples (GXR-2, -5 and -6), 0.4-0.5-g 
subsamples of these materials were taken. 
In addition, because of their high barium and, 
in some cases, strontium contents, the strip 
solutions were filtered to remove barium and 
strontium sulphate before the evaporation step. 
Each of the individual results obtained for all 
the reference materials was the mean of 3 or 4 
GFAAS runs, each including a single peak-area 
measurement. The tellurium concentration was 
calculated by the linear regression least-squares 
method from peak-area data obtained for each 
run for tellurium calibration solutions covering 
the linear response range of O-0.06 pgg/ml. 

Table 2 shows that the mean results obtained The proposed method can easily be modified 
for tellurium in the CCRMP copper concen- to include a hydride-generation (HGAAS) 
trates are in excellent agreement with the cer- atomic-absorption finish if desired. In this case, 
tified values, and with previous results obtained omit the addition of nickel solution and sul- 
in this laboratory during the respective inter- phuric acid to the strip solution, add -3 ml of 
laboratory certification programmes by the iron concentrated perchloric acid, cover the beaker, 
collection/xanthate extraction/tellurium hexa- evaporate the solution to fumes of perchloric 
bromide-diantipyrylmethane spectrophoto- acid, then reflux it vigorously for -30 min. 
metric method’ mentioned earlier. Those ob- Remove the cover and, if necessary, evaporate 
tained for the zinc and lead concentrates, CZN- the solution to - 1 ml (not to dryness). Add 4 ml 
1 and CPB-1, are in good agreement with the of water and 7.5 ml of concentrated hydro- 
values given for information purposes, which chloric acid, cover the beaker, heat the solution 
are the means of only 1 and 3 sets of data, to the boiling-point on a hot-plate, then boil it 
respectively, obtained during the certification gently for - lo-15 min to reduce tellurium. 
programmes. For the copper concentrates, a Cool the resulting solution to room tempera- 
double iron(II1) co-precipitation step was used ture, transfer it to a standard flask of appropri- 
to separate tellurium from copper, and a single ate size (2 25 ml), add sufficient concentrated 
step for the lead and zinc concentrates. The hydrochloric acid, if necessary, for the final 
results obtained for the CCRMP soils, for some concentration to be -30% v/v, then dilute 
United States Geological Survey (USGS) muds to volume with water and determine tellurium 
and shales and for the National Bureau of by the HGAAS method, using appropriate tel- 
Standards (NBS) river sediment 1645 are in lurium(IV) solutions in 30% v/v hydrochloric 
good agreement with other reported values, acid for calibration. It should be emphasized 
while those obtained for the USGS GXR series that this alternative procedure has been de- 
of samples agree reasonably well with the mean signed for determining tellurium by continuous 
of other reported values. These means were hydride-generation with the vapour-generation 
calculated from absolute values only, with ex- accessory employed previously in this lab- 
clusion of any gross outliers. The result ob- oratory for the determination of arsenic.13 
tained for NBS 1646 is considerably lower than Modification of the final volume or final acid 
the value given for information only, which concentration might be necessary for other 
according to NBS is not the result of a definitive HGAAS systems. This hydride-generation 
method or of two or more independent ana- method is not recommended for most ores, 
lytical methods. No other tellurium value rocks and related materials, unless the iron 
for this material was found in the literature. co-precipitation procedure is first employed to 
Except for GXR4, all the soils, rocks and separate tellurium from palladium and gold, 
sediments shown in Table 2 were analysed because even ,ug-amounts of these elements 
directly, without the iron co-precipitation step, interfere seriously in the determination of tel- 
with use of either the whole solution or a lurium by HGAAS. Some preliminary work has 
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shown that tellurium can be selectively stripped 
from the extract and completely separated from 
up to at least 100 pg of co-extracted palladium, 
and almost completely separated from the same 
amount of gold, by shaking the extract for - 30 
min (or possibly less) with 25-35% v/v nitric 
acid. However, the GFAAS finish is quicker and 
more advantageous than the HGAAS finish 
because small amounts of co-extracted pal- 
ladium and gold do not interfere and a second 
reduction step is not necessary. 

Because selenium(N) is completely co- 
extracted as the xanthate under the conditions 
used for the extraction of tellurium, it is also 
possible to determine selenium by HGAAS, 
particularly by the direct xanthate extraction 
method (no co-precipitation step) if some pre- 
cautions are taken to avoid loss of selenium. In 
this case the omission of hydrobromic acid and 
the addition of - 10 mg of nickel during the 
decomposition step is recommended,2’ and the 
initial reduction of selenium and tellurium in 
- 30 ml of 7M hydrochloric acid, by heating as 
described in the proposed method, is recom- 
mended to avoid possible loss of selenium by 
volatilization as the chloride. For the determi- 
nation, after dilution of the solution to - 50 ml 
in a separating funnel with concentrated hydro- 
chloric acid, proceed with the addition of 
thiosemicarbazide solution, the extraction and 
the ultimate stripping of the extract as described 
in the proposed method. Treat the strip solution 
as described above for tellurium but add suf- 
ficient IO-mg/ml nickel solution for the final 
solution to contain - 4 pg of nickel per ml, then 
proceed with the evaporation of the solution, 
the refluxing and reduction steps and the sub- 
sequent determination of selenium by HGAAS, 
and calibration with selenium(IV) solutions 
containing the same concentration of nickel. 
However, this method for selenium has the same 
disadvantages as the HGAAS method for tel- 
lurium, because gold and palladium also inter- 
fere in the generation of selenium hydride. In 
addition, 25-30% v/v nitric acid cannot be used 
to strip selenium selectively from the extract, 
because it is only partly stripped under these 
conditions. Although the co-precipitation step 
can be used to separate selenium from gold and 
palladium, the selenium must first be reduced to 
the quadrivalent state because selenium(V1) is 
not co-precipitated with iron(II1). Furthermore, 
the precipitate must be washed with water 
because selenium is lost to the titrate if the 
precipitate is washed with dilute ammonia sol- 

ution. Under these conditions, more copper is 
retained in the precipitate, which, if tellurium is 
being determined at the same time, can lead to 
incomplete extraction of tellurium if the sample 
contains an appreciable amount of copper. 
Some additional work has shown that cop- 
per(I1) and iron(II1) in admixture also inhibit 
the extraction of selenium as the xanthate under 
the conditions used in this work. However, in 
the case of selenium, thiosemicarbazide is much 
more effective in preventing this interference. In 
the presence of 200 mg of thiosemicarbazide, as 
recommended in this method, and 100 mg of 
iron(III), complete extraction of selenium was 
obtained in one extraction from 9.5M hydro- 
chloric acid containing - 2% v/v sulphuric acid 
and up to at least 10 mg of copper. This suggests 
that an HGAAS method based on the extrac- 
tion of selenium(W) xanthate under these 
conditions might be extremely useful for the 
analysis of materials that do not contain gold 
and palladium. The determination of selenium 
by GFAAS after xanthate extraction is not 
recommended, because of the high sulphate 
content of the strip solution resulting from the 
nitric acid oxidation of the co-extracted excess 
of xanthate.‘* 

In the proposed method, the detection limit, 
calculated as three times the standard deviation 
of the reagent blank, based on a l-g sample 
taken through the extraction step and a final 
volume of 5 ml, is -8 ng of tellurium per g of 
sample. The sensitivity (or characteristic mass) 
is - 16 pg for 0.0044 integrated absorbance. In 
this work the reagent blank varied from -0 to 
6 ng of tellurium. 

1. 
2. 

3. 
4. 

5. 

6. 
1. 

8. 

9. 
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Summary-Bromine (20-40 ppm), chlorine (200-500 ppm), sulphur (0.2-3%) and phosphorus (300-1000 
ppm) in peat have been determined by X-ray fluorescence spectrometry (XRFS) combined with the 
standard-addition method. Chlorine, sulphur and phosphorus have also ken determined by other 
methods and agreement between the results is good. Theoretical calculations based on the Sherman 
equation were made to validate the linearity of the standard-addition curves. A multi-element standard- 
addition technique has been tested with addition of all elements at the same time. The results for chlorine 
were high but after correction for the difference in attenuation coefficient between the sample and added 
compound the results agreed with those from single-element standard addition. 

XRFS is used to determine elements in solid 
samples directly. This is a considerable advan- 
tage, especially for volatile elements, which may 
be partly lost during the dissolution step often 
needed with other methods. On the other hand, 
the XRFS technique has several disadvantages, 
the most important being strong interelement 
effects on the analytical signal. The influence of 
the matrix can be overcome in a variety of ways, 
including the use of a closely matched standard. 
Empirical influence-coefficients have been used 
for many years’,* to correct absorption-enhance- 
ment effects of elements which co-exist with the 
analyte in the specimen matrix. More recently’ 
these influence-coefficients have been calculated 
from the fundamental equation of XRF spec- 
trometry derived by Sherman4 and in common 
use in fundamental parameter corrections.5 The 
successful application of the various correction 
methods generally requires measurement of all 
the components in the sample. 

For partial analysis, methods based on math- 
ematical corrections for interelement effects are 
less suitable and comparative methods are used. 
An external standard can be employed but this 
requires that the sample composition should lie 
within rather narrow limits, so that the samples 
and standard can be kept well matched. In many 
cases this technique cannot be used, because no 
standards are available. 

*Author for correspondence. 

For single-element determinations in samples 
where matrix effects are present, the standard- 
addition method is frequently employed in in- 
strumental analysis. In XRFS this method is 
seldom used, owing to the difficulties connected 
with making standard additions to solid 
samples. Also, the pronounced interelement 
effects in XRFS, which lead to non-linear ana- 
lytical functions, restrict the method to the 
determination of analytes present at low con- 
centration.6*7 Non-linear analytical functions 
have been usedsag but require an increased num- 
ber of additions, because of the increased num- 
ber of parameters in the analytical function. 

This paper describes a method for making 
standard additions to plant material. It has been 
used for the determination of bromine, chlorine, 
sulphur and phosphorus in peat. Single-element 
as well as multi-element determinations have 
been made by using single and multi-element 
standard additions, respectively. The linearity of 
the standard-addition functions has been inves- 
tigated by theoretical calculations based on the 
Sherman equation. An approximate method cor- 
recting for interelement effects in multi-element 
standard addition has also been studied. 

EXPERIMENTAL 

Peat samples 

Seven peat samples of different origin were 
analysed. The samples were dried in an air 
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stream at 110” in an oven, ground and hom- 
ogenized in a mixer, then allowed to equilibrate 
with the laboratory atmosphere and thereafter 
kept in plastic bags. The moisture content was 
7-12% in the air-equilibrated samples, the ac- 
tual figures being somewhat dependent on the 
season. It was found that wetted peat dried in 
an oven for 16-20 hr at 110” reaches a “dry 
weight” reproducible to 0.5%. All analytical 
results are reported with respect to a dry weight 
thus obtained. 

Chemicals 

The stock solutions of bromide, chloride, 
sulphate and phosphate were prepared from 
salts of pro analysi quality dried at 110”. Sol- 
utions for single-element or multi-element stan- 
dard additions were made from the stock 
solutions by dilution. The distilled water used in 
the preparations was filtered through a Milli-Q 
system. The salts used were: NaBr, LiCl, 
Li, SO,, NaH, P04. 

XRFS measurements 

The XRFS measurements were performed 
with a Philips PW 1410 spectrometer equipped 
with a scandium/molybdenum dual anode X- 
ray tube and a PW 1710 processor. The K, lines 
were measured in vacuum and the sample was 
spun during measurement. The background was 
measured on both sides of the analytical line 
with equal counting times for peak and back- 
ground intensities. The instrumental settings are 
given in Table 1. The measurement series- 
background 1, peak, background 2-was re- 
peated three times in order to reveal spurious 
peaks in the count rate. Thus in general, aver- 
ages of three measurements at each peak and 
background position were used to calculate the 
net intensity. Instrument stability was checked 
by measurement of tungsten or sulphur stan- 
dards at regular intervals. No drift corrections 
were needed. 

Sample preparation for the XRFS measurements 

Single-element determinations. Samples (3.00 
g) of the peat were weighed into each of five 
Teflon containers holding two steel balls (diam. 
11 mm). One ml of ethanol was added to wet the 
samples followed by O-3.00 ml of the appropri- 
ate standard solution (NaBr 100.1 pg/ml, LiCl 
1.156 mg/ml, L&SO, 18.02 mg/ml, NaH2P04 
7.00 mg/ml). One ml of water was added to the 
sample which did not receive a standard ad- 
dition. The samples were dried at 110” for at 
least 17 hr. They were allowed to cool for 1 hr 
in a desiccator and weighed to obtain the dry 
weight of the peat after correction for the added 
material. The containers were shaken for 5 min 
in a Braun “Mikro-dismembrator II” (West 
Germany) to mix the samples. Briquettes were 
prepared by transferring 2.50 g of the mixed 
sample to a die. The surface was smoothed and 
1 g of cellulose powder added to act as a 
backing. The die was subjected to a pressure of 
130 MPa for 1 min. The briquettes may be 
covered by a mylar film to protect the interior 
of the spectrometer from dust or cracking bri- 
quettes. This precaution was not used in the 
determination of phosphorus since the film (Du 
Pont de Nemours International SA, Geneva, 
Mylar C, 3.5 pm) yielded a high blank value. 
The mechanical stability of the briquettes is very 
good, and no cracking occurred during the 
measurement of several hundred discs. 

Multi-element determinations. The briquettes 
for the multi-element determinations were pre- 
pared as above, with the exception that only one 
addition (of 1.00 ml) of the mixed standard 
(NaBr 200.8 pg/ml, LiCl 1.539 mg/ml, Li,SOa 
36.03 mg/ml, NaH,PO, 13.97 mg/ml) was made. 

Non-XRF’S determinations 

Bromine. Bromine was determined by neutron 
activation analysis (Studsvik AB, Nykoping, 
Sweden). 

Table 1. Instrumental settings for X-ray fluorescence measurements 

Parameter Br Cl S P 

Tube voltage, kV 80 60 60 60 
Tube current, mA 30 

Pz+ z 
45 

Crystal LIF’(200) PE 
Counter S + F§ F F F 
Measuring time, set 40 20 20 40 

*Lithium fluoride. 
tpentaerythritol. 
$3 = scintillation, F = gas flow proportional detector. 
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Chlorine. Chlorine was determined by the 
mercury(I1) thiocyanateiron method” after 
combustion of the sample (50 mg) in a 
Schiiniger oxygen-flask (500 ml) and absorption 
in 5 ml of Mill&Q-filtered water. The results 
were corrected for bromine, as measured by 
XRFS. 

Phosphorus. A lOO-mg sample was decom- 
posed by heating with an acid mixture 
(HN03 : Hz SO.,: HClO, 47 : 25 : 12 v/v) in a Kjel- 
dahl flask until a ring of condensing sulphuric 
acid was formed in the neck of the flask. After 
dilution and filtration, the phosphorus was de- 
termined by the molybdenum blue method.” 

Sulphur. Sulphur was determined with a 
Leco SC-32 sulphur analyser (Mikro Kemi AB, 
Uppsala, Sweden). 

CALCULATIONS 

Primary fluorescence intensities 
were calculated from the Sherman 

(relative) 
equation. 

Most parameters were taken from the NBSGSC 
program. I2 The mass-absorption coefficients 
were calculated from the equation and data of 
Thinh and Leroux. I3 The tube spectrum was 
generated by the method and data of Pella et 
~1.‘~ and the distribution of the molybdenum 
radiation was modified by filtering through a 
thin scandium film. This approach was taken 
since an experimental spectrum for the radiation 
from the tube was not available. It is expected 
to overestimate the contribution from molybde- 
num to the spectrum since it does not compen- 
sate for the absorption of incoming electrons by 
the scandium. Since the calculation of fluores- 
cence intensities of the light elements showed 
that the contribution from excitation by molyb- 
denum radiation was small, the procedure used 
is probably justified in this case, although we 
have no experimental proof. The program was 
written in Microsoft Quick BASIC. 

RESULTS AND DISCUSSION 

When standard additions are made, weight B 
of a component containing the analyte at con- 
centration Co is added to a sample weight A 
containing the analyte at the unknown concen- 
tration C,; Co and C, are expressed as weight 
fractions. The fluorescence intensity of the ana- 
lytical line, Z, can be expressed as9*i5 

z=Q 
[ 

c, + xc, 
PLA* 1+ X(cLB*IPLA*) 1 

(1) 

provided enhancement effects are absent. This is 
usually the case for biological materials, which 
have a light element matrix. In equation (1) Q 
is a proportionality constant that is dependent 
on the analyte considered and the instrumen- 
tation used, x is the ratio B/A, and p; and ~3 
are the effective mass-attenuation coefficients’5 
of the original sample and the added compound, 
respectively. 

The standard addition curve, y( = I) =f(x), 
is non-linear because of the term x(pi/p?) in 
the denominator of equation (1). Thus a linear 
standard addition curve will only be obtained 
for small analyte concentrations, since the ad- 
ditions (x) can then be kept small and hence 
x(pz/p;)<< 1. Further, pg* should be as small as 
possible. In the present study this was accom- 
plished by using lithium salts whenever possible. 
The influence of the term x(pg/p?) on the 
linearity of the standard-addition curve is 
brought out by Fig. 1. The curves were calcu- 
lated from equation (l), but in order to simplify 
the calculations C, was set equal to zero and a 
normalized intensity was calculated from 

z/=zl!L= 
QCo 1 + xi& (2) 

It can be seen that for pz > p;, which is always 
the case for organic materials, the non-linearity 
becomes pronounced for larger additions (x). 
For a real sample, C, will, of course, be non- 
zero. This will change the shape of the curves 
somewhat and determine the range of x needed 
for the standard additions. However, the con- 
clusions about the influence of the term 
x(p(B+/p;) on the linearity of the standard 
addition curve remain the same. 

In the single-element determinations four 
standard additions were made, the last being 

LO- . 

4.0 - :I / 

‘i 3.0 - / 
e : 

2.0 - 

:/ / ,4/ 

/ 

I I 1 I 
0 1.0 2.0 3.0 4.0 50 

x V/J 

Fig. I. The influence of the ratio rf/r: on the linearity 
of the standard-addition curve according to equation (2). 
0 &/PA’ = 0.1; 0 /&LA’= 1.0; n rf//lj =5.0; 

0 fif//lA’= 10.0. 

T.A L. 37,*--E 
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I c 
CX C (weight -%I 

Fig. 2. Hypothetical analytical calibration curve for the 
analyte in the matrix. The slope obtained from the standard 
additions (0) is S, . If this slope differs from S, an erroneous 
result will be obtained for the analyte concentration, C,. 

about twice the analyte concentration in the 
sample. The addition of 1 ml of ethanol to the 
sample prior to the aqueous standard greatly 
improved the dispersion of the latter into the 
sample. No difference in the analytical signal 
was observed when various volumes containing 
the same amount of the standard were added. 

In the standard-addition method the analyte 
concentration, C,, is usually found from the 
intercept on the x-axis of the straight line fitted 
to the data pairs, x; y( = I). This approach thus 
neglects the normally unknown term x(~~/~~), 
c$ equation (1). We have used y = Z(l + x) 
rather than y = Z, since this is a better approxi- 
mation of the correct value of y, namely 
y = Z[l + x(~~/~~)], because ,ug > p;.9 A full 
correction cannot be made, since p: and pg are 
unknown. The correlation coefficient was 
greater than 0.999, which indicates that the 
influence of the term x(pg*/p;) should be small 
in the range of x used. This conclusion was 
further corroborated by the theoretical calcu- 
lations described below. 

The analytical results are given in Table 2 
under the heading “SA”. The values refer 
to determinations done on different days and 

indicate that the reproducibility is better than 
2-3%. The precision in the determination of 
chloride is somewhat worse (mean 2.1 Oh) than 
for the other elements (mean 1.2%). We ascribe 
this to contamination, since introduction of a 
regime aimed at reducing the contamination 
risk significantly improved the reproducibility. 

The results from the determinations with 
XRFS and the other methods are compared in 
Table 3. For sulphur and phosphorus the agree- 
ment between methods is satisfactory, consider- 
ing that the uncertainty in the determinations 
with the Leco sulphur analyser is 0.01-0.02% 
absolute. The chemical chlorine determination 
is less precise, owing to problems with homo- 
geneity, since only 50-mg samples could be 
taken. For sample No. 2 it was not even possible 
to obtain results concordant within 25%. No 
systematic differences appear between the 
XRFS data and those obtained by the other 
methods. No method was available to us for the 
determination of bromine at the concentration 
level present in peat. A determination of 
bromine in sample No. 7 by NAA yielded 12.3 

ppm. 
The standard-addition method is based on 

the assumption of linearity between analytical 
signal and concentration. In essence the intensi- 
ties from the samples spiked with standard are 
used to calculate the (mean) sensitivity in the 
concentration range covered by the additions. 
An erroneous result will be obtained if this 
sensitivity differs appreciably from the sensitiv- 
ity in the range from zero analyte concentration 
to that in the sample. This is shown in an 
exaggerated fashion by the curve in Fig. 2, 
which is the calibration function for the analyte 
in the matrix. Only if the sensitivity, S,, defined 

by 

s 10 
0=- cx 

Table 2. Results from the determination of Br, Cl, S and P in peat by XRFS and single-element (SA) 
or multi-element (MA) standard additions, expressed on a dry weight basis 

Samnle 

Br, mm Cl, ppm s, % P, Ppm 

SA MA SA MA SA MA SA MA 

1 32.5; 32.1 
2 35.6; 35.9 
3 37.2; 37.2 
4 32.3; 32.8 
5 15.7; 15.8 
6 20.0; 20.3 
7 14.5; 15.1 

33.3 262; 267 290* 2JOt 0.302; 0.301 0.321 855; 847 870 
34.6 307; 294 314 298 0.322; 0.317 0.321 779; 776 773 
36.4 516;497 535 514 2.88; 2.90 3.01 797; 797 800 
35.6 344; 350 380 355 0.378; 0.376 0.387 1060; 1030 1010 
16.8 196; 200 217 203 0.308; 0.308 0.319 303; 296 304 
21.2 313; 315 346 320 0.228; 0.229 0.231 454; 457 464 
17.4 291; 289 316304 0.163;0.169 0.171 425; 426 415 

*Uncorrected. 
tcorrected. 
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Table 3. Comparison between results obtained with XRFS and other methods (OM) 

189 

Cl, ppm s, % P, Pm 

Sample XRFS OM A, % XRFS OM A, % XRFS OM A, % 

1 265 263 0.8 0.301 0.335 -11 850 847 0.4 
2 300 - - 0.320 0.295 8.1 778 788 -1.3 
3 507 527 -3.9 2.89 2.84 1.6 797 778 2.4 
4 347 385 -10 0.377 0.39 -3.4 1045 1023 2.1 
5 198 222 -11 0.308 0.32 -3.8 300 280 6.9 
6 314 351 -11 0.229 0.245 -6.8 456 466 -2.2 
7 290 275 5.3 0.166 0.155 6.7 426 394 7.8 

Mean values are used, A is the relative difference between XRFS and OM. 

equals the slope of the calibration curve in the 
standard-addition range, will a correct result be 
obtained. Since the calibration curves may be 
non-linear, CJ equation (I), for the elements 
present at the highest concentrations, sulphur 
and phosphorus, theoretical calculations were 
made to find out whether our results could have 
been affected by this type of error. 

Two peat samples, Nos. 2 and 4, were 
subjected to elemental analysis (SGAB, Luleb, 
Sweden). With the matrix known, relative sensi- 
tivities defined as 

s,, = + 
L 

were obtained from the Sherman equation as a 
function of the analyte concentration, C. When 
S,, starts to change appreciably with C, a 
curvature of the calibration curve is indicated. A 
more sensitive measure of a changing slope is 
obtained by calculating the differential relative 
sensitivity defined by 

The expression for Sd, is derived in Appendix 1. 
S,, will approach S,, at low values of C, 
equation (A 1.4). Because the additions made for 
bromine were very small, calculations were per- 
formed only for the other elements, which were 
assumed to be excited by only the scandium 
radiation, since calculations indicated that the 
contribution from molybdenum was less than 
10%. 

The calculations showed that the greatest 
change in S,, occurred for sulphur. The changes 
in S,, over the range from the composition of 
the original sample to the composition of the 
last standard addition was 1% and the differ- 
ence between S,, and S, was less than 2%. 
Hence evaluation of the analytical result from a 
linear standard-addition curve was justified. 

The standard-addition method is not well 
suited for routine analysis of solid samples, 
because of the time-consuming sample prep- 
aration. The analytical throughput can be in- 
creased by making additions of a multi-element 
standard and by the use of only one addition. 
With this technique, however, an increased 
imprecision can be expected not only from a 
statistically less well defined standard-addition 
curve but also from increased matrix effects. 

We have tested the single-addition multi- 
element approach by determination of the 
four analytes simultaneously. The size of the 
standard additions was chosen so that the im- 
precision in the result from the counting statis- 
tics did not exceed 1%. The error arising from 
counting statistics was estimated by an expres- 
sion derived by Vos and Hubaux,16 modified to 
apply to our measurements. The results of the 
determinations are entered in Table 2 under the 
heading “MA”. 

For bromine, sulphur and phosphorus the 
agreement between the two standard-addition 
techniques is satisfactory. The standard devi- 
ation estimated from replicates was, however, 
three times the standard deviation expected 
from counting statistics alone. The systematic 
deviation of about 5-10% for chlorine is most 
likely due to interference from sulphur (and 
phosphorus) in the chlorine determination. 

A correction for matrix effects on the chlorine 
determination was calculated from equation 
(A2.5) in Appendix 2. No peat standards were 
available. Therefore the two peat samples (Nos. 
2 and 4) that had been subjected to complete 
analysis were used as standards in the evalu- 
ation of the others. The applicability of the 
concept of an equivalent wavelength, I,, was 
tested as follows. The mineral composition and 
the ash content of a peat specimen were allowed 
to vary within wide ranges, then A, was calcu- 
lated as described in Appendix 2 for each 
composition, from the scandium excitation 
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Saturn (the cont~bution from moly~en~ 
excitation can be neglected). In all instances a, 
was found to be close to the wavelength of the 
SC& characteristic line. Hence & = 3.038, was 
used in the applications of equation (A2.5). 

The corrected results for chlorine, entered in 
Table 2, show good agreement with the results 
obtained by the single-element multiple stan- 
dard additions. The two standards lead to con- 
sistent results. We can thus conclude that XRFS 
combined with the use of single addition of a 
muIti-element standard could be used as an 
efficient analytical technique if proper heed is 
paid to matrix e&cts. It should also be pointed 
out that use of a simple ratio to a standard 
yields erroneous results, since the sensitivities 
changed by a factor of almost two between the 
samples investigated here. 
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APPENDIX 1 

The primary fluorescence intensity, 1, of an analyte can be 
evaluated from 

where‘Q is a constant of p~~~o~ti~, C is the concentra- 
tion of the analyte, ~(2) is the catenation coetlicient 
of the analyte, p:(d) is the effective rn~s~~n~tion 
coefB&nt of the sample and J@) is the intensity of the tube 
spectrum within the wavelength imervaI Ad. The sum is 
taken from the short-wavelength end of the spectrum to the 
absorption edge of the analytical line. 

The average sensitivity (S,) in the concentration interval 
from 0 to C is obtained from equation (Al.1) as 

s@=+&(i) (AI.2) 

The differentiaf ~sitivity of the analyte in the matrix is 
defined by 

(AU) 

DifJerentiation of equation (Al.1) yields 

Sdiir= Q~ArG)(=S,) + Qc$AI(~) (Al,4) 

Consider the sample as composed of x parts of standard (B), 
containing the analyte at concentration C, and (I - x) parts 
of sample (A) with analyte concentration C,. Then 

dC 
C=xC,+(l-x)C,; -&=c@-c~~C* (AL.6) 

From the definition of AZ(l) we get 

and from equations (AU) and fA1.6) 

Combining equations (Al.4), (Al.7) and fA1.8) we obtain 

APPENDIX 2 

The following treatment assumes a mono-energetic exti- 
tation source or the existence of an equivalent ~vele~~h 
in the case of a continuous excitation spectrum. The sample 
(A) and the standard (B) contain the analyte at concen- 
trations C, and C,, respectively. Sample and standard are 
mixed in proportions 1 - x and x. The intensity of a 
fhiorescen~ line can be written 

for the original sample and 

(A2 1) 

(A2.2) 
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after the standard addition. Eliminating Q between the 
equations and denoting XC, by AC we obtain 

cx=$l +x~~l)]-(l (A2.3) 

In equation, AC, and I, are known or measured 
quantities; ~2 can be calculated from the known compo- 
sition of the standard and the p-values at the appropriate 
wavelength. However, JL~ remains unknown, so a matrix- 
corrected C cannot be calculated directly. By measuring the 
intensity from a standard sample of known total compo- 
sition, JL,‘~ can be estimated from 

r; = rLd 
Lnd CX 

1, CS,.Tnd 
(A2.4) 

and a calculated value of p$&,,. Equations (A2.3) and A2.4) 
yield 

(l-x) F-1 
( 1 I 

(A2.5) 

for the concentration of the analyie. 
Continuous excitation radiation was used in the present 

investigation. The equivalent wavelength, A,, was found by 
first calculating an equivalent effective mass-attenuation 
coefficient,‘7~‘* r:, from 

(A2.6) 

For notations, see Appendix 1. Then p:(I) was calculated 
as a function of wavelength for monochromatic excitation. 
At I,, pf(I.) equals r:. 
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Summa~--A method for microdetermination of gallium at ng/ml level has been developed, based on 
ion-exchanger fluorimetry. The gallium reacts with sahcylidene-o-aminophenol to give a highly fluorescent 
complex, which is fixed on a dextran-type cationic resin. The fluorescence of the resin, packed in a l-mm 
silica celi, is measured dire&y with a solid-surface attachment. The range of ~n~ntratio~ of the method 
is 2.0-10.0 ng/ml, the RSD 1.3% and the detection limit 0.3 ng/ml. The method has been applied to the 
determination of gallium in natural waters. The gallium content found in tap water was higher than 
that in raw water. This is related to the use of commercial aluminium salts in the water-treatment 

Scanning of fluorescence emitted from solid 
surfaces has been widely used in the direct assay 
of organic substances held on such surfaces, 
such as paper chromatograms, thin-layer chro- 
matoplates, KBr disks, electrophoresis strips, 
and silicone rubber pads.‘-3 

The solid-surface fluorescence technique has 
been used as a detector system in planar chro- 
matography or electrophoresis, or as a simple 
reagentless system for analysis. It has been 
applied in environmental research, especially on 
air pollution,4*s forensic science, e.g., in ques- 
tioned-document work,6 pesticide analysis by 
thin-layer chromatography,‘*7 with previous 
derivatization in some cases,* and biochemistry 
and clinical chemistry for determination of en- 
zymes, substrates, activators and inhibitors.3 

Our aim is to combine the measurement of 
solid-surface fluorescence with use of a solid, 
e.g., an ion-exchanger resin, to preconc&rtrate 
the analyte, made fluorescent by use of an 
appropriate reagent. To the best of our knowl- 
edge this technique has so far been used only 
once, for preconcentration of aluminium from 
dilute solution by use of an azo dye immobilized 
on silica.9 

This approach, named by us ion-exchanger 
fluorimetry (IEF), can be potentially useful 
for the analysis of very dilute solutions, as in 
water analysis. Furthermore the fluorescence 
measured is the diffuse transmitted fluorescence, 

*Author for correspondence. 

which increases the signal intensity, compared 
to that in the diffuse reflected fluorescence 
methods. This is due to the fact that at the 1 mm 
thickness used, the dextran-type resin employed 
is more translucent than the silica gel or alumina 
more generally employed. 

A related technique is the solid phase spectro- 
photometry devised by Yoshimura,” and called 
ion-exchanger photometry, that measures di- 
rectly the absorbance of a resin that contains the 
analyte fixed as a coloured chromogenic species. 

One advantage of IEF methods is their sim- 
plicity, since it is not necessary to immobilize a 
reagent on an insoluble substrate. The reagents 
are added to the sample and the fluorescent 
species are collected on the resin, which is then 
transferred to a l-mm silica cell and measured 
without previous drying. Other advantages are 
decreased interferences and increased sensitivity 
(because this is a function of the sample vol- 
ume). Hence, we can design methods tailored to 
the problem in hand. 

Here we propose a new method for determi- 
nation of gallium by the IEF method. Reports 
on the antitumour activity of gallium,” its use 
as a tumour-scanning agent,12 as well as other 
studies on the pharmacokinetics and toxicity of 
gallium”*‘* suggest there is a need for sensitive 
and reliable methods for its dete~ination, 

Salicylidene-~-aminophenol (SOAPh), a 
known Schiff’s base Auorimetric reagent 
for gallium,‘5@ can be employed for IEF 
determination of gallium in natural waters. 

193 
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Surprisingly, the gallium content found in tap 
water by us is ten times higher than that in raw 
water. This can be related to the use of commer- 
cial aluminium salts as flocculants in the water 
treatment. 

EXPERIMENTAL 

Reagents 

Zon-exchanger. To avoid contamination, the 
Sephadex SP C-25 cation-exchange resin in the 
sodium form is used without previous treat- 
ment. 

Salicylidene-o-aminophenol (SOAPh, 2-hy- 
droxyaniline-N-salicylidene). Synthesized by 
condensation of salicylaldehyde with o-amino- 
phenol by heating at 100” for 30 min,” purified 
by repeated recrystallization from ethanol and 
dried at room temperature over silica gel (yield 
77%; m.p. 184.5-185”). Its purity was checked 
by TLC. The reagent was characterized by its 
infrared and ‘H-NMR spectra and elemental 
analysis (required for (&H,,O,N: C, 73.24%; 
H, 5.16%; N, 6.57%; found: C, 73.1%; H, 
5.01% ; N, 6.4%). Used as a 0.1% solution in 
absolute ethanol; the solution is stable for at 
least 1 week. 

Standard gallium (ZZZ) stock solution, 1.0 
mg/ml. Prepared from Ga(NO,), . 8H20 in 0.1 M 
nitric acid and standardized titrimetrically with 
EDTA (Xylenol Orange as indicator); diluted 
further with doubly-distilled water as required. 

Bu$%r solutions. Prepared from monochloro- 
acetic acid, acetic acid and ammonia.” 

Unless otherwise stated, the reagents were of 
analytical grade. 

Apparatus 

All fluorimetric measurements were per- 
formed with an LS 5 Perkin-Elmer spectro- 
fluorimeter provided with a Quantic Rhoda- 
mine 101 counter to correct the excitation 
spectra, a Hamamatsu R928 photomultiplier, a 
Houston Omnigraphic X-Y recorder, a vari- 
able-angle solid-surface accessory, designed and 
constructed by us, and a Braun Melsungen 
Thermomix 1441 thermostat. A set of fluores- 
cent polymer samples was used daily to adjust 
the spectrofluorimeter and compensate for 
changes in source intensity. A Crison 501 digital 
pH-meter with calomel and glass electrodes, and 
an Agitaser 2000 rotating agitator were also 
used. 

Fluorescence measurements 

The mixture of Sephadex, sample solution 
and reagent was shaken mechanically in a 
polyethylene bottle. The resin beads were 
filtered off under suction and packed together 
with a small volume of solution into a l-mm 
silica cell by means of a pipette. The relative 
fluorescence intensity (RFI) measured was the 
diffuse fluorescence transmitted through the 
resin at the unirradiated face of the cell. The 
optima1 angle between the plane of the cell and 
the excitation beam was 45” in all cases. 

Procedures 

Basic procedure. A 500-ml water sample con- 
taining l&5.0 pg of Ga(II1) was transferred to 
a l-litre polyethylene bottle, and 2 ml of pH 4.70 
buffer so1ution,‘5 5 ml of 0.1% SOAPh solution 
and 100 mg of Sephadex SP C-25 resin were 
added. The mixture was shaken mechanically 
for 20 min. Afterwards, the resin beads were 
collected by filtration under suction and with 
the aid of a pipette were packed into a l-mm cell 
together with a small volume of the filtrate. A 
blank solution containing all the reagents but no 
gallium was prepared and treated in the same 
way as the sample. The intensity of fluorescence 
(at 20.0 + 0.5’) for the sample and blank was 
measured at A,,,, = 515 nm (with 1, = 405 nm) 
20 min after loading of the samples. A cali- 
bration graph was constructed in the same way, 
with Ga(II1) solutions of known concentration. 

Procedure for tap water. To a 500-ml water 
sample in a I-litre polyethylene bottle, 2 ml of 
pH 4.70 buffer so1ution,‘5 7 ml of 0.1 g/l. sodium 
tetrafluoroborate solution, 5 ml of 0.1% SOAPh 
solution and 100 mg of Sephadex SP C-25 resin 
were added. The mixture was shaken mechani- 
cally for 20 min, and the subsequent steps were 
as in the basic procedure. The standard-addition 
method was used for calibration. 

Procedure for raw water. To a 6000-ml water 
sample in a 15-litre polyethylene container, 
24 ml of pH 4.70 buffer solution,” 24 ml of 0.1 
g/l. sodium tetrafluoroborate solution, 60 ml of 
0.1% SOAPh solution and 100 mg of Sephadex 
SP C-25 resin were added. The mixture was 
shaken mechanically for 60 min, and the analy- 
sis continued as for tap water. The standard- 
addition method was used for calibration. 

Treatment of sample. Natural waters (pre- 
served by addition of 0.25 ml of concentrated 
nitric acid per litre) were filtered through a 
0.45~,um membrane filter (Millipore) into a 
polyethylene container carefully cleaned with 
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Fig. 1. Fluorescence spectra of SOAPh-Ga(III) complex. (-) resin phase: [SOAPh] 9.4 x IO-‘M; 
[Ga(III)] 2.9 x IO-‘M; pH = 4.00; 100 mg of Sephadex SP C-25; 500-ml sample; stirring time 15 min; 
&,, 405 nm; I, 515 nm; f, = 0.4, slit, = slit, = 2.5 nm; T 20.0 kO.5”. (-.-) solution: [SOAPh] 
1.6 x 10-4M; [Ga(III)] 2.9 x 10A5M; pH 4.00; 1, 410 nm; &,,, 515 nm;f, = 0.7; slit,, = slif = 2.5 nm; 

T 20.0 f 0.5”; ethanol 20%, (f, = sensitivity factor). 

nitric acid. The pH of an aliquot of the water 
was adjusted to 4-5 with sodium hydroxide 
solution immediately before analysis. 

RESULTS AND DISCUSSION 

Excitation and emission spectra of the resin and 
solution 

Salicylidene-o -aminophenol reacts with 
Ga(II1) to give a fluorescent 1:l chelate at 
pH 4. I6 In the presence of Sephadex cation- 
exchanger, the complex is sorbed on the resin, 
so is probably cationic since it is not fixed by an 
anionic resin. An SP C-25 dextran-type resin is 
recommended, as it gives less background 
fluorescence. 

The peak wavelengths (515 nm) in the emis- 
sion spectra of the SOAPh-Ga(III) system are 
identical for the immobilized and solvated 
systems (Fig. 1). The similarities in the emission 
spectra of the immobilized and solvated systems 
suggest that the complex is relatively insensitive 
to its environment. The maxima of the exci- 
tation spectra of the two systems differ. The 
maximum is at 410 nm for the solution and 
405 nm for the resin phase. On the other hand, 
the most noticeable differences between the 
fluorescence spectra are the better resolution of 
the resin phase spectra, and the smaller peak 

width of the spectra of the solution system. The 
opposite is observed in the fixation of alu- 
minium chelates on silica gel.9 

From the half-life of the excited state of the 
complex in the solid phase at different tempera- 
tures, we infer that the luminescence process is 
fluorescence (r < 5 psec). 

Optimization of variables 

Dependence on PH. First, we chose a buffer 
solution from those proposed in the literature 
on this system in solution. The ammonium 
acetate/hydrochloric acid bufferi cannot be 
used, because it alters the resin. The mono- 
chloroacetic acid, acetic acid and ammonia 
mixtureI was found to give the best results. The 
optimum pH value, adjusted with this buffer, 
for the formation and fixation of the species 
falls in the narrow range 4.60-4.80 (Fig. 2). At 
pH values below 3.5 or above 5.5 the complex 
is not fixed on the resin. We should point 
out that the optimum pH for use of the resin 
phase is higher than that for use of the solution 
system (4.0). 

The fluorescence is independent of ionic 
strength (,u), adjusted with the buffer solution, 
up to 7.5 x 10m3. Above this value there is a 
decrease in the fluorescence according to the 
equation RF1 = 0.56~~‘~ (r = 0.992). This effect 
could be due to increased competition of 
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Fig. 2. Influence of pH on RFI. [SOAPh] 9.4 x 10m5M; 
[Ga(III)] 2.9 x 10-‘&f; 100 mg of Sephadex SP C-25; 500-ml 
sample; stirring time 15 min; LcX,, 405 nm; & 515 nm; 

f, = 0.4; slit,, = slit, = 2.5 nm; T = 20.05 k 0.5”. 

Fig. 4. Influence of temperature. (a): On RF1 (ion- 
exchange at 20”). (A): On ion-exchange process (RF1 
measured at 20”). [SOAPh] 9.4 x 10-sM; [Ga(III)] 
5.8 x IO-‘M; pH 4.70; 100 mg of Sephadex SP C-25; 500-ml 
sample; stirring time 15 mitt; & = 405 nm; 1, = 515 nm; 

hydrogen and ammonium ions with the complex 
for ionic sites on the resin, or to deactivation of 
excited SOAPh in the resin. 

SOAPh concentration. The dependence of 
the RF1 on SOAPh concentration (Fig. 3) can 
be described by the equation RF1 = 177.7 + 
11.5 ln[SOAPh] (r = 0.996). As optimum 
SOAPh concentration we chose 4.7 x 10e5M. 
For maximum fluorescence intensity the 
[SOAPh]/[Ga(III)] ratio must be at least 160. 

Influence of temperature. The ion-exchange 
process is independent of temperature in the 
range 10-60”, the RF1 being measured at 20” 
(Fig. 4). On the other hand the RF1 decreases 
when the temperature of measurement in- 
creases, but this effect is completely reversible. 
The decreases in RF1 are 2% at 25”, 9% at 40” 
and 25% at 60”. This effect can be explained as 

10 
t 

0; 9 10 
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Fig. 3. Effect of SOAPh concentration on RFI. [Ga(III)] 
2.9 x lo-‘M; [SOAPh] from 4.7 x 10e6 to 9.4 x 10e5M; 
pH 4.70; 100 mg of Sephadex SP C-25; 500-ml sample; 
stirring time 15 min; I, 405 nm; J., 515 nm; f, 0.4; 

slit,, = slit, = 2.5 nm; T = 20.0 & 0.5”. 

100 - 

60 - 

60 - 

40 - 

20 - 

/; = 0.3; slit,, = slit, = 2.5 nm. 

due to internal conversion processes as the 
temperature increases, facilitating non-radiative 
deactivation of the excited singlet state, because 
the intersystem crossing deactivation is 
nearly independent of temperature.‘* All other 
measurements reported here were made at 
20.0 & 0.5”. 

Other experimental conditions. The stirring 
time necessary for maximum RF1 development 
is 20 min for a 500-ml sample and 60 min for a 
6000-ml sample. As the use of a large amount of 
the resin lowers the RFI, for all measurements 
we used the optimum amount needed to fill the 
cell and make handling convenient, viz. 100 mg. 
The RF1 of the immobilized complex decreased 
slightly in the first 20 min, and then was con- 
stant for at least 3 hr. 

Volume e&t on the sensitivity. In ion- 
exchanger fluorimetry the sensitivity should be 
increased if a larger amount of sample solution 
is taken for equilibrium with the solid. The 
increase in sensitivity can be estimated by 
measuring the RF1 of Sephadex equilibrated 
with different volumes of solutions containing 
the same concentration of Ga(II1) and pro- 
portional amounts of the other reagents. Figure 
5 shows the increase of fluorescence signal with 
sample volume. The shape of the graph suggests 
a Langmuir-type isotherm, as is observed in 
some ion-exchanger photometry studies.” 

Calibration and precision 

The calibration graphs for standards treated 
by the procedure described above were linear 
over the concentration range 2.0-10.0 pg/l. 
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Fig. 5. Influence of the sample volume on RFI. [SOAPh] 
4.7 x 10e5M; [Ga(III)] 2.9 x IO-‘M; pH 4.70; 100 mg of 
Sephadex SP C-25; sample volume from 100 to 1500 ml; 
stirring time 20 min; 1, 405 nm; A,, 515 nm; f. 0.4; 

slit, = slit, = 2.5 nm; T = 20.0 + 0.5”. 

gallium for 500-ml samples. The equation 
RF1 = 2.68C (r = 0.999) was found for this 
range of concentrations, where C is the concen- 
tration of gallium (,ug/l.) in the sample solution. 

The method is compared in Table 1 with 
chelate formation methods described in the 
literature for fluorimetric determination of 
Ga(II1). For comparison purposes we have 
chosen those methods which in our opinion 
could be considered as among the most sensitive 
devised so far. 

Effect of foreign ions 

The reproducibility of the proposed method A systematic study was made of the effect of 
and of the packing of the resin into the l-mm foreign ions on the determination of 8 pg/l. 
cell was found by use of 500-ml sample solutions Ga(II1). A loo-fold w/w ratio of potentially 
with a gallium concentration of 8 pg/l. For 10 interfering ion to gallium was first tested and, if 
determinations the relative standard deviation interference occurred, the ratio was reduced 
(RSD) was 1.3%; 10 measurements for replicate progressively until interference ceased. Higher 
packing of the resin gave an RSD of 1.5%. It ratios were not tested. The tolerance level is 
seems that the packing of the resin makes a defined as the amount of foreign ion that pro- 
major contribution to the overall error. duces an error equal to &5% in determination 

Sensitivity and detection limit 

The method reported here is substantially 
more sensitive than the solution methods using 
SOAPh as reagent. A calibration graph for the 
determination of Ga(II1) with SOAPh in sol- 
ution, by the method of Dagnall et al.” but 
under our experimental conditions, gave the 
equation RF1 = 0.1 + 0.04C (r = 0.999), so the 
new method is 67 times more sensitive. 

The standard deviation of the background 
fluorescence measured for 10 determinations 
of the blank was 0.3 RF1 units for 500-ml 
samples. The IUPAC detection limit is therefore 
0.3 pg/l. Ga(II1) and the determination limit 
1.1 /lg/l. 

Table 1. Methods for the fluorimetric determination of gallium(II1) 

Detection limit* 
Reagent NIll. Reference 

2-Hydroxy-5-methylbenzaldehyde-4-aminoantipyrine 0.1 21 
1,5-Bis(salicylidene) thiocarbohydrazonet 0.1 22 
Salicylidene-o-aminophenol-IEF 0.3 This paper 
4-(5-Chloro-2-hydroxyphenylazo)resorcinolt 0.5 23 
4-Amino-2,4-dihydroxybenzil-2,3-dimethyl-l-phenyl-5-pyrazolone 1 24 
Dodecyl-lumogallion 1 25 
Hexyl-lumogalliont 1 26 
I-Hydroxyquinaldinet 1 27 
Lumogalliont 1 28 
Pyridine-2-aldehyde 2-furoylhydrazone 1 29 
Resorcylidene-4-aminoantipyrine 1 30 
4-Salicylideneaminoantipyrine 1 31 
Benzyl 2-pyridyl ketone 2-pyridylhydrazone 1.4 32 
Rhodamine B + Cl-g 20 33 
Rhodamine 6G + Cl-8 3 33 
o-(Salicylideneamino)-2-hydroxybenzene sulphonic acid 2 34 
N-Salicylidene-2-hydroxy-5-sulphoaniline 2 35 
3,5,7,4’-Tetrahydroxyflavone 2 36 
1,5_Bis(salicylidene) thiocarbohydrazone 2 37 

*Or minimum concentration used for calibration. 
TExtraction procedure. 
$Temary complex and extraction procedure. 
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Table 2. Effect of foreign ions on the determination of 8 pg/l. gallium 

Foreign ion or species 

Ag, IL Na, n(I), Ba, Be, Ca, Cd, Cu(II), HI(H), 
Mg, Mn, Ni, Co, Pd, Sr, Zn, As(III), B, Bi, Eu(III), 
In, La, Sb(III), Y, Ce(IV), Ge, Se(IV), Th, MO, W, 
NO;, NO;, SO:-, Cl-, PO;- 
BF; 
Cr(II1) 
Fe(III) 
F- 
Cr(VI) 
AlfIII~ 

Tolerance, 
@Il. 

>800 
710 
670 
240 
140 
90 

A 

of the analyte. The results are summarized in 
Table 2. 

To apply this system to determination of 
Ga(II1) in natural waters, we studied the inter- 
ference of the ions commonly found in water. 
The relative errors found in the determination 
of 8 ,ug/l. gallium were 8% for SG.- (20 mg/l.), 
2% for NO; (2 mg/l.), 11% for Cl- (10 mg/l.), 
26% for Ca*+ (36 mg/l.), 20% for Mg2+ 
(12 mg/l.). In all cases the interference was 
manifested as a reduction in calibration slope, 
necessitating determination by the standard- 
addition method. 

The most serious interference is that of A13+, 
however. Better tolerances for it can be accom- 
plished by two methods. The first uses the 
different effect of temperature on the two sys- 
tems, e.g., the RF1 of the aluminium complex is 
decreased (by 78% at 50”) more than that of the 
gallium complex (16% at 500), and moreover 
the change in RF1 is fully reversible for the 
gallium complex on cooling, but not for the 
aluminium complex.‘* 

In practice we take advantage of both 
features, packing the analyte-loaded resin 
in the l-mm cell and heating it for 15 min in 
a water-bath at 70”, then cooling it to 20” 
for measurement of the RFI. By this method, 
a fivefold increase in tolerance to Al(II1) is 
obtained (20 pg/l. instead of 4 pg/l.). 

The second system for eliminating the inter- 
ference of A13+ uses sodium tetrafluoborate as 
masking agent. 2o The optimum amount needed 
is a function of the aluminium content, because 
the masking agent itself interferes (see Table 2). 
For an aluminium level of 200 pg/l. a 7-fold 
weight ratio is needed and for 20 pg/l. a 20-fold 
ratio. 

Determination of gallium in tap and natural 
waters 

The method was applied to the determination 
of gallium in water samples by the standard- 

addition method. As representative samples we 
selected tap water and raw water from Granada 
town supplies (Spain). The sample volume was 
a function of the gallium content: 500 ml for the 
tap water samples and 6000 ml for the raw 
water. The loss of sensitivity by the matrix effect 
can be evaluated from the ratio of the slopes of 
the standard calibration graph and the stan- 
dard-additions calibration graph (9 in this case). 
The use of a high volume of sample increases the 
sensitivity. The experimental sensitivity ratio, 
calculated from the ratio of the slopes of the 
standard-additions calibration graphs for the 
two volumes used, is 6.7. 

Before the gallium determination we estab- 
lished the aluminium content in the waters by 
AAS, in order to select the amount of BF; 
necessary. The average (+ standard deviation, 
five determinations) gallium found was 
63.0 f 0.9 pg/l. for the tap water and 
6.5 f 0.2 pg/l. for the raw water from a nearly 
natural supply (Quentar dam). 

To check the accuracy of the proposed 
method, we used the water samples for a recov- 
ery study. The recoveries of 20.0, 30.0 and 
40.0 pg/l. gallium added to 500 ml portions of 
the tap water were 96.5, 102.3 and 101.0% 
respectively, and for 4.0,6.0 and 8.0 pg/l. added 
to 6000 ml portions of raw water, 95.5, 98.2 and 
101.8% respectively. 

The gallium content of the Granada town tap 
water is surprisingly high compared with the 
raw water supplied to the town. To establish 
the source of the gallium we have analysed all 
the chemicals used in the Granada water treat- 
ment plant. Only the commercial aluminium 
salts used as flocculants contained gallium. To 
analyse these salts we first established the alu- 
minium content by AAS and then determined 
the gallium. The results obtained were: alu- 
minium sulphate 4.34% Al and 0.048% Ga; 
aluminium chloride, 9.53% Al and 0.047% Ga; 
aluminium chlorosulphate, 5.13% Al and 



Determination of gallium 199 

0.035% Ga. This implies that the flocculation 
with commercial aluminium salts increases the 
gallium content in tap water. 

It is interesting that the Al/Ga ratio (w/w) in 
the tap water (2.86) is practically the same as the 
ratio (2.92) in the raw water. In view of the 
AI/Ga ratio in the flo~ulating agents, this 
means that in the water treatment relatively 
more gallium than aluminium is extracted from 
the chemicals used. 

The high content of gallium found in the tap 
water would justify the gallium concentration in 
human urine in Tokyo found by Nakamura et 
~1.~’ (48 pg/l.), since gallium is readily excreted 
from the human body.14 

Acknowledgement-This research was supported by the 
Comision Asesora de Inv~tigaci~n Cientifica y T&x&a 
(CAICYT) of Spain (Project No. 3082/83). 

1. 

2. 

3. 
4. 
5. 

6. 
7. 

8. 
9. 

10. 

11. 

12. 

13. 

REFERENCES 

R. J. Hurtubise, Solid Surface Luminescence Analysis: 
Theory, Instrumentation, Applications, Dekker, New 
York, 1981. 
Idem, Trace Analysis by Luminescence Spectroscopy, in 
Trace Analysis: Spectroscopic Methods for Molecules, 
G. D. Christian and J. B. Callis (eds.), Wiley, New 
York, 1986. 
G. G. Guilbault, Photochem. Photobioi., 1977, 25,403. 
E. Sawicki, Talanta, 1969, 16, 1231. 
C. R. Sawicki and E. Sawicki, in Progress in Thin Layer 
Chromatography and Related Methods, Vol. III, Chapter 
6, A. Niederwieser and G. Pataki teds.), Ann Arbor 
Science, Ann Arbor, 1972. 
E. P. Gibson, J. Forensic Sci., 1977, 22, 680. 
J. F. Lawrence and R. W. Frei, J. Chromatog., 1974,98, 
253. 
J. G. Zakrevsky and V. N. Mallet, ibid., 1977, 132, 315. 
M. A. Ditzler, G. Doherty, S. Sieber and R. Allston, 
Anal. Chim. Acta, 1982, 142, 305. 
K. Yoshimura, H. Waki and S. Ohashi, Taianta, 1976, 
23,449. 
M. M. Hart and R. H. Adamson, Proc. Natl. Acad. Sci. 
USA, 1980, 68, 1623. 
P. B. Hoffer, C. Bekerman and R. E. Henkin (eds.), 
Galhum- Imaging, Wiley, New York, 1978. 
R. A. Newman, A. R. Brody and I. H. Krakoff, Cancer, 
1979, 44, 1728. 

14. 

15. 

16. 
17. 

18. 

19. 

20. 
21. 

22. 

23. 

24. 

25. 

26. 

27. 
28. 

29. 

30. 

31. 

32. 

33. 

34. 
35. 
36. 

37. 

38. 

39. 

D. P. Kelsen, N. Alcock, S. Yeh, J. Brown and 
C. Young, ibid., 1980, 46, 2009. 
R. M. Dagnall, R. Smith and T. S. West, Chem. fnd. 
London, 1965, 34, 1499. 
K. Morishige, Anal. Chim. Acta, 1980, 121, 301. 
D. C. Freeman and C. E. White, J. Am. Chem. See., 
1956, 7It, 2678. 
D. M. Hercules, Fhtoreseence and Phosphorescence 
Analysis: Principles and Application, Interscience, New 
York, 1966. 
K. Yoshimura, M. Ishii and T. Tarutani, Anal. Chem., 
1986, Ss, 591. 
V. Patrovsky, Chem. Listy, 1954, 4% 537. 
A. T. Pilipenko and A. I. Volkova, Ukr. Khim. Zh., 
1977, 43, 536. 
N. Scott, D. E. Carter and Q. Fernando, Anal. Chem., 
1987, 59, 888. 
L. Ngog Thu, R. M. Dranitskaya and V. A. Nazarenko, 
Ukr. Khim. Zh., 1968, 34, 186. 
A. T. Tashkhodzhaev, L. E. Zel’tser, Sh. T. Talipov and 
Kh. Khikmatov, Zh. Vses. klhim. Obshch. L). I. 
~en~le~a, 1976, 21, 114. 
K. Kenyu, H. Houichi and I. Nob~iko, Runseki 
Kagaky 1977, 26, 246. 
K. Kina, K. Shiraishi and N. Ishibashi, ibid., 1976, U, 
501. 
T. Shigematsu, ibid., 1958, 7, 787. 
T. Imasaka, T. Harada and N. Ishibashi, Anal. Chim. 
Acta, 1981, 129, 195. 
E. Requena, J. J. Lasema, A. Navas and F. Garcia- 
Sanchez, Analyst, 1983, 103, 933. 
A. T. Tashkodzhaev, L. E. Zel’tser, Sh. T. Talipov and 
Kh. Khikmatov, Zavodsk. Lab., 1975, 41, 281. 
Sh. T. Talipov, A. T. Tashkodzhaev, L. E. Zel’tser 
and Kh. Khikmatov, Otkr. Izobret, Prom, Obraztsy, 
Tovarnye Znaki, 1972, 15, 1109. 
J. J. Lasema, A. Navas and F. Garcia-Sanchez, Anal. 
Chim. Acta, 1980, 121, 295. 
A. P. Golovina, S. M. Sapezhinskaya and V. K. Runov, 
Tezisy tret ‘ei vsesoyuznoi konferentsii po analiticheskoi 
khimii, Minsk, 1979, Vol. 1, p. 262, quoted in Zavodrk. 
Lab., 1981, 47, No. 1, 17. 
K. Morishige, J. Inorg. Nucl. Chem., 1978, 40, 843. 
Idem, Anal. Chim. Acta, 1974, 72, 295. 
Z. T. Maksimycheva, Sh. T. Talipov, Z. P. Pakudina 
and S. Sadykov, Izv. Vyssh. Ueheb. Zaved. Khim. Khim. 
Tekhnol., 1974, 17, 348. 
E. U&a, A. Garcia de Torres, J. M. Cano-Pavon and 
J. L. Gomez-Ariza, Anal. Chem., 1985, 57, 2309. 
M. J. Blanch, Tesis Licenciatura, Pub. Univ. Granada, 
1986. 
K. Nakamura, M. Fujimori, H. Tsuchiya and H. Orii, 
Anal. Chim. Acta, 1982, 138, 129. 



Talonta, Vol. 37, No. 2, pp. 201-205, 1990 
Printed in Great Britain. All rights reserved 

0039-9140/90 $3.00 + 0.00 
Copyright 0 1990 Pergamon Press plc 

BEHAVIOUR OF DIFFERENT ELUENTS AND 
STABILIZING AGENTS IN THE DETERMINATION OF 
SULPHITE IN WATER BY ION-CHROMATOGRAPHY 

L. CAMPANELLA, M. MAJONE and R. Pocci 
Department of Chemistry, University “La Sapienxa”, Rome, Italy 

(Received 31 January 1989. Revised 20 July 1989. Accepted 10 August 1989) 

Suuuuary-Ion-chromatography has been used for the determination of sulphite in water. The eluents 
were solutions of Na,CO, (l.lmM)-NaHCO, (1.4mM) or NaHCO, (1 .OmM)-formaldehyde (0.2% w/w), 
and formaldehyde, glycerol or fructose was used as stabilizing agent. With the first eluent, fructose or 
glycerol can be used to stabilize samples against sulphite oxidation, but formaldehyde affects the peak 
height. On the other hand, formaldehyde can stabilize sulphite in the presence of Fe(III), whereas glycerol 
and fructose can not. If Fe(II1) is present, the second eluent is used and sulphite is eluted directly as 
hydroxymethanesulphonate; formaldehyde will not then affect the peak height. This eluent allows a good 
peak separation and is suitable for the sulphite concentration range 0.1-12.0 mg/l. 

The determination of sulphite in natural and 
waste water by ion-chromafography has been 
proposed by several authors as an alternative 
to the classical iodometric’ or pararosaniline’ 
methods. Much of the work>’ was concerned 
mainly with the chromatographic aspects of 
sulphite elution, with little emphasis on quanti- 
fication. As shown in Table 1, there was a 
prevalence of classical carbonate-based alkaline 
eluents. 

However, determination of sulphite is quite 
difficult because of rapid oxidation of sulphite 
by dissolved oxygen. Aging of sulphite standard 
solutions shows direct proportionality between 
decrease in the sulphite peak and increase in the 
sulphate peak.4 Oxidation of sulphite can be 
avoided by adding formaldehyde to the solu- 
tion* to form an addition compound (hydroxy- 
methanesulphonate), which is stable in slightly 
acid media, but quickly hydrolyses in alkaline 
media to give the starting compounds.’ This 
feature is utilized in the ion-chromatography 
methods since formation of the addition com- 
pound stabilizes the sample, but the compound 
can be hydrolysed by the alkaline eluent during 
the analytical run. Lindgren et al.‘O showed that 
the apparent elution times for the addition 
compound and sulphite are the same when 
eluents with pH > 10.7 are used. 

However, when formaldehyde is used to 
stabilize sulphite in an unknown sample, a 
severe drawback is that the formaldehyde/ 
sulphite molar ratio strongly affects both the 

height and area of the sulphite peak. Lindgren 
et al.” studied several other compounds (par- 
ticularly fructose and glycerol), which were 
effective in stabilizing sulphite when used in 
higher molar ratios that that for formaldehyde, 
without any effect on the sulphite peak. How- 
ever, their experiments were not extended to the 
very high molar ratios necessary in the case of 
unknown samples. 

Furthermore, little information is at present 
available on the effectiveness of these stabilizing 
agents when heavy metals are present. It has 
long been known “J* that heavy metals (such as 
iron, copper, cobalt, manganese, lead) catalyse 
sulphite oxidation in water. Hansen er &.I3 
showed that sulphite oxidation is significant 
in the presence of iron or copper and also 
in formaldehyde-stabilized sulphite solutions, 
owing to almost concurrent hydrolysis and 
metal-catalysed oxidation during passage of 
the solution through the chromatograph. They 
concluded that ion-chromatography is not suit- 
able for sulphite determination, but their tests 
were generally performed at high sulphite 
concentration levels (over 20 mg/l.). It seems 
that the effect is less important at lower 
concentrations. 

To eliminate sulphite oxidation during the 
analysis and/or to overcome problems due to 
use of an incorrect concentration of stabilizing 
agent, the use of eluents which do not decom- 
pose the stable addition compound should be of 
interest. Dasgupta et al.’ proposed potassium 

201 
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hydrogen phthalate as an acid eluent but it gave 
a poor chromatographic performance. As an 
alternative, Dasgupta14 studied the use of a very 
weak eluent (NaHCO, at 1 .OmM concentration, 
with 0.2% of formaldehyde), to avoid hy- 
drolysis of hydrox~ethanesulphonate in the 
separation column. He also pointed out the 
disadvantages of this eluent, uiz. strongly re- 
tained anions are eluted only after a long time 
or not at all, the eluent baseline can increase 
owing to oxidation of formaldehyde to formic 
acid, and the column deteriorates quickly, 
probably because of a Schiff-base reaction of 
formaldehyde with the quaternary ammonium 
exchange sites. However, the eluent has still 
been recently proposed” and used with good 
results in a field study.‘6 

Thus, in spite of the promise of ion- 
chromatography for determining sulphite, an 
accurate procedure has not yet been defined 
and more research on the sample stabilization 
and chromatographic analysis is required. To 
explore these two aspects we have studied the 
behaviour of different stabilizing agents under 
different conditions, particularly in the presence 
of metals, together with the behaviour of differ- 
ent eluents, both with and without the chosen 
stabilizing agent. 

The ion-chromatograph used was a Dionex 
model 2OOOi, equipped with a conductivity 
detector, HPIC-AG4 and HPIC-AS4 separ- 
ation columns and an AFS fibre suppressor. The 
recorder was a Leeds and Northrup model 
Speedomax XL 68lA. 

The eluents were an NaHCO, (1.4mM)- 
Na&O, (1 .lmM) solution (delivered at 2.0 
ml/min) or an NaHCO, (1 .Om~~fo~aldehyde 
(0.2% w/w) solution {at flow rates ranging from 
0.5 to 4.0 ml/min, usually 2.0 ml~min). The 

I 1 ILS 
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Fig. 1. Typical chromatogram of a solution containing 
sulphite, bromide, nitrate, nitrite and phosphate (each 10 
mg/l.). E&rent Na,CO, (l.lmM) and NaHCO, (1.4mM); 

flow-rate 2.0 ml/min; injection volume 100 yl. 

suppression solution was 0.012M sulphuric 
acid. All reactants were analytical grade. 

A fresh solution of anhydrous sodium 
sulphite (I g/l.) was prepared daily in distilled 
water. Working sulphite solutions were ob- 
tained by diluting mixtures of this solution 
and the chosen stabilizing agent solution 
(formaldehyde, glycerol or fructose) with dilute 
hydrochloric acid (pH 4.3.). Final sulphite 
con~ntrations ranged from 0.1 to 12 mg/l. 
(normally ~5 mg/l.) and the stabilizing agent/ 

Table 1. Proposed eluents for sulphite determination by ion-chroma- 

tography 

Plow-rate, 
Composition mllmin Reference 

5.0mM Na,CO,AOmM NaOH 1.7 3 
3.0mM NaHCO,-2.4mM Na,COp 2.3 4 
l.OmM KH phthalate 2.3 5 
4.8mM NaHCO,-4.7mM Na,CO, 3.4 6 
15.0mM H,PO; (PH 4.8) 2.0 7 
0.7mM Na,CO,-O.7mM p-cyanopheuol 
(pH 11.4 with NaOH) 

3.1 8 

3.0mM NaHCO~-2.4m~ Na,CO, 1.9 10 
3.5mM Na,CO,-2.6mM NaOH 2.4 13 
1 .OmM NaHCO,-O.Z% w/w HCHO 2.3 14 
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sulphite molar ratio ranged from 1 to 104. For 
calibration purposes, a standard sulphite solu- 
tion (5 mgi’l.) was prepared daily from sodium 
hydroxyme~an~uiphonate and analysedz cor- 
rections for any variations in the instrumental 
sensitivity were then made, In some cases 
other anions (acetate, bromide, fluoride, nitrite, 
nitrate, phosphate and sulphate) or metals (iron, 
manganese, aluminum, lead and copper) were 
also added to the working solutions. 

RESULTS AND DIWUSSION 

The ~hromat~g~phi~ behaviour of sulphite 
and hydroxymethanesulphonate with the two 
different eiuents was studied, 

A typical chromatogram obtained with the 
NaHC0,/Na2 CO, eluent is shown in Fig. 1. The 
sulphite peak is well separated and all anions 
are eluted after IS min. From tests performed 
at different weight ratios of other anions to 
sulphite, it was found that the phosphate and 
nitrite peaks partially overlapped the sulphite 
peak for weight ratios of s 10:1 and > 100: I, 
respectively. Other anions tested do not inter- 
fere at the 100: 1 weight ratio. Phosphate inter- 
ference can be overcome by using an Na,CQ, 
(3SmM)--N&H (3.lmM) eluent, which elutes 
phosphate very s10wly.‘~ 

A good sulphite separation can also be ob- 
tained with the fo~aldehyde~NaHC0~ eluent. 
A typical chromato~m obtained with this 
eluent at 3.5 ml/min flow-rate is shown in 
Fig. 2. At this high flow-rate a short analysis 
time is possible without significant loss of 
resolution. No peak overlap has been found at 
weight ratios of anions tested to sulphite 
> 100: 1. However, elution of nitrate takes more 
than 15 min, and sulphate and phosphate are 
not eluted at all. 

Stabilizing agents 

Table 2 shows the stabiii~in~ effect of various 
compounds. Glycerol is almost as effective as 
formaldehyde, Fructose must be present in 
molar ratio of 100-1000 to sulphite to maintain 
oxidation at less than 5% per day, but at higher 
concentrations is less effective. However, this 
e&ct was due to a slow pH increase and could 
be prevented by adequate buffering. A similar 
pH effect was observed for glycerol. 

The presence of heavy metals (commonly 
present in natural and waste water) completely 
changes the situation. Table 3 shows that 

II I I I I I III 
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Fig. 2. Typical chromatogram of a solution of sutphite (IO 
mg/l., from hydroxymethanesulphonate), bromide, nitrate, 
nitrite and phosphate (each 500 mg/l.). Eluent NaWC03 
(LOmM) and WHO (0.2% w/w); flow-rate 3.5 ml/min; 

injection volume 100 pt. 

Fe(IE), at molar ratio I : 10 with respect to the 
sulphite, induces in fructose-stabilized solutions 
a sulphite peak decrease of about 80% in a few 
hours. Combining stabilization with fructose 
with other procedures, such as purging with 
nitrogen and storage in the dark and cold, does 
not decrease the rate of oxidation. Immediate 
injection of freshly prepared samples shows no 
signilicant differences between samples with or 
without iron present, i.e., most of the oxidation 
takes place in the storage medium. Other metals 
have less (mangan~e) or no etGct. Glycerol 
behaves like fructose whereas formaldehyde 
slows the oxidation to less than 10% per day. 
Table 4 shows that formaldehyde can stabilize 
sulphite, even at only 1: 1 molar ratio, when iron 
is present at the mg/l. level. 

Lindgren et al.la showed that when an 
NaHCOJNa,CO, eluent is used, the sulphite 
peak height is strongly affected by excess of 
formaldehyde, the amount of which cannot be 
foreseen when there is no prior knowledge of the 
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Table 2. Sulphite stabilization: peak height (relative to initial 
value = 100) as a function of the stabilixing agent and of the excess 
used: sulphite concentration 5 mg/l., initial pH 4.2 (*indicates buffered 
pH), eluent Na,CO, (1.4mM)-NaHCO, (1. ImM), flow-rate 2 ml/min 

Stabilizing 
agent 

Stabilizing 
agent/sulphite, 

molar ratio 

Relative peak height 

4 hr 24 hr 48 hr 

Fructose 

Glycerol 

Formaldehyde 

1 98.2 89.3 81.5 
10 98.4 88.3 80.3 

100 100.0 96.0 91.8 
1000 100.0 98.8 92.7 

10000 99.1 91.8 85.3 
10000’ 99.2 100.6 90.4 

1 98.1 95.4 93.1 
10 91.8 98.0 94.9 

100 99.6 99.2 99.2 
1000 99.0 100.4 98.1 

10000 98.3 62.8 13.3 
10000* 101.8 101.2 102.5 

1 99.7 91.9 97.6 
10 94.7 96.0 104.1 

100 97.0 99.9 93.0 
1000 97.6 92.5 93.5 

Table 3. Sulphite stabilization in the presence of metals: peak height (relative 
to initial value = 100) as a function of the stabilizing agent and the metal ion: 
sulphite concentration 5 mg/l., pH 4.2, metal/sulphite molar ratio l:lO, eluent 

Na,CO, (1.4mM)-NaHCO, (1 .lmM), flow-rate 2 ml/min 

Stabilizing 
agent 

Stabilizing 
agent/sulphite, 

molar ratio Metal 

Relative peak height 

4 hr 24 hr 48 hr 

Fructose 1000 

Glycerol 1000 

Formaldehyde 1 

None 
Pb(II) 
Al(II1) 
Cu(I1) 
Mn(I1) 
Fe(II1) 
None 

Mn(I1) 
Fe(II1) 
None 

Mn(I1) 
Fe(II1) 

99.6 
98.2 
95.6 
98.2 
94.1 
22.1 
95.5 

100.0 
18.2 

100.0 
101.2 
100.3 

97.2 92.8 
94.7 90.5 
96.6 93.0 
95.6 92.9 
85.8 81.4 
18.5 16.4 
97.8 95.5 
98.7 93.4 

1.9 6.3 
102.0 96.8 
100.6 92.3 
95.2 85.6 

Table 4. Sulphite stabilization with formaldehyde in the presence of 
iron: peak height (relative to initial value = 100) as a function of the 
formaldehyde/sulphite and iron/sulphite molar ratios: sulphite con- 
centration 5 mg/l., pH 4.2, eluent Na,CO, (1.4mM)-NaHCO, 

(1 .lmM), flow-rate 2 ml/min 

Formaldehyde/ Iron(III)/ Relative peak height 
sulphite sulphite 

molar ratio molar ratio 4 hr 24 hr 48 hr 

1 1:lO 103.0 99.3 92.1 
I 1:4 101.1 96.4 92.6 
I 1:2 100.6 96.4 92.1 
1 1:l 100.0 95.8 92.1 

10 1:lO 103.0 103.4 102.3 
10 1:4 100.0 99.4 97.2 
10 1:2 101.1 98.8 96.7 
10 1:l 100.6 98.2 91.6 
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composition of the sample. Our experiments 
confirmed that the sulphite peak is stable when 
glycerol and fructose are used, even at very high 
molar ratios. Excess of fo~aldehyde does not 
interfere when the formaldehyde-containing 
eluent is used, because the formaldehyde- 
sulphite addition compound is directly eluted. 

From these observations it would seem that 
if no iron or manganese is present, fructose and 
particularly glycerol may be used effectively 
over a wide concentration range without any 
effect on the sulphite peak. On the other hand, 
if these metals are present, both formaldehyde 
and the formaldehyde-containing eluent have to 
be used. As the second case seems to be more 
common, it has been examined thoroughly. 

Formaldehyde-containing eluent and sulphite 
determination 

From our experiments, the eluent appears to 
be stable for at least two weeks, the baseline 
remaining at 15.9 + 0.8 fits with no drift to 
higher values. Column efficiency decreases regu- 
larly and a 10% decrease is observed over x60 
hr, i.e., about 300 assays. No recovery of 
efficiency is obtained by washing the column 
with the Na~CO~/NaHCO~ eluent. 

The peak height is a linear function of sul- 
phite concentration from 0.1 to 12 mg/l. Repli- 
cate determinations on different days always 
resulted in correlation coefficients > 0.999. 
The sensitivity is x0.27 fiS.l.mg-’ and is 
reproducible. 

CONCLUSIONS 

Stabilization of sulphite in the sample is very 
important if accurate dete~ination is to be 
achieved. Good stabilization can be obtained 
with fructose (at high molar excess) or glycerol 
only if iron(II1) or manganese(I1) is not present 
in the sample. In that case, the chromatographic 
analysis with the traditional alkaline NaHCO,- 
Na$C& eluent is not affected by the stabili~ng 
agentlsulphite molar ratio. 

If these metals are present, however, 
formaldehyde can be used with good results at 
a molar ratio of 1: 1 to sulphite. The amount of 
fo~aldehyde needed to give this molar ratio 
when added to stabilize an unknown sample 
cannot be accurately predicted, and this has a 
marked effect on the peak height if the 

NaHCO,-Na,CO, eluent is used. However this 
problem does not arise when the formaldehyde- 
containing eluent is used. 

Certain advan~ges are associated with this 
eluent. Sulphite is eluted as hydroxymethane- 
sulphonate and is well separated from most 
common anions even when these are present 
at high concentrations. High flow-rates (up to 
3.5 ml/min) result in short analysis times with 
no loss of resolution. Chloride, fluoride, acetate, 
nitrite and nitrate can be determined together 
with sulphite in about 15 min, but phosphate 
and sulphate are not eluted at all. 

The eluent gives a stable and low baseline 
even when a week old, and column degradation 
seems to be slow. 

Peak height is linearly correlated to sulphite 
concentration, with a high correlation co- 
efficient in the range 0.1-12 mg/l., thus allowing 
determination of sulphite with good sensitivity 
and accuracy and a low limit of detection. 
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Summary-A simple modification of the West66 extraction procedure for methylmercury and its 
determination by gas chromatography (CC) is presented. The cysteine clean-up step has been modified, 
with use of cysteine-impregnated paper instead of cysteine solution. Methylmercury bromide is extracted 
from the sample into toluene and is selectively adsorbed on the cysteine paper. Interfering compounds 
are washed from the paper with toluene. The isolated methylme~~ is set free with sulphu~c acid 
containing bromide, extracted into benzene and determined by GC. The rn~i~~tion of the extraction 
procedure results in good recovery and ~pr~ucibility for various biological and environmental samples, 
good sensitivity with a detection limit of 0.1 rig/g,, avoidance of difficulties arising from emulsion 
formation, cleaner chromatograms, and faster analysis. It is particularly suitable for determination of low 
levels of MeHg. 

Determination of methylmercury (MeHg) by 
gas chromatography (CC) is still preferable to 
indirect methods for total organic mercury de- 
te~ination by cold vapour atomic-abso~tion 
spectrometry (CV-AAS), mainly because MeHg 
is measured directly, not after conversion into 
inorganic mercury. This is particularly impor- 
tant when samples with different levels of MeHg 
have to be analysed. Nevertheless, in the case of 
very low concentrations of MeHg (sediments, 
soils, algae, etc.) none of the analytical tech- 
niques for MeHg can guarantee accuracy, and 
results should be treated critically. Unfortu- 
nately, standard reference materials (SRMs) 
are available only for total mercury, and not 
for MeHg, and therefore accuracy for MeHg 
dete~ination has to be established by inter- 
laboratory comparisons, standard-addition ex- 
periments and comparisons of the results of at 
least two and preferably more analytical tech- 
niques. Such a study was recently published,’ in 
which four different analytical methods for 
MeHg were compared. 

At present, the method used in most lab- 
oratories is based on an extraction procedure 
for MeHg originally devised by Gage* and later 
modified by West%. 3 Modi~cations to the 
West66 procedure have been reported and re- 
viewed.4*5 They are based on addition of acid 
(hydrochloric, hydrobromic or hydriodic) to a 

homogenized sample, extraction of the MeHg 
halide into an organic solvent (benzene or 
toluene), purification by stripping with a thiol 
compound (cysteine, gluthathione) or thio- 
sulphate, and re-extraction into benzene. The 
MeHg is then determined by GC with various 
detection systems (electron-capture, atomic- 
absorption, mass spectrometry, microwave 
emission spectrometry). The main difficulties are 
the formation of emulsions (often persistent) 
during the extraction or stripping and loss of 
volatile MeHg. 

The method mainly used for routine analysis 
in our laboratory is based on volatilization of 
MeHgCN or MeHgCl, which is released from 
the sample and captured on cysteine-impreg- 
nated paper in a micr~iffusion ce11.6v’ The main 
drawback is the lower recovery with increasing 
weight of sample. In an attempt to overcome 
this problem, a new distillation procedure has 
recently been developed.’ 

In the present work, aimed at simplifying a 
modified West66 procedure which has been 
used in our laboratory mainly for samples such 
as sediments and soils, the cysteine clean-up step 
has been improved. The original use of a cys- 
teine solution has been replaced by use of 
cysteine-irnp~~at~ paper as in the volatiliza- 
tion technique.6 The results obtained by the new 
and the older modified West&5 procedures and 

207 
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some other isolation techniques have been solutions. All operations with benzene were 
compared. conducted under a well ventilated hood. 

EXPERIMENTAL Apparatus and materials 

Reagents 

L(+)-Cysteine hydrochloride solution (I %). 
Prepared daily in 20% sodium citrate solution. 

Su~phur~c acid (‘M) saturated with cupric 
sulphate. 

Potassium bromide, 4M. 
Hydrochloric acid, 4M. 
mercuric chloride, saturated solution in 

benzene. 
Benzene and toluene. Chromatographic grade 

(Merck). 
~ethy~mereury and ethylmer~ury st~dard 

solutions (1 mg/ml). Dissolve 116.3 mg of 
CH,HgCl or 115.4 mg of C2H,HgCl (Merck) in 
100 ml of toluene. Make working standard 
solutions by appropriate dilution with benzene 
to cover the range 0.02-0.10 ng/pl. 

Gas chromatograph, A Hewlett Packard 
model 5890 instrument connected to an HP 
3390 A integrator was used, with an electron- 
capture detector (63Ni radioactive source). The 
chromatographic conditions were as follows. 

Column temperature: 160” 
Injector temperature: 190” 
Detector temperature: 280” 
Carrier gas, N,: flow-rate 60 ml/min 
Glass columns. Length 1.6 m, inner diameter 

2 mm, packed with 5% DEGS-PS on Supelco- 
port 100-120 mesh, commercially available 
from Supelco. 

Pyrex test-tubes with ground stoppers (Fig. 1). 
FiIter papers. A narrow strip 2 mm in width, 

Methylmercury and ethylmercury standard 
aqueous solutions. Dissolve the same amounts of 
CH,HgCl and CzHSHgCl as above in l-2 ml of 
acetone and dilute to 100 ml with O.lM hy- 
drochloric acid. The stock and working stan- 
dard solutions have to be kept in darkness to 
prevent decomposition of MeHg by ultraviolet 
light. 

cut from the circumference of a circular filter 
paper (Schleicher and Schiill, No. 58g3, 7 cm 
diameter), is saturated with cysteine solution 
and dried at room temperature in an acid-free 
atmosphere, just before use. It is inserted as a 
spiral into the extraction tube. 

Methods 

All chemicals and solvents should be of 
highest purity. Benzene is a better extractant 
than toluene for MeHg and is also cleaner, but 
because of its toxicity is used only for the final 
stage in the extraction procedure when 
small volumes are involved, and for the final 
dilutions in preparation of working standard 

Two approaches for isolation of MeHg are 
presented schematically in Scheme 1. Various 
approaches to homogenization may be used. 
The choice depends mainly on the sample type. 
Fresh samples (fish, mussels, algae) are homog- 
enized in a stainless-steel homogenizer (SOR- 
VALL omni-mixer). A hair sample is cut into 
small fragments with scissors, then washed with 
acetone and three times with water-acetone 

t-3 g of fresh sample (0.1-1.5 g of dry sample) + 2 ml of H,S04 saturated with CuSO, f 2 ml of KBr 
solution + 3 ml of toluene in test-tube “a”, Fig. 1. Equilibrate for 10 min, centrifuge for 5 min at 
6000 rpm. Repeat the extraction with 2 ml of toluene and transfer the toluene phases quantitatively. 

I 
Shake toluene phase + 1 ml of cysteine solution 
in test-tube “b”, Fig. I. Centrifuge at 6000 rpm. 
Transfer the aqueous phase quantitatively. 

Repeat the extraction with cysteine. 

I 
Shake aqueous phase + 1 ml of KBr solution 
+ 1 ml of H$O, + 0.5-I .O ml of benzene, in 

test-tube “c”, Fig. 1. Centrifuge. 

I 
Shake toluene phase i cysteine paper in test-tube 
“b”, Fig. 1, for 10 min. Decant organic phase and 
wash the cysteine paper with three S-ml portions 

of toluene. Dry the paper. 

I 
Transfer the paper into test-tube “c”, Fig. 1, and 
add 0.1 ml of HBr + 0.1 ml of H,SO, + 0.2-l .O 

ml of benzene. Equilibrate, centrifuge. 

Transfer the benzene phase into test-tube “c”, Fig. 1. 

I 
Inject l-5 ~1 of the organic phase into GC column 

Scheme 1. Flow-chart of the extraction methods for methlmercu~ dete~ination. 
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(a) (b) 

Fig. I. Test tubes for extraction of methylmercury: (a) 25 ml, (b) 9 ml, (c) 1 ml. 

mixture and then decomposed with 7.5M 
sodium hydroxide at 90” in a closed test-tube 
(Fig. 1, “a”). This approach has been used in 
our laboratory as a reference method for human 
hair analysis for assessing exposure and possible 
health hazards due to seafood consumption in 
the Mediterranean.**9 Alkaline decomposition 
(with addition of cysteine to stabilize MeHg), as 
proposed by some authors,” may be success- 
fully used for other fresh biological samples. 

Another possibility is acid extraction of 
MeHg from the sample by hydrochloric acid, as 
used in the method devised by May et al.” for 
subsequent ion-exchange separation and 
CV-AAS determination of MeHg after conver- 
sion into inorganic mercury. Ten ml of 6M 
hydrochloric acid are added to the sample and 
the mixture is left overnight in darkness. More 
than 90% of the MeHg is released into the acid, 
All the extract, or an aliquot, can be taken for 
subsequent extraction and GC determination, 
by the procedure presented in Scheme 1. 

Alkaline decomposition and acid extraction 
serve two purposes: first to release MeHg from 
the binding sites in the sample, which makes 
further extraction more effective, and secondly, 
to homogenize a large amount of sample, from 
which only a small aliquot is taken for analysis. 

RESULTS AND DISCUSSION 

To release MeHg bound in a tissue, some acid 
must be added. Many workers use hydrochloric 
acid. In our method the use of potassium bro- 
mide and sulphuric acid saturated with cupric 
sulphate is advantageous, mainly because 
MeHgBr has a higher partition coefficient,‘* and 
the Cu(I1) promotes release of MeHg bound to 
sulphur. This is especially important when sedi- 

ments or other samples containing sulphide 
compounds are to be analysed. Addition of 
Cu(I1) was found to have no effect in the 
analysis of biological samples, however. 

The first extraction step is repeated at least 
once, especially when there is difficulty in sepa- 
ration of the aqueous and organic phases. The 
organic phases are transferred as quantitatively 
as possible. The recovery at this stage is usually 
more than 90% (as shown by recovery experi- 
ments with spiked samples), depending mainly 
on the type and amount of sample. When larger 
amounts of sample are taken, the volumes of the 
reagents have to be optimized. It is very impor- 
tant to transfer only clear organic phase. MeHg 
is extracted into aqueous cysteine solution only 
at neutral pH. Any emulsion present in the 
organic phase significantly affects the partition 
of MeHg into cysteine solution or its trapping 
on cysteine paper. Centrifugation at 6000 rpm 
effectively breaks any emulsion in the toluene 
phase after the initial extraction. 

The main difficulty when using cysteine solu- 
tion for back-extraction is emulsion formation, 
which is very persistent with certain types of sam- 
ple and may cause losses during equilibration and 
transfer. This difficulty can be avoided by using 
cysteine impregnated paper as described above. 

Table 1 shows the influence of the dimensions 
of the filter paper and the volume of the toluene 
extract on the recovery of MeHg and EtHg. The 
shape of the paper does not significantly affect 
the recovery, nor does the amount of cysteine on 
the paper (use of 1% or 5% cysteine solution for 
the impregnation gave the same results). The 
volume of toluene used is critical however. 
Repeating the extraction with toluene would be 
expected to maximize the amount of methylmer- 
cury extracted, but experiments with 3 + 2 ml, 
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Table I. Effect of the size of the cysteine paper and the volume of the toluene 
phase on the recovery of MeHg and EtHa 

Volume of the toluene phase, ml 

5 8 10 
Paper 
size MeHg EtHg MeHg EtHg MeHg EtHg 

0.5 x 8 cm* 98 f 5 83*3 85 f 2 80+3 82k4 14&3 
0.5 x 4 cm* 90 f 5 75 f 5 82&4 81 k2 8Ok5 75 + 2 
0.2 x 21 cm? 96 &- 2 91&2 84*2 19&4 80+1 70fl 

Results are given as mean value (ng MeHg found f std. devn. of three determi- 
nations). 100 ng of MeHg and EtHg in aqueous solutions were added to 
acidified algae before toluene extraction. 

*Rectangular strip. 
?A narrow strip cut from a filter circle (diameter = 7 cm). 

3 + 3 +2 ml and 3 + 3 +2+2 ml of toluene 
gave diminishing recoveries in the stripping of 
the combined extracts with the cysteine paper, 
as shown in Table 1. This is presumably a 
consequence of the lower concentration of 
methylmercury as the extract volume is in- 
creased. The optimal recovery is obtained with 
3 + 2 ml toluene. After washing with toluene, 
the cysteine paper is dried carefully, especially 
when small volumes of benzene are used in the 
final extraction step. 

The final extraction step may influence the 
results, by incomplete extraction of MeHg from 
the paper into the organic phase. Depending on 
the amount of MeHg expected in the sample, 
the cysteine paper is transferred to a specially 
designed tube of appropriate volume (b or c in 
Fig. l), where the MeHg is extracted into a 
defined volume of benzene. Partition of MeHg 
between the benzene and the acid solution de- 
pends mainly on the phase-volume ratio as 
shown in Fig. 2. It is evident that extraction of 
MeHgBr gives better recoveries than does ex- 
traction of MeHgCl. In practical terms, the 
cysteine paper has to be completely wetted by 
the acid solution. With the narrow strip of paper 
(0.2 x 21 cm), a minimum of 0.1 ml of acid 
solution is required to release MeHg from the 
paper. Extraction into 0.1 ml of benzene in a 
l-ml test-tube gives lower and irreproducible 
results; although use of a specially designed 
microextractor results in very good recovery 
(> 90%), it is time-consuming, and it is simpler 
to employ larger volumes of reagents. The phi- 
losophy is not to use as small a volume as 
possible, but to optimize the volume ratio of the 
reagents in order to reach the required sensitiv- 
ity for the sample analysed. Thus 0.2 ml of 
benzene is the minimum volume for MeHg 
extraction. The operational limit of quantifica- 
tion when cysteine paper is used in an extraction 

tube (3 g sample, 0.2 ml benzene extract, 5 ,ul 
injection) is about 0.1 rig/g.. 

The last step is to chromatograph alternate 
injections of sample and standard solutions. 
In general, the chromatograms are very 
clean and do not present any problems in 
evaluation of the results. Peak overlap can occur 
when MeHg from a large weight of sample is 
back-extracted with cysteine solution. All such 
interfering peaks disappear when the cysteine 
paper is used, as shown in the chromatograms 
in Fig. 3. Using silica gel or florisil to remove 
impurities, as suggested by some authors,i3 gave 
irreproducible and lower results. 

When peaks begin to tail, the performance of 
the column should be restored by injection of 

100 7 

80 - 

60 - 

Z 0 

40 - 

20 - 

4-A-A 

o---o HCI 

A- HzSO4,KBr 

I I I I I 

1 2 3 4 5 
volume ratio benzene/acid solution 

Fig. 2. Effect of the volume ratio (benzene/acid solution) on 
the recovery of MeHg from cysteine paper. 
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Fig. 3. Typical chromatograms for (A) 1 ~1 injection of a standard solution of 0.05 pg MeHg/ml and 0.05 
pg EtHg/ml in benzene, (B) 1 ~1 from 0.5 ml of the final benxene extract from fresh algae sample with 
a concentration of 0.4 ng MeHg/g, with use of cysteine solution, (C) 1 ~1 from 0.2 ml of the final benzene 

extract of the same sample as for (B), with use of cysteine paper. 

5 ~1 of a saturated solution of mercuric chloride 
in benzene.‘*‘4 After 2 hr it is then possible to 
continue taking chromatograms. 

Some results obtained for various kinds of 
sample and concentration levels by using differ- 
ent isolation and final measurement techniques 
are presented in Table 2. The results show 
that consistent values were obtained for these 
materials, indicating satisfactory recoveries. 

In addition to this comparative approach, 
standard-addition experiments were also used 
to estimate the recoveries, though MeHg added 
to the sample is not entirely equivalent to 
that bound in the sample. Most materials gave 
high and consistent recoveries, but the sediment 
samples were problematic. The reproducibility 
for unspiked replicate determinations was satis- 
factory (k 5%), but recoveries of MeHg added 

Table 2. Comparison of the results for various matrices, obtained by different approaches to MeHg 
determination: results for MeHg are given as ng of Hg per g of sample 

Extraction Distillation’ Ion-exchange” 

Sample Cyst. solution Cyst. paper GC/CV-AAS CV-AAS 

KFA, Fish 
Standard 198 1 247 + 6 (6) 250 f 7 (3) 261 f 5 (3) 253 f 4 (4) 
KFA, Fresh 
mussel 182-21 7.0 f 0.7 (3) 10.9 f 0.8 (2) 7.2 f 0.5 (4) 9.3 f 0.5 (2) 
KFA, Fresh 
algae 182-l 1 0.25 + 0.08 (2) 0.27 f 0.05 (4) 0.18 * 0.00 (2) 0.21 f 0.01 (2) 

183-11 1.30 f 0.16 (2) 1.21 f 0.20 (3) 0.70 f 0.07 (3) 0.90 f 0.05 (2) 
185-l 1 0.22 + 0.07 (2) 0.32 f 0.02 (4) 0.26 f 0.04 (2) 0.28 f 0.02 (2) 

NIES, No. 9 
Sargasso 5.65 f 0.02 (2) 4.80 f 0.20 (3) 5.70 f 0.17 (2) 5.04 f 0.74 (2) 
Kastela Bay 
sediment 
polluted area 42 f l(3) 33 f 4 (4) 39fll(4) 
BCR, Hair 
sample 528 f 18 (3) 553 f 12 591 f 31(3) 610 f 21(3) 

Number in parentheses is the number of determinations; quoted variation is one standard deviation. 
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to the sediment varied from 25 to 80%. Proba- 
bly the MeHg added reacts in contact with 
sediment (decomposition or adsorption). When 
the spike is added to the acid extract of the 
sediment (i.e., with no solid phase present) the 
reproducibility is much better. This is an exam- 
ple of a well known difficulty in speciation work 
with insoluble materials; the recovery is very 
often difficult or impossible to estimate. In such 
cases it is very difficult to establish an accurate 
value; comparison of the results obtained by 
different isolation techniques may be the best 
way to approach the problem of the accuracy of 
MeHg determination in sediments. 

This should be done for all matrices analysed 
in a given laboratory. If agreement is reached 
between the results, these samples may serve as 
laboratory reference materials for a particular 
matrix. The results obtained for these samples 
should be a measure of the accuracy achieved in 
the series of analyses. 

To summarize, the modified extraction 
technique using cysteine paper offers several 
advantages over the conventional approach. 
As well as being simpler manipulatively, and 
avoiding the problems of emulsion formation, 
it results in cleaner chromatograms. It repre- 
sents a real improvement for determination 
of MeHg at low levels in environmental 
samples. 
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Summary-A lipid-rn~i~ed carbon-paste electrode is prepared by mixing phospholipids with the 
carbon-paste matrix. The resulting electrodes have polar head-groups which allow interactions with 
positively charged drugs and improved preconcentration/extraction steps. The accumulation of the 
antitumor drug, marcellomycin, is enhanced in the presence of lipids, giving an 8-fold enhancement of 
current. The electrode response has been optimized with respect to paste composition, nature of the lipid, 
pH, temperature, and stirring time. A mechanism for marcellomycin accumulation is proposed, based on 
electrochemical and W-visible spectrometric measurements as a function of pH. The electrode response 
is linearly related to the mar~llomy~n ~n~ntration within the range 1 x JO-s-6 x 10-6M. Known 
amounts of marcehomycin added to a urine sample diluted sixfold with water have been measured by use 
of the medium-exchange technique. 

In earlier work we reported on a new 
phospholipid-modi~ed glassy-carbon electrode 
for the measurement of the glycoside mar- 
cellomycin’ and other compounds which are 
known to interact with phospholipids.2 We have 
recently investigated the use of a carbon-paste 
electrode modified with fatty acids, in a study 
of the electrochemical oxidation of the pheno- 
thiozine compound promethazine.3 Carbon 
paste, owing to its mechanical and electro- 
chemical properties, is ideally suited as the 
matrix material. By mixing the lipid with the 
organic liquid (Nujol) used to make the carbon 
paste, an electrode can be prepared which re- 
tains the properties of the carbon paste and has 
at its surface the functional groups of the lipids. 
In this paper we report investigation of the 
electrochemical behaviour of phospholipid- 
modified carbon-paste electrodes (LMCPE) by 
studying the preconcentration and oxidation of 
marcellomycin as a model compound (Fig. 1). 

Marcellomycin, which belongs to the anthra- 
cycline family, has been characterized both 
pha~acologically*,s and electrochemically.6 
The anthracycline molecules are known to 
interact strongly with phospholipids consti- 
tuting living cell membranes, and particularly 
with cardiolipin (diphosphatidylglycerol).‘** The 
electrochemical oxidation occurs at the hydro- 

quinone part of the molecule by a 2-electron 
2-proton transfer.6 In our previous work on 
lipid-modified glassy-carbon electrodes,‘.’ we 
reported the tendency of the molecule to accu- 
mulate in the lipid layer, which resulted in a 
fourfold increase in the oxidation signal. The 
present electrode has improved long-term stabil- 
ity and enhanced sensitivity for marcellomycin. 

QH 0 COOCH, 

Fig. I. Structure of marcellomycin. 
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EXPERIMENTAL 

Apparatus 

Voltammet~c measurements were made with 
a BAS CV 27 instrument connected to a Hewlett 
Packard 7090 A recorder. A three-electrode cell 
containing the carbon-paste working electrode, 
a platinum wire as counter-electrode and a 
saturated calomel electrode (SCE) as reference 
was used throughout the study. The tem- 
perature of the cell was controlled with a 
thermostatic bath (Haake F, & 0.1”). 

The Metrohm EA 267 carbon-paste electrode 
(geometric area 0.50 cm’) was made with a paste 
(CP-Met) made of graphite and liquid paraffin 
(Metrohm EA 207~). Three other pastes {from 
Bioanalytical Systems, West Lafayette, IN) were 
utilized for comparison: CP-W (graphite + 
ceresin wax), CP-0 (graphite + paraffin oil) and 
CP-S (graphite + silicone grease). The ratio of 
graphite to binder was not listed by the manu- 
facturers. Comparative experiments between the 
different electrodes were made by using home- 
made electrodes with a geometric surface area of 
0.07 cm’. 

The pH of the solutions was measured 
with a Tacussel 80 pH-meter. UV-visible 
spectra were recorded with a Shimadzu-W 160 
spectrophotometer. 

Reagents 

All reagents were of analytical grade. 
Marcellomycin was furnished by Bristol Meyers 
(Brussels), and was used without further purifi- 
cation. The triply distilled water used to prepare 
solutions was stored in polyethylene bottles. 
Buffer solutions (0. IM) were prepared from 
sodium hydrogen phosphate (Merck p.a.) and 
the pH was adjusted with dilute hydrochloric 
acid or sodium hydroxide solution. The lipids 
used were from Sigma: L-a-phosphatidylcholine 
(PC); asolectin (ASO) extracted from soybean, 
and containing 18% of PC, based on choline 
dete~ination, along with other lipids to mimic 
a membrane; cardiolipin (CL); phosphatidyl- 
ethanolamine (PEA). 

Electrode preparation and procedure 

The modified carbon-paste electrode was 
prepared by thoroughly mixing the Metrohm 
carbon paste with the lipid in the appropriate 
ratio in a mortar in the presence of a minimum 
amount of chloroform, and allowing the solvent 
to evaporate overnight. Marcellomycin determi- 
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Fig. 2. Electrode response Z,@A) as a function of accumu- 
lation time for different paste ~m~sitions (home-made 
electrodes). a, CP-Met; b, CP-Met + 1% ASO; c, CP- 
Met + 3% ASO; d, CP-Met + 5% ASO; e, CP-Met + 10% 
ASO. Phosphate buffer pH 7.0; 37”; marcellomycin 

5 x 10-5M. 

nation consists of ambulating the molecule at 
the electrode surface by stirring the analyte at 
m 200 rpm with a magnetic stirring bar, with no 
potential applied (open circuit), then recording 
the voltamperogram from 0.0 to + 1.0 V vs. 
SCE at a scan-rate of 10 mV/sec. 

In medium-exchange experiments, the analyte 
is accumulated at the electrode from the sample 
solution (e.g., urine), then the electrode is re- 
moved, rinsed with water, and transferred to the 
electrolyte solution used for the electrochemical 
oxidation step. 

RESULTS AND DISCUSSION 

The oxidation of marcellomycin (5 x lo-‘M) 
was investigated at both the CPE and the 
LMCPE at pH 7.0 and 37.0 + 0.1”. In Table 1 
are reported the characteristics of the oxidation 

Table 1. Electrochemical characteristics of marcellomycin 
oxidation peaks (marcellomycin 5 x 10w5M, pH 7.0, 

accumulation times 0 and 10 min, 37”) 

Electrode 440) 44lO) EPIO) EdlO) 4 - 42 
CP-Met 1.0 1.3 0.45 0.45 40 
CP-w 1.3 2.3 0.45 0.45 60 
CP-0 1.4 2.5 0.41 0.41 40 
CP-s 1.2 1.9 0.40 0.40 30 
CP-PEA* 0.9 6.8 0.50 0.47 70 
CP-PC? 1.4 7.2 0.42 0.42 50 
CP-ASO’ 0.6 10.8 0.53 0.45 60 
CP-CL* 2.0 18.9 0.52 0.51 90 

Peak current, Peak potential, peak shape, 

wt V mV 

*Prepared with CP-Met paste and 5% of phospholipid. 
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peaks, Ep, recorded without accumulation (I& 
and after 10 min of accumulation (I,,,,). With 
the non-modified electrodes, the results clearly 
indicate different behaviour, depending on the 
carbon paste utilized. The intensity of the 
response as well as the efficiency of preconcen- 
tration are higher with CP-W, CP-0 and CP-S 
than CP-Met. In terms of peak shape (E, - Z$,,) 
and ease of oxidation (E,), the CP-S electrode 
exhibits the least positive peak potential and 
the highest reaction rate. Differences between 
carbon pastes in the oxidation of organic com- 
pounds have also been reported by others.“*” 
They can be related to differences in the 
amount and nature of the graphite as well as 
in the nature of the organic binder. Since it 
gave comparatively lower background currents 
within the positive potential range, the CP-Met 
paste was selected for preparation of the lipid- 
modified electrodes. As reported in Table 1, the 
responses observed are significantly different, 
depending on the nature of the lipid. In direct 
recording (zero accumulation time), the oxi- 
dation peak of marcellomycin is shifted toward 
positive potentials when the lipid-modified 
electrodes are used (except with the CP-PC 
electrode) owing to a less rapid electrode 
process, as shown by higher values of Ep - Ep,*. 
The intensity of the response is decreased with 
the CP-Met-AS0 electrode but is of comparable 
magnitude with the CP-Met-PEA electrode and 
is increased with the CP-Met-CL and CP-Met- 
PC electrodes. From these results, we may sug- 
gest that a rapid accumulation process occurs 
at the last two electrodes and that the shift in 
potential may be a consequence of the inter- 
action between the lipid and marcellomycin. 
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Fig. 3. Peak potential evolution as a function of pH. 
Marcellomycin 5 x 10-‘M; a, CP-Met; b, CP-Met + 5% 

ASO; t, = 10 min; 37°C. 
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Fig. 4. Relative electrode response as a function of pH. 
Marcellomycin 5 x 10e5M; f, = 10 min; 37”; CP-Met + 
5% ASO. Z., peak current at LMCPE, with accumulation; 

Zb, peak current at CP-Met, with no accumulation. 

This association occurs at the protonated amino 
group of the drug and the ionized phosphate site 
of the phospholipids,’ giving a less favorable 
orientation of the electroactive hydroquinone 
moiety. 

Accumulation of the analyte occurs to a 
greater extent when the solution is stirred, poss- 
ibly by penetration of the drug into the paste.” 
This results in a continuous increase in peak 
current intensity with accumulation time and 
a more facile oxidation of the molecule after 
accumulation (10 min). The magnitude of 
accumulation increases according to the lipid 
used, in the order PEA < PC < AS0 < CL, in 
accordance with results previously reported for 
the lipid-modified glassy-carbon electrode.‘,’ 
Studies with the mixed lipid carbon-paste elec- 
trode (CP-Met-ASO) were made, to give a 
closer approach to modeling a biomembrane. 

Efect of quantity of lipid 

Accumulation of marcellomycin (5 x lo-‘M) 
from aqueous solution at pH 7.0 and 37” was 
performed by stirring for times ranging from 1 
to 15 min and with l-10% of asolectin in the 
paste (Fig. 2). At the CPE the response remains 
small, even with stirring for up to 15 min. In the 
presence of lipid, the oxidation current is clearly 
improved, with a maximum response for a paste 
containing 5% asolectin. Higher lipid contents 
give no further increase in accumulation but 
rather a decreasing response (Fig. 2, curve e). 
This can be related to destruction of the mech- 
anical integrity of the paste because of a swelling 
phenomenon. I2 For all the paste compositions 
tested, a similar trend in response is observed, 
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with a progressive increase with up to 10 min stir- 
ring, and a levelling off of the curve (but contin- 
uous increase) for longer stirring periods. With 
optimum accumulation conditions (10 min and 
5% of each lipid), the current is increased by as 
much as eightfold over that in the absence of lipid. 

The effect of medium-exchange on the extent 
of preconcentration was studied. Under opti- 
mum conditions, 56% of the amount of analyte 
accumulated was lost when the electrode was 
transferred from the test solution into the blank 
electrolyte (pH 7.0) used for the voltammetry. 

Effect of solution pH 

Measurements were performed on 5 x 10m5M 
marcellomycin solutions in the pH range 4-10 at 
37”. At the CPE the intensity of the oxidation 
current was independent of the pH and the 
accumulation of marcellomycin was small over 
the entire pH range studied. The peak potential 
as a function of pH was examined for the 
LMCPE and CPE, with accumulation for 10 
min. At the CPE (Fig. 3, curve a), the peak 
potential decreases linearly with increasing pH 
up to 7.0 (slope 40 mV/pH), then remained 
unchanged with further pH increase, indicating 
an electrode process which is not regulated by 
proton transfer. At the LMCPE two linear 
portions intersecting at pH 7.0 were observed, 
with a slope of 200 mV/pH for the first part and 
70 mV/pH for the second (Fig. 3, curve b); these 
unusually high slopes suggest a complex elec- 
trode process with a possible effect at the polar 
phosphate groups of the lipids. The pH of the 
solution also has a marked effect on the precon- 
centration step, as shown by the ratio of 
response at the LMCPE to the response at the 
CPE, with stirring for 10 min (Fig. 4). The 
response ratio reaches a sharp maximum at pH 
7.0, and at pH values lower than 5 or higher 
than 9 essentially no accumulation occurs. 

Spectrophotometric measurements of 1 x 
10-5M solutions of marcellomycin at various 
pH values between 6.0 and 9.0 were made in 
order to obtain information about the electronic 
structure of the anthraquinone portion of the 
molecule.” Below pH 7.0, the spectrum exhibits 
one absorption peak at 490 nm, and at pH 7.0 
a small new peak appears at 590 nm. The latter 
peak increases with increasing pH, while the 
main peak at 490 nm progressively decreases. 
The formation of the new peak at 590 nm can 
be ascribed to the appearance of the ionized 
form of the phenolic portion of the molecule, in 
accordance with the literature.14 

E V 0, 

Fig. 5. Voltammetric oxidation curves of 5 x 10-SM mar- 
cellomycin in sixfold diluted urine at the CP-Met + 5% 
AS0 electrode: a, urine; b, urine + r, = 10 min; c, urine + 
I, = 10 min + medium-exchange; d, urine + marcello- 
mycin; e, urine + marcellomycin f 2, = 10 min; f, 
urine + marcellomycin + 1, = 10 min + medium- 

exchange. 

Taking into account the electrochemical 
results as a function of pH, the spectroscopic 
data, and the fact that the electrode surface 
bears a negative charge over the whole pH range 
investigated (pK, of the phosphate group is 
between 1 and 2), we may suggest the following 
electrode processes. At the CPE, the first seg- 
ment of the pH response curve (Fig. 3, curve a) 
corresponds to the oxidation of the analyte 
molecule in the non-ionized form and the 
proton transfer controls the electrode process, 
while for the ionized form of the molecule at 
pH above 7, EP is independent of pH. At the 
LMCPE at pH < 7, the amount of lipid ionized 
is low and interaction with the positively 
charged marcellomycin is therefore also low 
(Fig. 4). With increase in pH, the interaction is 
higher but at pH above 7.0 decrease in response 
is observed, which may be related to electro- 
static repulsion between the negatively charged 
lipids and the ionized phenol groups of the 
analyte molecule. 

Eflect of temperature, and analytical perform- 
ance 

Accumulation of marcellomycin from a 
5 x lo-‘M aqueous solution at pH 7 was 
performed at 20 and 37” (accumulation time 
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10 min, 5% lipid). At 37”, the current is as much 
as 40% greater than that at 20”. The reproduci- 
bility of the response was determined (7 trials). 
The average voltammetric peak height was 3.19 
PA with a coefficient of variation of 2.1%. A 
linear response was obtained for concentrations 
from 5 x 10m6M down to the detection limit 
of 1 x 10e8A4 (S/N = 3), with a correlation 
coefficient of 0.9997. 

Measurement of marcellomycin in urine 

At the CPE the direct measurement of 
marcellomycin in urine diluted sixfold with 
water is disturbed by the oxidation of uric acid 
which occurs at the same potential. However, 
if the medium-exchange technique is applied at 
pH 7.0, the resulting electrode response is too 
slight to be of analytical significance. 

In contrast, quantitative measurement of 
relatively high concentrations of marcellomycin 
is possible with the LMCPE (Fig. 5). The oxi- 
dation of uric acid (urate) is shifted to more 
positive potentials (curves a and b), while the 
oxidation of marcellomycin is still observed 
(curves d and e). With the medium-exchange 
technique (curve f) the peak corresponding to 
marcellomycin is depressed, but well separated 
from the potential limit, thus giving improved 
response. The peak current varies linearly with 
concentration between 5 x 10e6 and 1 x 10e4M 
in the sixfold diluted urine, with a correlation 
coefficient of 0.9993. The coefficient of variation 
calculated for six measurements at a mar- 
cellomycin concentration of 5 x 10e5M, with 
medium-exchange, is similar to that without 
medium-exchange, namely 4.0%. 

CONCLUSION 

Modification of the carbon-paste electrode 
with lipids offers a new type of electrode ex- 
hibiting long term stability and possessing the 
functional polar head-groups of the constituent 
lipids. With respect to interaction with marcel- 

lomycin, the sharp maximum response observed 
at pH 7.0 is of particular biological significance, 
since strong anthracyclin-phospholipid com- 
plexes have been shown to be responsible for the 
anthracyclin cardiotoxicity.’ 

The proposed electrode gives valuable 
qualitative and quantitative information with 
respect to drug analysis and drug-membrane 
interactions. The ease and rapidity of electrode 
preparation and renewal constitute definite 
advantages over more sophisticated tech- 
niques used to study the drug-phospholipid 
interaction. 
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STABILITY CONSTANTS OF METAL COMPLEXES BY 
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!S~~mmary-A technique is described for calculating stability constants of metal-ligand complexes from 
convolution-&convolution voltammetry. Semi-integration of the cyclic voltammetric currents with 
respect to time allows calculation of Eln values in a manner comparable to the use in polarography of 
the Heyrovsky-IlkoviE equation. The technique described also allows determination of the ratio of the 
diffusion coefficients of the free and complexed metal ions and provides a second check of the 
stoichiometry. A reliable route to the metal-complex stability constants by the equations of Lingane and 
DeFord and Hume is therefore obtained. Advantages of this technique compared with the use of 
polarography, differential pulse polarography and pH titrations are discussed, with the complexes formed 
by cadmium with glycine, alanine, valine and aspartic acid as examples. 

Stability constants for labile systems may be 
calculated from polarographic experiments pro- 
vided that the half-wave potential (E& of the 
metal ion can be measured as a function of the 
free ligand concentration. Consider the simple 
reduction of a metal ion, A: 

A+ne-*B (1) 

If, in the absence of completion, the rate of 
electron exchange in reaction (1) is fast relative 
to the voltage scan-rate (i.e., there is electro- 
chemical reversibility) then the polarographic 
currents, i, at fixed sampling time adhere to the 
Heyrovsky-IlkoviE equation:’ 

E = Ellz + f$ ln 

where id = the limiting diffusion current, and E, 
E,,,, R, T and F have their usual significance. 
From this test for electrochemical reversibility, 
E,,, is readily found since E = IP~,,~ at i,,/2. It also 
lies at the steepest point of a plot of i vs. E. 
When the metal is co-ordinated to a ligand to 
form a system of labile complexes, the basic 
shape of the polarographic wave is undisturbed 
but E,,, is shifted, usually to a more negative 
value. The wave is, however, reduced in size by 
an amount dependent on the relative diffusion 

*Author for correspondence. 

coefficients of the free metal ions and the com- 
plexed species. There is a quantitative relation- 
ship between the shift in E,,2 and the stability 
constants of the complexes formed. For a single 
complex ML, this relationship is: 

A% = 2*3iyT (log /Ii +j log[L]) (2) 

where fli is the overall stability constant, 
[ML,]/[M][L]j, charges being omitted for sim- 
plicity. Hence, a plot of AE,,, as a function of 
log[L] yields a straight line from which i and /lj 
can be calculated as described originally by 
Lingane.’ When several labile complexes are 
formed in a stepwise manner, a rather similar 
treatment yields the various stability constants 
(see later).’ 

Major problems inherent in the use of polaro- 
graphic techniques are the difficulty in measur- 
ing the polarographic currents, so that the 
correct value for E,,, may be calculated, and the 
fact that relatively few metal ions can be re- 
duced with sufficiently fast rates of electron 
transfer for the Heyrovsky-IlkoviE equation to 
be valid. The second problem can be relieved to 
a large extent by using cyclic voltammetry, since 
the necessary E,,, values can still be obtained 
reliably when electron transfer rates are in- 
sufficient to conform to the requirements of the 
Heyrovskj-IlkoviE equation. The first problem 
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f n 
E- 

Fig. 1. Typical differential-pulse polarogram. 

can be partly overcome by pulse techniques, 
e.g., in differential-pulse polarography which 
gives a peak similar to that shown in Fig. 1. In 
the simplest case, with fast electron transfer, the 
peak of the differential-pulse plot at the limiting 
small pulse amplitude is symmetrical (Fig. 1) 
with the maximum corresponding to E,,2. How- 
ever, in practice, this peak can be unsymmetrical 
and the true value for E,,2 then corresponds 
more closely to that value for E which divides 
the peak into two equal areas. 

A further disadvantage of all polarographic 
experiments is that the net process represented 
by equation (1) occurs only during reduction, 
and with the dropping mercury electrode only a 
single measurement of the current response is 
made for each mercury drop. This does not 
allow study of the mechanistic scheme in any 
detail. For example, electrochemical reversi- 
bility of the process is not fully tested, particu- 
larly in differential-pulse experiments, where a 
suitable test would necessitate investigating the 
whole of the peak. 

In cyclic voltammetry with a hanging mercury 
drop, the mercury and reference electrodes are 
subjected to a potential difference which cycles 
from a starting value at which the current flow 
is initially zero, up to a preset maximum and 
back again. The current flowing between the 
drop and a counter-electrode is recorded as a 
function of the potential difference between the 
drop and a reference electrode. Hence both the 
anodic and cathodic waves are recorded. In 
the absence of voltage-drop effects due to the 
resistance of the cell (see below), the two peaks 
should, in the case of fast electron transfer, be 
separated by 2.218 RTInF mV (e.g., 56.5/n mV 
at 298 IQ4 when the switching potential is 
well beyond the value of Ep (the potential 

difference corresponding to the peak current). 
The potential at the mid-point between the 
forward and reverse current peaks corresponds 
closely to E,,z, as shown in Fig. 2(a). When 
the electrode process is not completely electro- 
chemically reversible, the peak separation will 
begin to increase and the value for E,,* will 
only approximate to the average of the peak 
potentials.s These relationships for the peak 
potentials can be used as a test for electrochemi- 
cal reversibility but, at the limit, they suffer from 
the disadvantage of involving only the two 
datum points of Ep for the forward and back- 
ward regions of the sweep. In addition, as the 
scan rate is increased the peak potentials will 
shift as electrochemical irreversibility becomes 
evident, which can give errors of 10 mV or more 
in Eljz .6 

A better method for calculating El,* by use of 
voltammetry is to use a transformation of the 
current rather than the actual current values. In 
many cases a suitable transformation is a con- 
volution of the current with an inverse square- 
root function of time, the semi-integral Z,(r), 
defined by the expression: 

Z,(t) = s . :Jgqdu (3) 

where i(u) is the current at time u and t is the 
total elapsed time. ‘J In the case of electron- 
transfer processes, including fast complexation, 
the Heyrovsky-IlkoviE equation may now be 
used as for polarographic data, but with convol- 
utions of the current replacing the polaro- 
graphic current, with the notable advantage that 
all experimental data (from the forward and 
backward sweeps) are utilized. In the case of fast 
electron transfer, the convolution Z, as a func- 
tion of E for the reverse wave is an exact overlay 
of that of the forward sweep [see Fig. 2(b)] and 
hence provides a good test of the electron- 
transfer kinetics. Moreover, the overlay is inde- 
pendent of the shape of the voltage sweep and 
the sweep rate and thus provides, for a series of 
experiments, a route to Ellz similar to that using 
polarographic data. The derivative dZ, /dE in the 
case of fast electron transfer thus consists of 
two mirror-image peaks with maximum ampli- 
tude at E,,2 and a half-width of (2RTInF) 
ln[($ + l)/(fi - l)] mV, i.e., 3.526 RT/nF, 
which is 90.53/n mV at 298 K, see Fig. 2(c). The 
peak response is similar to that of differential- 
pulse polarography at the limit of small pulses, 
and of a.c. polarography and voltammetry. In 
the case of slower electron transfer, the mean 
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(b) 

(df 

Fig. 2. (a) A typical cyclic voltamperogram, (b) the Z, convolution of (a) for the case of fast electron 
transfer; (e) the derivative dZ, /dE of (b) for fast electron transfer; (d) the Z, convolution of (u) for the 

case of further chemical reaction of the products. 

value of these peak potentials corresponds ap- 
proximately to &. Numerical techniques for 
calculating stability constants from Z, convol- 
utions are outlined in the theory section below. 

There are other advantages in this convol- 
ution-&convolution approach compared with 
the use of differential-pan polarography, in 
addition to the use of the entire sets of potential/ 
current/time data in the assessment of the 
electrochemical reversibility and Z& of the 
electrode process. Cyclic voltamperograms can 
be collected quickly with use of a single drop, so 
the response is similar to that of a planar 
electrode, and all the data can be treated in a 
matter of seconds by a computer-based data- 
acquisition system. 9-1’ Clearly, the calculations 
involved would be impractical without suitable 
dedicated computing facilities. Additionally, if 
high-resistance electrolytes are encountered, the 
addition of a species known to exhibit fast 
electron transfer will allow “software com- 
pensation” of the potential axes through the 

function Z, or dZ,/dE. In these cases Z, for 
example, gives an exact overlay only if the 
potential axis is appropriately corrected. This 
“adjusted” potential axis is then usable for 
other studies in the same electrolyte system 
and allows E,,, values to be more accurately 
assessed. 

In this work, the semi-integral function Z, 
equation (3), has been applied to the measure- 
ment of the stepwise stability constants of the 
complexes of CdZ+ with a number of amino- 
acids (HL). Under normal circumstances the 
species CdL, CdL, and CdLs (charges omitted 
for simplicity) are to be expected, with the 
possibility of complexes such as [CdL,] (i.e., 
with one or more ligands co-ordinating in 
unidentate mode) at very high ligand concen- 
trations. 

From pH titrations, stability constants of 
complexes such as CdLJ are difficult to evaluate 
accurately. A degree of formation of more than 
20% is necessary for reliable measurements and, 
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to reach this level, high pH values (pH well 
above log K,.,,) and high [L]:[Cd2’] ratios are 
necessary. At high pH, measurements are de- 
pendent on the value chosen for k;, on elec- 
&ode sensitivity, and on possible contamination 
with carbon dioxide. The req~rements of high 
pH and high [L]:[Cd’+] are both contrary to 
requirements for high precision in the measure- 
ment of stability constants. Thus & cannot be 
determined with high accuracy. 

- 1.0 V; current range 100 PA FSD. The 
reference electrode was double jacketed with 
1M potassium nitrate to protect the inner Vycor 
frit from damage by alkaline solutions. 

The pH of solutions containing Cd*+ 
(0.0005-0.~ 1 M in 0.1 M potassium nitrate) and 
ligand (up to 0,4M) was adjusted to a precise 
value (around 10.3) by the addition of sodium 
hydroxide. Solutions were deoxygenated for 
16 min before data were recorded. 

By use of voltammetry, [L]:[Cd’+] ratios of 
100: 1 or more can be employed (provided that 
constant ionic strengths are maintained) and 
measurements at high pH (> 1 + log rE,,) are 
comparatively insensitive to small errors in 
measurement of pH. We therefore report the 
results of measurements performed by pH 
titrations, cyclic voltammet~ and differential- 
pulse polarography for dete~ination of the 
stability constants of Cd’+ complexes with 
glycine, alanine, valine and aspartic acid. 

Differential-pulse polarography 

An E G & G 303A stand, with a dropping 
mercury electrode, was coupled with an E G & 
G model 364 polarographic analyser. Operating 
conditions on the potentiostat were: scan rate, 
2 mV/sec; initial potential, -0.4 V, final 
~tential, - 1.0 V; current range, 100 PA FSD. 
Data were recorded on a chart recorder and the 
solutions were of composition similar to those 
used in the cyclic voltammetry. 

EXPERIMENTAL THEORY 

pH studies 

Stability constants for H+ and Cd”* com- 
plexes were calculated from titrations at 25’ 
with a Metrohm automatic burette. Changes in 
pH were followed by using a glass electrode 
calibrated with perchloric acid to give H+ con- 
centrations. All solutions were of ionic strength 
O.lOM &NO,) and the amino-acid concen- 
trations were 0.003-O.OlM. Calculations were 
made with the aid of the computer program 
SUPERQUAD.12 In all cases, duplicate or trip- 
licate titrations were performed, at L: Cd ratios 
of up to 5 : 1. The standard deviations quoted 
were computed by S~PERQ~AD and refer to 
random errors only. Hence they overestimate 
the real precision of the results (see discussion 
section, below). 

Numerical basis of calculation from cyclic 
~o~ta~~etry 

During the recording of the voltam~rograms 
electron-transfer processes cause the concen- 
trations of electroactive species at the electrodes 
to differ from those originally present in 
the bulk solutions. The con~ntration profiles 
thus change with time, and distance, x, from 
the electrode. For simple electron-transfer 
processes, the reactant concentrations [for 
reaction (l)] at planar electrodes (Cl and Cg) 
are related to the bulk concentrations (CL, 
Cb; note that if there is only one initial 
reactant, Cg = 0) by the following expressions 
where &, and DB are the diffusion coefficients of 
A and B: 

This utilized an E G & G static mercury drop 
electrode, model 303A, coupled to an E G & G 
Model 362CV-1 Cyclic Voltammetry system 
incorporating the CONDECON 300 software. 
Data were collected, stored and manipulated 
with the E G & G CONDECUN 300 software- 
Two computer systems were used, a Galaxy 
Gemini and an Amstrad 1640, both with math- 
ematics co-processors. orating conditions 
of the po~ntiostat were: scan rate, 0.2 V/set; 
initial potential, -0.4 V; final potential, 

D 8CX ac,t=, 
AT-B= 

x 

(conservation of mass) 

acl -i 

D%-=z% 

(conservation of charge) (5) 

(where Q is the surface area of the electrode) 

ac, -= D a “’ etc 
t A-@- * 

(Fick’s second law)? (6) 

(41 
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From Laplace transformations of relationships 
(4)-(6) and of the boundary conditions remote 
from the electrode, it follows that: 

and 

C$=I,nFaJD, 

where I, is defined by equation (3). 
Hence, if D, and DB are known, CX and Cg 

can be calculated from I, or vice versa, quite 
irrespective of the rate of electron transfer, 
form of voltage sweep and the voltage sweep 
rate. 

The limiting value, IL, “well past” the wave, 
is related to the various parameters of the 
system by equation (7), again provided that the 
sweep rate is high enough for the electrode 
system to approximate to planarity.8*‘3,‘4 

I,_ = naFCk fi (7) 

It should be noted that when B decomposes 
chemically, the Z, convolution depends on E and 
on the time-scale of the experiment. However, IL 
is still related to Ci by equation (7) and pro- 
vides a route between the diffusion coefficient, 
DA, and the concentration of A. 

In the case of fast electron transfer, appli- 
cation of the Nernst equation to the species A 
and B gives the relationship: 

(E -E,,) = (RT/nF) 

x lnKZL - I, )/I, &iEl (8) 

and since E,,, = E” + (RT/nF) ln,/m, we 
have an alternative expression in terms of El,*, 
equivalent to the Heyrovsky-IlkoviE equation 
as applied to the original polarographic exper- 
iment. 

E = E,,, + f$ MK, - 4 )/Ill (9) 

Hence I, is a function of potential only 
and is equal to 0.5 IL at E,,2, so E,,* can be 
calculated. 

The arguments above show how E,,, can be 
measured precisely, under a variety of con- 
ditions, from cyclic voltammetry data. Since the 
form of the cyclic voltamperogram is not influ- 
enced by the presence of labile complexes, the 
values for E,,, can now be used in the calcu- 
lation of stability constants of chemically labile 
complexes. 

For the equilibrium between a metal ion and 
ligand: 

M +jL=ML, 

Sj = [MLjI/[Ml [Ll’ 

Bi[LY = WLjl/[Ml = (1~ - 11 )/II * 

Hence 

AE,,, = E,,2(complex) - E,,2(metal) 

= (RT/nF) ln(jlj[L]j) 

+ (RTInF) ln ,/(Dcomplex /D,,,, ) 

where Complex is an effective diffusion coefficient 
of the metal ion in the presence of ligand (it is 
a function of ligand concentration). 

For the stepwise formation of a series of 
complexes (j = 0 . . . N) 

AE,,, = (RT/nF)ln F fl,[L]j 
( > 0 

+ (RTInF)lnJ(D,,,,~,/D,,,,,) (10) 

Rearrangement gives 

(nEAE,,2 IE T) ln &omp,ex Pmeta, ) 

= In iB,[L]’ 
( > 0 

which gives 

c/p = 1 +/?,[L]+flJL12+.** (11) 

where t = exp(nFAE,,,/RT) and p is the 
experimental quantity defined by 

p=J(D complexl&etal) = Z,(complex)/Z,(metal). 

Here Z,(complex) is the observed limiting con- 
voluted current (in the presence of the ligand) 
and Z,(metal) is the value of I,_ that would be 
observed for the same total metal concentration 
in the absence of ligand. 

Thus a plot of In [L] against ln(c/p - 1) will 
give a segmented curve composed of overlap- 
ping straight lines with slopes ofj and intercepts 
(on extrapolation) corresponding to In flj. Alter- 
natively equation (11) can be treated mathemati- 
cally to allow a computer-based calculation of 
all the /3 values. A non-linear least-squares 
analysis, which compares values for c/p calcu- 
lated from experimental data (AE,,, and IL) with 
values for c/p calculated from equation (11) (flj 
and [L]) for given values of [L], is used. If it is 
known that the complex ML is present in only 
negligible amounts (e.g., at high [L] and pH) 
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then the polynomial may be reduced in order to 
give: 

HP) ;$- B1[L1 = p2 + /?s[L] + * * . (12) 

Least-squares analysis now involves the term 
on the left-hand side of this equation. For the 
case when ML3 is the highest complex (as 
with many Cd*+ -amino-acid complexes) this 
equation reduces to a straight line with intercept 
~3~ and slope &. 

This approach differs from the Lingane 
approach’ in allowing for decreases in current 
(i.e., a shrinkage of the calculated curve) as a 
result of the differences between the diffusion 
coefficients of the free solvated metal ion and 
the complexed metal species (i.e., p generally 
less than 1). 

The effect of the ionic background used for 
the cyclic voltammetric experiments, and of 
charging currents etc., can be compensated for 
by software subtraction of the background. The 
voltage drop due to internal resistance of the cell 
creates a problem, since it distorts the form of 
the voltage wave as applied at the electrode and 
hence directly influences the shape of the cyclic 
voltamperogram. Experimentally this can be 
diminished by adjustment at the potentiostat or 
by software compensation of the collected 
voltage data. The latter approach was used here; 
the R, value is adjusted until the mid-point of 
the Z, convolution of the anodic wave is exactly 
superimposed on that for the cathodic wave [see 

Fig. 2(b)] when electron transfer is known to be 
fast (i.e., for an electrochemically reversible 
system). The potential differences between the 
mercury drop and the reference electrode are 
then adjusted according to E,,, = Z& - iR,, 
where R,, is the non-compensated resistance of 
the electrolyte between the mercury drop and 
the reference electrode. The sweep rate can 
then be increased until superimposition of the 
two waves of the Z, convolution is no longer 
possible, thus fixing the maximum sweep rate 
consistent with electrochemical reversibility. 

If the convolution cannot be made to give 
exact superimposition [e.g., as in Fig. 2(d)], 
even at slow sweep rates (i.e., fast electron- 
transfer conditions), then an incorrect mechan- 
istic scheme has been envisaged. For example, a 
subsequent irreversible chemical process results 
in an Z, value which fails to give an exact 
overlay, as demonstrated in Fig. 2(d). 

RESULTS AND DISCUSSION 

The protonation constants and Cd’+-complex 
stability constants calculated for glycine (Gly), 
alanine (Ala), valine (Val) and aspartic acid 
(Asp) are presented in Table 1. These ligands 
were selected because the first three form a series 
of simple bidentate amino-acids, expected to 
form the N, O-bonded complexes [CdL], [CdL, ] 
and possibly [CdL,], whereas Asp is a 
potentially terdentate ligand and so expected to 
form only the N,O,O-bonded complexes [CdL] 
and [CdL,]. 

Table 1. Formation constants* (log 8, values) for H+ and Cd2+ complexes, 
determined from pH titrations, cyclic voltammetry and differential-pulse polaro- 

graphy, at 25” and I = O.lOM KNO, 

Ion 

H+ 

Cd*+ 

Ligand 

Gly 
Ala 
Val 
Asp 

Gly 

Ala 

Val 

Asp 

Technique? log BI 

Pot 9.62 (1) 
Pot 9.82 (1) 
Pot 9.62 (1) 
Pot 9.64 (1) 

Pot 4.24 (1) 
cv - 

Pot 4.00 (1) 
- 

c& - 
Pot 3.69 (1) 
cv - 

Pot 4.68 (1) 
cv - 

log /32 1% h 

12.29 (1) 
12.24 (1) 
12.00 (1) 
13.41 (1) 15.77 (1) 

7.85 (1) 
7.74 (5) 9.25 (6) 
7.40(l) 
7.20 (6) 8.96(3) 
7.1(l) 9.36 (2) 
6.86(l) - 
6.78 (4) 8.83 (4) 
8.04(l) - 
8.1 (1) 

*Standard deviations (sigma values) are given in parentheses and relate to the last 
decimal place. They refer to random errors only and hence reflect the precision 
of the results rather than the absolute accuracy. An estimate of O.OSXJ. I for 
the absolute accuracy for both cv and pH titrations of Cd*+ complexes 
appears reasonable. 

tPot = pH titrations, cv = cyclic voltammetry (0.2 V/set), dpp = differential- 
pulse polarography. 
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Potentiometry 

Protonation constants were calculated from 
pH titration data for use in calculation of the 
free-ligand concentrations required in calcu- 
lations based on voltammetric data. The log KHL 
values calculated for the series Gly, Ala, Val do 
not follow the expected trend but are entirely 
compatible with values reported in the litera- 
ture. A critical evaluation of the vast body of 
literature values, measured under the same con- 
ditions as used here, gives mean values of 9.61, 
9.75 and 9.58 respectively,15 very close to the 
values given in Table 1. 

Stability constants for the complexes with 
Cd*+ were calculated from pH titrations but the 
degree of formation of the complexes was, of 
necessity, low. For reasonable precision the 
degree of formation of a complexed species 
should be greater than 20%. In practice, the 
precision of calculated constants also drops 
rapidly as the L: M ratio increases, making 6: 1 
the highest practical ratio. High pH values are 
to be avoided in potentiometry, firstly because 
at pH > 9 metal hydrolysis may occur if, as a 
result of weak complexation, there is still a 
significant amount of free metal ion in solution. 
For Ala and Val a total ligand concentration of 
O.OlM is required in titration with 1M sodium 
hydroxide) to form significant concentrations of 
CdL and CdL, before metal hydrolysis occurs. 
Secondly, accurate pH measurements are 
difficult to make at pH above 10, because of the 
effects of electrode liquid-junction potentials, 
changing ionic strength and the value used for 
K,. Stability constants for complexes formed at 
pH > 10 are very sensitive to slight changes in 
pH, especially if the ligand is still undergoing 
deprotonation reactions at high pH, as is the 
case for many amino-acids. Because of these 
constraints, complexes higher than CdL, cannot 

(a) 

olALl- 
7 e 9 10 11 

PH 

be detected reliably, so only the species CdL and 
CdL, could be assigned meaningful stability 
constants. This is demonstrated in Fig. 3(a) 
which shows species distribution curves for 3 : 1 
Ala:Cd (Co, = O.OOlM) mixtures. With Asp, 
tris-complexes are not to be expected; hence an 
earlier potentiometric studyI which reports a 
constant for CdL, must be questioned. 

Cyclic voltammetry 

Use of the theory discussed above for the 
determination of stability constants relies on the 
assumption that the complexes formed in sol- 
ution are labile. Only if labile chemical equi- 
libria exist will the shift in half-wave potential 
be related to the stability constant as defined by 
equation (10). However, the definition of lability 
is dependent on the mode of polarography/ 
voltammetry used. It is the time-scale of measur- 
ment that is the important factor in defining 
which species in solution will be classed as labile 
with reference to a transient technique such 
as differential-pulse polarography or cyclic 
voltammetry. 

For a pulsed technique (e.g., differential-pulse 
polarography) the time-scale of the experiment 
can be taken as the duration of the applied 
pulses before the current is sampled, plus the 
mean of each sampling interval.” For cyclic 
voltammetry, where continuous electrolysis 
occurs on a single mercury drop in an unstirred 
solution, the time-scale of the experiment is the 
total sweep time. 

A labile equilibrium can then be defined as an 
equilibrium where the amount of ligand ex- 
changed is large in the time-scale of the experi- 
ment. Here large means much greater than the 
amounts of material moved by diffusional pro- 
cesses or converted by electron exchange in the 
same time interval. The current will differ from 

100 . 

% 
50 

a , 

(b) 

7 a 9 10 11 

PH 

Fig. 3. Species distribution curves for (a) 3: 1 and(b) 30: 1 Ala:Cd2+ ratios (total Cd = O.OOlM); 1 = Cd2+, 
2=CdL, 3=CdL,, 4=CdL,. 
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that for the simple solvated metal ion, only 
because of the difference between the diffusion 
coefficients of the metal ion and the complex. 
The half-wave potential will be shifted, and 
this shift can be related to the stability 
constant. 

If the lability within the time-scale of the 
experiment is not large, a kinetic effect is ob- 
served. Depending on the extent of the kinetic 
effect, the current at a given time will vary 
between zero and the current for the simple 
solvated ion. At the extreme limit (non-labile 
equilibria) no exchange occurs and the current 
is proportional to the concentration of non- 
complexed metal ion, as defined by the stability 
constant for a given pH and the total concen- 
trations of ligand and metal. The half-wave 
potential is that of the simple metal ion. 

For the ligand series Gly, Ala, Val and Asp, 
complexation was studied at a precise pH value 
between 9.75 and 10.5. As the ligand concen- 
tration increased, the cyclic voltammetric wave 
was observed to shift in a negative direction 
relative to E,,* for the free metal, and the 
limiting current (id) and limiting convoluted 
current (Z,) decreased slightly, relative to the 
free metal id and Zt values (Fig. 4). This is 
indicative of formation of a labile complex. The 
decrease in current was shown to be the result 
of dilution and the difference in the diffusion 
coefficients of the free solvated metal and the 
complexed metal species, rather than the result 
of a kinetic effect. The Heyrovsk~-Ilko~~ re- 
lationship held true for both free metal (i.e., in 
the absence of ligand, or for metal-ligand sol- 
utions at low pH) and complexed metal solutions, 
at the scan rates used. Plots of ln[(ZL - Z,)/Z,] US. 
E yielded straight lines with slopes equal to 

i 

Fig. 4. Cyclic voltamperograms for the CdZ+-Ala system: Fig. 6. Plot of the reduced polynomial [equation (1211 DS. free 
(-) free metal ion (pH 4), (. . . . .) complexed species at ligand concentration for the Cd-Ala system, with data 

pH 10. combined from two different instrumental arrangements. 
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Fig. 5. Heyrovsk$-IlkoviE plot, In[(l,, - Z,)/l,] VS. E, for (a) 
free Cd2+ and (b) Cd-Ala complexes , 

RT/nF (n = 2) and intercepts equal to E,,* 
(Fig. 5). 

Over the pH range 9.75-10.5 and with a large 
L : Cd ratio no CdL complex exists [Fig. 3(b)] so 
the reduced polynomial [equation (1211 can be 
applied to calculate fiz and fi3. The straight line 
plot for the Cd2+-Ala system is shown in Fig. 6, 
in which the results are a combination of datum 
points recorded by two different instrumental 
arrangements, at several pH values, and hence 
demonstrate the absolute reproducibility (as 
distinct from precision) of the technique. 

The species distribution curves for the equi- 
librium between Cd’+ and Ala are shown in 
Fig. 3 where /I2 and flJ are taken from the cyclic 
voltammetric studies and /3, from the potentio- 
metric work. Typical con~ntrations and ratios 
are shown for (a) potentiometry, L: Cd = 3 : 1, 
and (b) cyclic voltammetry, L : Cd = 30 : 1, with 
Cc, = O.OOlM. It can be seen that for a 3: 1 
L: Cd ratio the maximum concentration of the 
tris complex is 5%, demonstrating why reliable 
values for fix cannot be calculated. However, 
with a 30 : 1 ratio (as in cyclic voltammetry) 60% 
of the metal exists as the tris complex, which 
allows accurate calculation of /$. 

CAlal x IO” M 
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Thus constants calculated for the Cd’+-Ala 
system were independent of scan rate over the 
range 0.05-0.2 V/W, justifying the use of a scan 
rate of 0.2 V/set throughout this work. To 
render complexes labile the scan rate must be 
slow enough to allow ligand exchange within the 
time-scale of the experiment. The slower the 
scan rate the more likely a complex is to be 
classed as labile. However, there is a lower limit 
to the scan rate. At very slow scan rates, con- 
vection currents can be set up, resulting in the 
migration of reactants to the mercury drop no 
longer being controlled by diffusion. 

For Gly at concentrations greater than 0.05M 
the results indicated the presence of a fourth 
complex, most likely CdL,. Equation (12) was 
no longer satisfied as a first-order polynomial, 
and a second-order polynomial (i.e., with CdLz, 
CdL, and CdL,) improved the numerical fit to 
the experimental data. Inclusion of a mixed 
hydroxy species (e.g., Cd, L,H_,) was consid- 
ered. Although this seemed to be a reasonable 
species for the conditions arising in potentiom- 
etry (L: M < 6: 1), the large excess of ligand in 
the cyclic voltammetric experiment makes it 
unlikely that hydroxy species would form. 
Defining #$ is hindered by the changes in ionic 
strength that arise as [L-l is increased (the 
background electrolyte is 0.1 M potassium 
nitrate). However, an approximate value of 10.5 
was calculated for log ,!&. It can be assumed that 
this species has two ligands giving bidentate 
co-ordination, and two giving unidentate 
binding. 

For Asp, there was no evidence to support the 
formation of a CdL, complex at pH up to 10.5 
and 50: 1 L: Cd ratios. A plot of ln[L] US. 
ln(c/p - 1) yielded a straight line with slope 
2.00 i 0.03 (co-ordination number) and inter- 
cept of 18.7, i.e., log p2 = 8.1 + 0.1 (equation 
(11) with no CdL, or ln(c/p - 1) =ln&+ 
2ln[L]}. 

The differential-pulse polarographic tech- 
nique, in which a pulsed voltage wave is applied 
and current sampling is employed (both modifi- 
cations of the original d.c. polarographic tech- 
nique), was used to determine stability constants 
for the Cd2+-Ala system. Although the con- 
stants calculated by this technique (Table 1) are 
comparable with those calculated by convol- 
ution-deconvolution cyclic voltammetry, the 
experiment is more time-consuming and more 
dependent on the state of the mercury electrode. 

Unlike cyclic voltammetry, polarography 
uses a dropping mercury electrode (dme). This 
requires good electrode behaviour for some 
300 set (cu. 300 mercury drops), the duration of 
the experiment. This is very dependent on the 
quality of the mercury used, and the slightest 
discontinuity in the mercury flow means that the 
experiment has to be repeated. In contrast with 
cyclic voltammetry an equilibrium system can 
be completely analysed with very many fewer 
mercury drops than in a single dme run. For the 
differential-pulse polarography, all polarograms 
were recorded on a chart recorder and current/ 
voltage data were read by eye. 

The only constants which can usefully be 
compared are those for the CdL, species, for the 
reasons outlined above. Results given in Table 1 
show agreement to be reasonably good, the 
loga~thmic values varying by at most 0.2. This 
is within the range of systematic errors of both 
techniques since, for example, in potentiometry 
an error of & 1% in alkali concentration has the 
effect of changing log #I, by 0.02 and log f12 by 
0.03. An uncertainty in log &r of + 0.03 has the 
effect of changing log /S, by only 0.02 but 
changes log /I* by almost 0.1 because the ligand 
is undergoing a deprotonation reaction over the 
pH range in which ML, is forming. For cyclic 
voltammetry, an error of 1 mV A& would 
translate to a change of about 0.1 in log pi. 

One study reported for Gly and Ala in the 
literature compares results from potentiometry 
with those from differential-pulse polarography 
(ar 25” and 0.7M NaClO,).‘* Although reason- 
able agreement was reported, the species CdL, 
was rejected, although its presence would be 
expected from the L : Cd ratios used. There are 
no literature values for comparison of the com- 
plexes of Cd’+ with the series of ligands Gly, 
Ala, Val. 

CONCLUSIONS 

In many ways the techniques of pH titration 
and cyclic voltammetry are complementary. The 
first is certainly the simpler to perform and the 
experimental data are easier to treat mathemat- 
ically, but the second has distinct advantages 
when very high ligand :metal ratios are used 
and when the complexes are comparatively 
weak. These conditions are frequently found in 
biological systems, pollution studies, natural 
waters etc., and cyclic voltammetry can give 
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meaningful answers when pH titrations are of 
limited use. Cyclic voltammetry as a method 
for determining stability constants thus com- 
plements the pH technique, allowing study 
of equilibrium regions that are inaccessible by 
potentiometry. 
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Summary-The use of di-isobutyl ketone (DIBK) and isobutyl methyl ketone (IBMK) as the solvent for 
extraction of copper from strongly acidic media (O.Ol-8M hydrochloric acid) with ammonium 
I-pyrrolidinecarbodithioate has been studied. In contrast to IBMK, the volume of the DIBK extract 
remains the same, irrespective of the acidity of the aqueous phase. A certain amount of free acid is 
transferred into both solvents, and affects the kinetic stability of the chelate extracted; the free acid can 
be completely removed by washing the extract with water, and partly by filtering it through a dry filter 
paper. However, the chelate extracted into DIBK exhibits excellent stability without such treatment, since 
the amount of free acid in DIBK is much smaller than that in IBMK. When DIBK is used, the copper 
chelate can be quantitatively extracted as long as the extraction is done from acidic media. 

Solvent extraction of metal chelates is used for 
increasing the sensitivity of atomic-absorption 
spectrophotometry (AAS). Isobutyl methyl 
ketone (IBMK) is widely used as the organic 
solvent for this purpose, since it gives good 
extraction of metal chelates and burns with a 
clear, steady flame. However, its mutual solubil- 
ity with water is relatively large, and this can 
often be a problem in an analysis. Various 
workers’-’ have reported that the decrease in the 
IBMK phase volume because of its partial 
dissolution in the aqueous phase leads to a 
higher absorbance signal than that expected 
from the initial organic/aqueous phase-volume 
ratio. 

We have already reported on the extraction of 
Cu(I1) from highly acidic solution (O.Ol-8M 
hydrochloric acid) into IBMK with ammonium 
I-pyrrolidinecarbodithioate (APCD).4*5 From 
4M hydrochloric acid the copper chelate could 
be extracted quantitatively provided a large 
excess of reagent was used, but it was observed 
that the absorbance for the same amount of 
Cu(I1) increased when the acidity was increased. 
Further, with use of 8M acid, a significant 
amount of IBMK was dissolved in the aqueous 
phase and caused an abnormally high ab- 
sorbance reading although extraction of the 
chelate was incomplete. In addition, we ob- 
served that decomposition of the chelate was 

suppressed by washing or filtering the separated 
extract. This indicates that the acid which is 
dissolved in the organic phase during the extrac- 
tion (and can be removed by these treatments) 
affects the kinetic stability of the extracted metal 
chelate. Therefore these effects make IBMK less 
suitable for extraction of metal chelates from 
highly acidic media. 

In the work described in this paper, we 
studied the use of di-isobutyl ketone (DIBK) as 
an alternative to IBMK. DIBK is far less solu- 
ble than IBMK in water (IBMK 1.7% w/w, 
DIBK 0.043% w/w at 25”).6 Correspondingly 
the solubility of water is 1.9% w/w in IBMK but 
only 0.4% w/w in DIBK. Moreover, DIBK is as 
useful as IBMK in extraction-AAS analysis.*-” 
We have therefore investigated the extraction of 
the Cu(II)-APCD complex into DIBK from 
various concentrations of hydrochloric acid, 
and the relative suitability of DIBK and IBMK 
as solvents for extraction from strongly acidic 
media. 

EXPERIMENTAL 

Reagents 

All chemicals used were of reagent grade. 
Water was redistilled in all-glass apparatus. 
Stock copper solution, 1000 pg/ml, was pre- 
pared from 99.99% pure copper metal, and its 
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acidity was adjusted to O.OlM hydrochloric 
acid; the solution was diluted loo-fold with 
water to give the lo-pg/ml working solution. 
APCD solution (1.5 x lo-‘M) was prepared by 
dissolving 0.13 g of ammonium l-pyrrolidine- 
carbodithioate in 50 ml of water containing 
0.5 ml of O.lM ammonia solution, and stored 
in a refrigerator; it was stable for at least 
1 month. All solvents were used without further 
purification. 

Procedure 

Extraction. A 20-ml portion of hydrochloric 
acid of the desired concentration, and 2.5 ml of 
lo-,ugg/ml copper solution were transferred to a 
lOO-ml separatory funnel, and 10 ml of DIBK 
and 2.5 ml of APCD solution were added. The 
mixture was mechanically shaken vigorously. 
The absorbance of the DIBK phase at 435 nm 
was measured in a IO-mm silica cell against 
DIBK as reference. To improve the accuracy of 
the absorbance measurement, immediately after 
the aqueous phase had been withdrawn the 
organic phase was washed by mechanical 
shaking with 25 ml of water for 300 set, and the 
absorbance was then measured. 

Potentiometric titration of free acid in the 
solvent. The titration and titrant preparation 
were performed as described by ASTM.” A 
25-ml portion of hydrochloric acid of the de- 
sired concentration and 10 ml of IBMK or 
DIBK were transferred to a lOO-ml separatory 
funnel, and the mixture was mechanically 
shaken vigorously for 30 sec. After standing for 
300 set, 5-9 ml of the upper phase and 30 ml of 
isopropyl alcohol were transferred to a loo-ml 
beaker and the mixture was titrated with O.lM 
potassium hydroxide solution in isopropyl al- 
cohol, and the end-point was detected by use of 
a glass and Ag/AgCl electrode system. 

RESULTS AND DISCUSSION 

Extraction of Cu(II)-APCD chelate 

To optimize the conditions of Cu(II)-APCD 
extraction into DIBK, the shaking time and 
reagent concentration needed for quantitative 
extraction from O.Ol-8M hydrochloric acid 
were studied. The amount of copper left in the 
aqueous phase was also checked by flame 
atomic-absorption spectrometry to estimate the 
degree of copper chelate extraction. 

Shaking time. The shaking time needed for 
completing the extraction of copper chelate was 
examined with 1.6 x 10e3M APCD (lOO-fold 

reagent :copper molar ratio). From 0.01-6M 
acid, the copper chelate could be extracted 
quantitatively by shaking for 60 set or more, 
and the absorbance was found not to decrease 
even with a shaking period of 20 min. On the 
other hand, from the 8M acid, the extraction 
with 1.6 x 10e3M APCD was incomplete what- 
ever the shaking time. However, when 
7.5 x 10V3M APCD (500-fold ratio to copper) 
was used, the copper chelate was completely 
extracted in 60-300 set of shaking, but with 
longer shaking the absorbance began to de- 
crease. Hence, in our later studies shaking 
times of 300 and 120 set were used for extrac- 
tion from 0.01-X% and 8M hydrochloric acid, 
respectively. 

APCD concentration. The concentration of 
reagent needed for complete extraction of the 
copper chelate was also examined. As previ- 
ously reported,’ this increased as the acidity was 
increased; the APCD concentration needed for 
complete extraction of the copper chelate was 
6.5 x lo-‘M (Cfold ratio to copper) from 
0.01-4M acid, 3.1 x 10W4M (20-fold) for 6M 
and 2.4 x 10m3M (150-fold) for 8M acid. 

The concentration needed for complete ex- 
traction into DIBK is lower than that for extrac- 
tion into IBMK under the same conditions; in 
the IBMK system, 1.0 x 10e5M (6-fold) APCD 
was needed for the 4iU acid, and for SM, 
complete extraction was not observed even with 
1.6 x IO-‘M (lOOO-fold) APCD.’ This indicates 
that the decomposition of reagent and chelate 
during the shaking period is less in the DIBK 
system than in the IBMK system. 

Change in volume and absorbance of extract 

Previously, we observed that when the copper 
chelate was extracted from 8M hydrochloric 
acid, a significant amount of IBMK was dis- 
solved in the aqueous phase and this caused an 
abnormally high absorbance reading for the 
IBMK extract.’ The absorbance and volume 
were measured for DIBK and IBMK extracts 
containing a constant amount of copper chelate, 
as a function of the acidity of the aqueous 
phase. 

Table 1 shows that the volume of the IBMK 
extract decreases (and the absorbance increases) 
with increase in the acidity of the aqueous 
phase, but the product of the volume and 
absorbance is practically constant for the ex- 
tracts from 0.01-6M hydrochloric acid. At still 
higher acid concentration the decrease in vol- 
ume of the IBMK extract rapidly becomes more 
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Table 1. Effect of acidity on organic phase 
volume (V) and absorbance (A) of extract 

DIBK IBMK 
Acidity, 

M A V, ml A Y, ml 

0.01 0.545 9‘93 0.570 9.60 
2 0.547 9.95 0.579 9.40 
4 0.543 9.90 0.587 9.10 
6 0.541 9.92 0.613 8.52 
8 0.545 9.95 - 4.68 

Cuz+ 3.93 x IO-’ mole, shaking time 300 set, 
[APCD] 1.5 x 10w2M for 0.01-4M acid, 
3.0 x IO-*M for 6 and 8M acid, aqueous 
phase 25 ml, organic phase 10 ml. 

marked until the system becomes completely 
miscible at IOlGp acid concentration. 

In contrast, the volume and absorbance of the 
DIBK extract did not change over the whole 
range of acidity. This shows that in the IBMK 
extraction, the copper chelate is “concentrated” 
by the decrease in volume of the organic phase 
during the extraction. 

Kinetic stability of the extract 

As stated earlier,5 the kinetic stability of the 
copper chelate is highly dependent on the con- 
centration of reagent added, and the decompo- 
sition of the chelate is suppressed by filtering the 
extract through a dry filter paper and washing 
it with water. Hence, the kinetic stability of the 
chelate extracted from hydrochloric acid into 
IBMK and DIBK was studied with various 
APCD concentrations and treatments of the 
extract. The stability was determined by meas- 
uring the change in absorbance at 435 nm with 
time, throughout the period the sample was kept 
in the spectrophotometer. The temperature of 
the sample was kept constant at 25” by means 
of a water-jacketed cell holder and circulation of 
water at constant temperature; timing was 
started when the reagent was added to the 
mixture. 

Figure 1 shows the results for the DIBK 
system. Characteristically, the absorbance is 
constant for a certain time and then suddenly 
drops; this behaviour is similar to that of the 
IBMK system. Table 2 gives the time (t,,J 
needed for the absorbance of the extract to 
decrease to half its original value. The kinetic 
stability of the copper chelate is dependent on 
the concentration of APCD added, the treat- 
ment of the extract, and the kind of solvent. The 
chelate is much more stable in DIBK than in 
IBMK: under the same conditions. With 
1.5 x 10m3M APCD, the absorbance of the 

o--o-o-o-J 
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Fig. 1. Kinetic stability of Cu(PCl& extracted from 
4M HCl into DIBK: [Cu(II)] 1.5 x IO-‘M; [APCD] 

1.5 x 10-4M. 

DIBK extract was constant for 48 hr, whereas 
t,/* for the IBMK extract was only 40 min. Even 
with 8M acid, a tl12 of 40 min was obtained for 
the DIBK system with 7.5 x 10e3M APCD, and 
if the extract was washed with water the ab- 
sorbance did not vary over a 24-hr period. 

The washing and filtration contribute to 
stabilizing the extract, but the DIBK extract is 
sufficiently stable without these tr~tments if a 
large enough excess of APCD (about lo-fold or 
more, relative to copper) is added. These 
findings suggest that the d~omposition of the 
copper chelate is due to free acid in the organic 
phase, so the concentration of this free acid 
was determined. 

Table 3 shows that the amount of free acid in 
IBMK is considerably larger (by a factor of 
5-10) than that in DIBK under the same con- 
ditions, and that a large part of it can be 
removed by filtering. No acid could be detected 
in either solvent after washing with water. The 
results suggest that the free acid is partly trans- 
ferred by dissolution in the organic phase 

Table 2. Half-life (t,,J for Cu(II)-PCD 
&elate extracted from 4N HQ 

WCDI, 
M 

Without washing 
7.0 x 10-s 
1.5 x 10-4 
1.5 x lo-’ 
1.5 x 10-Z 

With washing or 
filtration 

1.5 x 1o-4 
1.5 x 10-s 

DIBK IBMK 

25.0 min 11.5min 
86.0 min 29.0 min 
>48 hr 48.0 min 
>48 hr 85.0 min 

>24hr 88.0 min 
>48 hr >24 hr 

[Cu2+] 1.5 x IO-‘M, shaking time 300 sec. 
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Table 3. Free acid dissolved in DIBK and IBMK 

Concn. of free HCl, M 

DIBK IBMK 
Acidity, 

M With tiltn. Without filtn. With film. Without filtn. 

8 9.78 x 1O-3 3.19 x 10-r 1.00 x 10-l 1.82 x 10-l 
6 1.01 x 10-j 3.80 x 1O-3 7.59 x 10-J 2.24 x lo-* 
4 3.16 x 1O-5 4.33 x 10-d 6.88 x 1o-4 4.81 x 10-l 

(especially for the 8M acid system, where there 
will be an appreciable vapour pressure of hydro- 
gen chloride) and partly by suspension of fine 
droplets of the aqueous phase. It is noted that 
the extracts containing almost the same concen- 
tration of free acid exhibit almost the same 
half-life; for example, when the chelate is ex- 
tracted from 4M HCl with 1.5 x 10m4M APCD, 
the half-lives for “DIBK without filtration” and 
“IBMK with filtration” are 86 and 44min re- 
spectively (see Table 2), and the concentrations 
of free acid are 4.3 x 10m4 and 6.88 x 10e4M, 
respectively (Table 3). 

ysis, since a solid sample can be dissolved in 
concentrated hydrochloric acid and the copper 
extracted directly without further treatment of 
the sample, such as evaporation of the acid and 
pH adjustment. 

However, Cu(PCD), chelate extracted into 
DIBK exhibits decomposition behaviour simi- 
lar to that of an IBMK extract, and the 
kinetic stability of the chelate is dependent on 
the concentration of APCD added, and a 
proper combination of the reaction condi- 
tions is needed to confer “robustness” on the 
system. 

From these results, the rate of decomposition 
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Summary-This paper describes the evaluation of algorithms written for error-compensated kinetic 
determinations, that do not need prior knowledge of reaction orders or rate constants. Results are reported 
for the quantification of acetoacetate in aqueous solution and urine. In addition to examination by 
nonlinear and linearized versions of the proposed new algorithms, the kinetic data were processed by a 
first-order model for comparison purposes. All the models yielded linear relationships between computed 
absorbance change and concentration; the new algorithms yield virtually identical results that represent 
better fits to the kinetic data than those obtained with the first-order model. The ability of the new 
algorithms to detect errors in the models is briefly discussed. 

Several recent reports have reviewed a variety of 
approaches for error-compensated kinetic deter- 
minations.la Most of these approaches reported 
to date require prior knowledge of the exact 
mathematical model for the kinetic process on 
which the determination is based. Two recent 
papers have described two versions of a general 
approach that requires no prior knowledge of 
either the rate constant or the reaction order, 
except that the order should not be zero’s6 or 
unity.6 

Because these two approaches do not require 
prior knowledge of reaction order and are appli- 
cable to both fractional and integral orders, they 
are more versatile than other approaches that 
are applicable only to integral orders.ia*’ To 
date, these new methods have been evaluated 
only with simulated data.5*6 Although the simu- 
lated data had the advantage that they permit- 
ted the approaches to be evaluated for a wide 
range of well-defined conditions, they did not 
demonstrate the utility of the methods for any 
real situation. This paper describes evaluation 
of these new methods for a reaction system 
that is not easily described by an ideal kinetic 
model. 

The example involves quantification of aceto- 
acetate based on its reaction with glycine and 
nitrosopentacyanoferrate(II1) (nitroprusside). 
This is a multistep reaction8 that produces an 
unstable product that decays gradually to a 
colorless product. The progress of the reaction 

is monitored by means of the unstable product, 
which absorbs light at 540 nm. 

EXPERIMENTAL 

Data collected in an earlier study’ were used. 
The data (bottom of p. 440 in the paper* cited) 
were obtained by first incubating acetoacetate 
samples with glycine until equilibrium was 
reached, then adding nitroprusside and moni- 
toring the absorbance change at 540 nm. The 
data were obtained from nine runs for each of 
four aqueous standards and four urine samples 
containing acetoacetate at 0.47, 1.89, 3.78 and 
4.25mM concentration. Samples and reagents 
were mixed in a centrifugal system that permit- 
ted all the samples in each group to be processed 
simultaneously in order to reduce any effects of 
instrumental variables. The data processed con- 
sisted of 95 absorbance us. time values collected 
at between 10 and 301 set for each sample. In 
addition to treatment by the nonlinear5 and 
linearized6 models, the data were also processed 
by a first-order model’ for comparison pur- 
poses. 

The study included experimental and simu- 
lated data for interference-free systems, and also 
with first-order interferences superimposed on 
them. The latter data were included to test the 
ability of the algorithms to produce information 
that might be useful for error diagnosis. The 
interference-free simulated data were for total 
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Fig. 1. Response curves for acetoacetate (0.47mM) in 
aqueous solution (a) and urine (b) with superimposed fit of 

first-order model: a’, residuals for curve a. 

absorbance changes (AA,) of 0.1-O-9 and rate 
constant and reaction order of 0.02 see-’ and 
1.25, respectively. The interference data super- 
imposed on the simulated data were for first- 
order processes (n = 1.00) with a rate constant 
of 0.0100 set-’ and total signal changes of 0.10 
and 0.20 added to data with total absorbance 
changes of 0.7 and 0.2, respectively. Interference 
signals corresponding to a first-order process 
with k = 0.020 set-’ and a total absorbance 
change of 0.050 were added to all nine of the 
data sets for two aqueous samples that con- 
tained acetoacetate at the 1.89 and 4.25mM 
level and had average total absorbance changes 
of 0.7 and 1.66, respectively. These data with 
superimposed interferences were processed only 
with the nonlinear model.s 
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Fig. 2. Response curves as in Fig. 1 but with nth-order fit. 

RESULTS AND DISCUSSION 

Unless stated otherwise, uncertainties are 
reported as the standard deviation. 

Comparison of methods 

Figures 1 and 2 show experimental and fitted 
data for 0.47mM level acetoacetate in aqueous 
solution (a) and urine (b). Although the first- 
order fits in Fig. 1 appear to be completely 
superimposed on the experimental data, the 
residuals at the top of the plot exhibit systematic 
deviations about zero. On the other hand, the 
results in Fig. 2 for the nonlinear fit to an nth 
order model not only show a fitted curve super- 
imposed on the experimental data, but also 
show residuals that are distributed more ran- 
domly about zero. Even at this lowest concen- 
tration of acetoacetate, the nth-order model 
appears to give better fits to the data than the 
first-order model. For higher acetoacetate con- 
centrations, the nth-order model continues to 
give good fits to the data, but the first-order 
model tends to predict larger values of ab- 
sorbance change than are observed experimen- 
tally, probably because the decomposition of 
the colored product causes the absorbance 
change to be less than it would be for a true 
first-order process.8 

These differences are reflected in calibration 
plots. Although plots of computed absorbance 
changes us. concentration are linear for both the 
aqueous and urine systems with both models, 
the slopes are higher for the first-order model 
than for the nth-order model. These and other 
effects are illustrated by the least-squares 
parameters in Table 1, which also contains the 
values obtained for the linearized nth-order 
model.6 

As noted above, the most significant differ- 
ence among the results is in the slopes. Whereas 
the two nth-order models yield very similar 
slopes, the first-order model gives substantially 
larger slopes because at longer times the fitted 
data are higher than the experimental data. 
Intercepts, standard errors of the estimates and 
correlation coefficients are very similar for the 
three models; the mean square due to pure error 
(MSPE)” is somewhat higher for the first-order 
model than for the others. However, it is 
difficult to judge whether this difference is 
significant, because the variances of the ab- 
sorbance changes for the lowest and highest 
concentrations (1.2 x lop5 and 1.2 x 10p3) 
bracket the MSPE values in Table 1. 
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Table 1, Least-squares statistics for fits of computed absorbance change us. acetoacetate 
concentration; nine runs at each of four concentrations (0.5-4.25mM) 

Slope (SD), Intercept (SD) Std. error Correlation MSPE 
Medium I./mmole absorbance absorbance coefficient absorbance* 

Nonlinear, nth-order model 
Aqueous 0.399 (0.0027) -0.032 (O.oS82) 0.025 0.9992 4.4 x 10-4 
Urine 0.380 (0.0024) -0.0002 (0.0071) 0.022 0.9993 2.8 x W4 

Linearized nth-order model 
Aqueous 0.396 (0.0028) -0.032 (0.0087) 0.026 0.9991 4.8 x to-4 
Urine 0.379 (0.0025) -0.0009 (0.0075) 0.023 0.9993 3.0 x 10-e 

First-order model 
Aqueous 0.453 (0.0027) -0.029 (0.0082) 0.025 0.9994 5.6 x IO-’ 
Urine 0.436 (0.0024) -0.004 (0.0073) 0.022 0.9995 3.5 x lo+ 

The most significant observations are that the 
nonlinear n th-order model gives a better fit to 
the data throughout the con~ntration range 
than does the first-order model and there is 
excellent agreement between the results ob- 
tained by the two n th-order models. 

Error di~gno~t~~s 

Data with and without first-order interference 
added were used to evaluate different possibili- 
ties for detecting errors in the model; the non- 
linear nth-order model was used for all these 
studies. 

Although it was very difficult to detect visu- 
ally any differences between the expe~mental 
and fitted curves obtained with or without inter- 
ference added, the computed residuals exhibited 
substantive differences as illustrated by Fig. 3. 
Thus, a “runs” test, which involves the number 
of times the residuals cross the zero line,‘O would 
give significantly different results for evaluation 
of these two sets of samples (with and without 
an error in the model). 

50 100 150 200 250 300 

Time hwcf 

Fig. 3. Residuals for nth-order fit to data for acetoacetate 
(4.25mN) without (c’) and with (e’) first-order interference. 
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On the basis of these results, it was thought 
that the standard error of the estimate (i.e., the 
square root of the residual mean square), which 
is a quantitative measure of the magnitude of 
the residuals, might be a useful error diagnostic. 
However, plots of the standard error VS. concen- 
tration had no distinguishing features to indi- 
cate the type and magnitudes of model-error 
evaluated here. 

If sufficient experience has been gained with a 
system for it to be known what values of rate 
constant and reaction order are expected for 
normal variations, then deviations from these 
expected values might be used as indicators of 
possible problems. Figure 4 shows computed 
values of reaction orders and rate constants for 
aqueous and spiked urine samples with and 
without first-order interference added. It can be 
seen that the computed values of the 
reaction orders (0, x ) and rate constants 
(A, +) for aqueous and urine samples without 

0.006 

Computed absorbonca change 

Fig. 4. Computed values of reaction order (0, x , tJ) and 
rate constants (+, A, V) in aqueous (0, A, a, V) and 
urine (x, +> matrices without (0, x, A, +) and with 
(IJ, V) first-order interference. Acetoacetate concentrations 

(mM): 0.47, 1.89, 3.78, 4.25. 

T.A.L. 37/2-F 
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added interference follow similar patterns, rep- 
resented by the dashed lines. Although the two 
clusters of values of rate constants (V) for the 
two groups of samples with interference added 
are somewhat removed from the general pattern 
of the samples without interference, the differ- 
ences are so small that the rate constants would 
not be a useful error diagnostic in this case. On 
the other hand, the two clusters of values for 
reaction order (0) are very different from the 
expected trend. These results suggest that the 
computed values of reaction order are more 
dependent on the type of model-error consid- 
ered here than are those of the rate constants. 

The results were somewhat different and 
slightly reversed for the simulated data. Because 
both the rate constant and reaction order were 
quantified with much better precision, both 
could be used as error diagnostics. However, 
differences in the values with and without inter- 
ference added were larger for the rate constants 
than for the reaction orders; also, the two 
clusters of rate constants were on the same side 
of zero, whereas the two clusters of reaction 
orders were on opposite sides. 

More extensive work with this and other 
types of model-errors is needed to determine 
more definitively which parameters (or their 
combinations) are most useful as diagnostics 
of model-error. However, these results sup- 
port earlier conclusions’ that the parameters 

obtained by the multipoint curve-fitting meth- 
ods may be useful for error diagnostics, and that 
these newer algo~thmss,6 extend the error- 
identification capabilities by providing the reac- 
tion order in addition to the rate constant that 
was used earlier9 as an error diagnostic. 

The results reported here indicate that both 
the nonlinear’ and linearized6 models are useful 
for error-compensated kinetic dete~inations 
with nonideal reactions. 
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Summary-A comprehensive and critical review of the available spectrophotometric methods for the 
determination of manganese is presented. Details are given of a wide range of direct colour-forming 
reactions of manganese with organic ligands, which have been claimed to be of use in analysis for the 
metal. The use of the very sensitive kinetic methods of analysis is also discussed. It is found that there 
is a paucity of reliable detail concerning the general applicability of most methods to manganese 
determination and that there is even less detail on the comparative value of different methods for 
determination of the metal in particular types of matrix. 

Technological developments in the latter part of 
this century have placed an increasing demand 
on chemists to produce analytical techniques 
which are cheap (in terms of outlay and running 
costs), reliable, rapid, simple to operate, accu- 
rate, sensitive, amenable to automation, and use 
of portable equipment. Photometric methods 
are therefore particularly attractive. This review 
is an attempt to assess critically the spectro- 
photometric methods currently available for the 
determination of manganese. This task is not 
easy, for though authors usually justify their 
work in terms of specific application(s), they 
more rarely make an objective comparison of it 
with other methods. 

Marczenko’ has commented that the major 
calorimetric methods for determining man- 
ganese are the permanganate, formaldoxime 
and pyridylazonaphthol methods, and listed 
many of the other organic reagents that have 
been used. The oxidation of manganese to per- 
manganate by such reagents as bismuthate, 
periodate and persulphate, and the measure- 
ment of the absorbance of the 528 nm charge- 
transfer band of permanganate has long been 
used as a standard method for manganese deter- 
mination. The method is basically suitable for 
determinations in the mg/l. range and is fully 
discussed by Marczenko. However, its sensitiv- 
ity can be increased by the use of derivative 
spectrometry.‘*‘” This review will concern itself 
almost entirely with spectrophotometric meth- 
ods that use organic colour-forming reagents. 

Snell and Snel13 reported the use of four 
calorimetric methods based on reactions of or- 
ganic molecules with various oxidation states of 
manganese (Table l), but of these only the 
formaldoxime method has found much use; 
Snell and Sell commented that the methods are 
either less sensitive or selective than the perman- 
ganate methods or have poor reproducibility. 
Cheng and Bray4 reported on the possible ana- 
lytical applications of 1-(2’-pyridylazo)-2-naph- 
thol, and Pollard et al.’ reported methods for 
the photometric determination of Co, Pb, and U 
with 4-(2’-pyridylazo)resorcinol. The successful 
application of these two dyes as sensitive 
reagents for the determination of a wide variety 
of metal ions was responsible, at least in part, 
for the interest during the mid- 1960s in research 
directed towards developing improved colori- 
metric reagents. 

As well as yielding precise and accurate re- 
sults, an organic reagent for the calorimetric 
determination of a particular metal should form 
a complex with it that 

(i) has a high molar absorptivity, i.e., gives 
high sensitivity; 

(ii) has a spectrum significantly different 
from that of the reagent, i.e., gives a 
high spectral contrast; 

(iii) gives high selectivity. 

Multidentate organic ligands are most likely to 
possess such properties. 
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Table 1. Calorimetric methods for 
manganese determination recom- 
mended by Snell and Snell) in 1959 

Reagent Comments 

Formaldoxime Forms an 
Mn(II) or 
Mn(II1) complex* 

o-Tolidine Oxidized by 
Mn(II1) and 
MnO; 

Renzidine Oxidized by 
MnO; 

NJ-Diethyl-p- Oxidized by 
phenylenediamine MnO; 

*Also reported to form an Mn(IV) 
complex (see oximes section in 
text). 

Sensitivity is often described in terms of the 
molar absorptivity, (6, units 1. mole-’ . cm-‘)? 
of the metal-ligand complex. Savvin6 suggested 
the following criteria for describing the sensitiv- 
ity: 

low sensitivity, 6 < 2 x 104; 
moderate sensitivity, L = 2-6 x 104; 
high sensitivity, L > 6 x 104. 

It is generally stated7 that the molar absorptivity 
will not exceed approximately 10’. Transitions 
giving an absorptivity of this magnitude are 
generally II + n * or n + n * and are associated 
with highly conjugated systems or, in the latter 
case, with systems containing hetero-atoms hav- 
ing non-bonding electrons. As the extent of 
conjugation increases, the energy difference be- 
tween the lower and upper electronic states 
decreases, and a red-shift occurs in the spec- 
trum; this decrease in excitation energy also 
results in a transition becoming more allowed. 
A common property of sensitive reagents, there- 
fore, is that they have extensive conjugation. In 
developing new reagents, a common strategy for 
achieving this conjugation is the use of an azo 
group to link two aromatic systems. This tactic 
has a two-fold advantage since the azo group 
can also act as a complexation site. 

Other ways of specifying sensitivity are as the 
specific absorptivity’ or the Sandell sensitivity 
(SS);’ both methods give the sensitivity in terms 
of mass of analyte per unit volume of solution. 
Such an approach is perhaps more convenient 
than using molar absorptivities as a basis of 

tFor economy of space, the units will be omitted in the rest 
of the text. 

comparison, since analytical results are usually 
expressed as weight/volume concentrations, 
but both quantities are readily calculated from 
the molar absorptivity. Specific absorptivity is 
defined as the absorbance of a I-mg/l. analyte 
solution in a cell with a path-length of 1 cm, 
whereas the Sandell sensitivity is the concentra- 
tion of analyte (in ,ug/ml) which will give an 
absorbance of 0.001 in a cell of path-length 
1 cm, and is expressed as pgg/cm’. 

Contrast is a measure of the extent of red- 
shift produced by complexation. It is defined as 
the difference in wavelength (An,,) between the 
absorption maxima for the complex and the 
reagent, under the same conditions. A reagent is 
described as having high contrast when AL,,,,, is 
> 80 nm;6 such descriptions, however, should 
take into account the broadness of the peaks 
concerned. The contrast may be increased by 
the introduction of appropriate substituent 
groups into the reagent6 or a judicious choice of 
solvent (mixed solvent systems have also been 
investigated as a means of increasing sensitivity 
by making complex formation more fa- 
vourable”). 

Typical spectrophotometric reagents contain 
at least one acidic complexing group, which 
forms a bond with the metal ion by replacement 
of the proton. The contrast in such cases can be 
approximated as the difference between the A_ 
values for the dissociated and undissociated 
forms of the free ligand (particularly for ROH 
groups)” since metal-ligand bond formation 
has only a second-order effect on the ab- 
sorbance, depending on the charge and polariz- 
ability of the metal. Solvents that increase the 
acidity of the reagent molecule are known to 
have a contrast-enhancing effect. The solvents 
dimethylformamide (DMF) and dimethyl- 
sulphoxide (DMSO) (both strong proton-accep- 
tors) have been employed for this reason.6 

Selectivity of complexation by a ligand has 
two aspects. 

(a) The inherent selectivity of the reagent. 
This depends on (i) the ability of the reagent to 
complex the analyte preferentially, and (ii) the 
spectral differences between the various metal 
complexes formed by the reagent. The second of 
these factors is the more problematic, since the 
metal complexes usually absorb in a similar 
wavelength region (Table 2). Development of 
selective reagents for Mn is particularly difficult 
because Mn(I1) complexes are less stable than 
other transition metal complexes of the same 
reagent and Mn(I1) has no marked stereochem- 



Spectrophotometric determination of manganese 239 

Table 2. &,, values for some metal-PAN 
complexes 

Metal LX, nm Solvent 

Mn(I1) 575 CHCl, 
Ni(I1) 560 iso-C,H,, OH 
Ni(I1) 575 CHCl, 
Cd(I1) 555 CHCl, 
Hg(II) 560 CHCl, 
Zn(I1) 555 iso-C,H,,OH 
Rh(II1) 598 CHCI, 
Cu(I1) 564 CHCI, 
Fe(II1) 775 CHCl, 
Pd(I1) 6201678 CHCl, 
Co(II1) 590/640 CHCl, 

ical co-ordination preferences. An exception to 
this is constituted by the porphines, which have 
relatively high selectivity for Mn as a result of 
the geometry of the chelating sites. However, 
efforts to design multidentate reagents with a 
specific cavity size for accommodation of one 
particular metal ion have not been very success- 
ful. It appears that the complexity of structure 
found in metal-protein complexes is required 
for the desired selectivity to be achieved by this 
procedure. 

(b) Selectivity achieved by sequestration of 
interfering metals. Iron is generally the most 
serious interferent in determination of man- 
ganese, partly because it will react competitively 
with most reagents for manganese, and partly 
because it will usually be present at much higher 
concentration than the manganese. 

The sequestration of the interfering metals 
may be chemical (“masking” by formation of 
more stable complexes with other reagents) or 
physical (selective separation of either the inter- 
ferent or the analyte by volatilization, extrac- 
tion, precipitation, co-precipitation, flotation, 
chromatography, ion-exchange). 

Both the sensitivity and the contrast may be 
enhanced by use of ternary complexes in which 
a charged metal complex forms an ion-associa- 
tion species with a non-chelating oppositely 
charged reagent. ‘* When both the reagent and 
the ligand are extensively conjugated, a single 
conjugated system may be formed, which will 
result in a red-shift for the relevant transition 
and a possible increase in absorptivity. The 
selectivity is also often greater than that for the 
simple binary complex. 

Ternary systems are generally classified ac- 
cording to the acid/base character of the chro- 
mophore, which is generally an organic dye. 
When an acidic organic dye is used, a neutral 
ligand is required. The ion-associate formed 

may be extracted or determined in the aqueous 
phase if it is water-soluble. An acidic dye may 
also be used to form an anionic complex with 
the metal, in which case a cationic surfactant 
such as a cetyltrimethylammonium or cetylpyri- 
dinium salt is used to provide the counter-ion 
for forming the ion-associate with the complex, 
and the product is dissolved in the surfactant 
micelles. 

AZ0 REAGENTS 

The azo dyes are the largest single class of 
potential reagents for calorimetric analysis. The 
compounds used are usually terdentate ligands 
with phenolic groups and/or nitrogen atoms in 
aromatic heterocycles or amines as the donors. 
Sometimes, e.g., in the bis-azo-chromotropic 
acid derivatives, the azo group does not func- 
tion as a donor group, but serves only to 
increase the conjugation of the system and 
hence improve its sensitivity. A major feature of 
azo dye metal complexes is their insolubility. 
Many workers have attempted to overcome this 
by adding “solubilizing” groups (non-chelating 
hydroxy or sulphonic acid groups). The selectiv- 
ity of the azo dyes is generally poor in the 
absence of a masking agent, presumably be- 
cause the geometry of the chelate is practically 
independent of the nature of the metal ion. 

The most widely used azo dye is l+!‘-pyridyl- 
azo)-Znaphthol (PAN, l), synthesized by Tschi- 
tschibabin.i3 Studies by Liu14 of PAN-metal 
complexes prompted Cheng and Bray4 to study 
use of the dye for analytical purposes. PAN has 
since been developed as a photometric reagent 
(with or without extraction) and as a complexo- 
metric indicator for a wide variety of metal 
ions.” Its rather poor selectivity can be im- 
proved by pH control and use of masking 
agents. Shibata has reviewed its use for spec- 
trophotometric determination of a number of 
metals,16 and it has been used for the determina- 
tion of manganese in mining effluent,” ground 
water’* and high-purity group V and group VI 
metals.lg It has also been used for simultaneous 
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determination of Te, Ni, Cu, Zn and Mn in 
aluminium and magnesium alloys.” 

Initially, chloroform19 or diethyl ether16 was 
used to extract the Mn-PAN complex from a 
basic solution (pH 9.2). Donaldson and Inman19 
reported 6 = 4.8 x lo4 at 562 nm, with interfer- 
ence from cobalt and zinc, but this could be 
prevented by masking with cyanide. The extrac- 
tion can be avoided by solubilizing the 
PAN-metal complex with a mixed solvent sys- 
tem2’ or surfactants.” 

The last of these studies led to development of 
a specific method for manganese, using Triton 
X-100, a non-ionic surfactant, to solubilize the 
PAN complex. Goto et al.‘* reported the molar 
absorptivity at pH 9.2 to be 4.4 x lo4 at 562 nm, 
with Beer’s law obeyed up to 2 mg/l. Iron, 
cadmium, cobalt and nickel were masked with 
cyanide and triethanolamine. A significant fea- 
ture of this method is that it can easily be 
adapted for automatic analysis, and it has been 
applied, with minimal modification, to the 
analysis of potable water, with’apparatus origi- 
nally designed for the formaldoxime method. 
Though this method is far superior to the 
formaldoxime method, difficulties are experi- 
enced with manganese concentrations below 
about 100 pg/l. because of overlap of the ligand 
peak (&,,, = 470 nm; L = 1.2 x 104) with the 
peak for the complex, which may occur as a 
shoulder on the ligand peak.23,24 

A number of sulphonated PAN derivatives 
have been investigated with the aim of produc- 
ing a suitable water-soluble complex, but only 
I-(2’-pyridylazo)-2-naphthol-7-sulphonic acid 
and 2-(2’-pyridylazo)-1-naphthol-4-sulphonic 
acid produce any significant colour reaction 
with manganese,25 and no use of these reagents 
for determination of manganese has been re- 
ported. 

In an attempt to find more sensitive reagents 
Shibata et al. prepared I-(5’-bromo-2’-pyridyl- 
azo)-2-naphtho126 and its 5’-chloro analogue,27 
which give manganese complexes having 6 val- 
ues of -7 x 104, but neither reagent seems to 
have been exploited for determination of man- 
ganese. 

4-(2’-Pyridylazo)resorcinol (PAR, 2), another 
of the dyes prepared by Tschitschibabin,13 was 

studied as a complexing agent by Liu.14 Al- 
though it is less selective than PAN, its water 
solubility and greater sensitivity have led to 
PAR being used for the spectrophotometric 
determination of a large number of metal ions, 
at wavelengths between 495 and 550 nm (except 
for palladium). As selective solvent extraction 
methods are not applicable, the use of PAR 
instead of PAN requires more involved schemes 
for the separation or masking of interfering 
ions.28 

Yotosuyanagi et a1.29 and Ueda et aL3’ inde- 
pendently reported the use of PAR for the 
spectrophotometric determination of man- 
ganese. It has been used for the determination 
of manganese in stee13’*32 and water (both 
potable and industrial).29.33 It has also been 
employed for the automatic detection and 
spectrophotometric determination of metals, in- 
cluding manganese, after separation by liquid 
chromatography.34*35 

Various values of range and sensitivity have 
been reported for the PAR-manganese com- 
plex; Ahrland and Herman,36 in an attempt to 
duplicate previous work,29”1*37 found the molar 
absorptivity to be 7.8 x lo4 at 500 nm in borate 
buffer at pH 10, with Beer’s law obeyed over the 
range 0. l-l. 1 mg/l. 

Many cations and anions, including Cr, Ni, 
Cu, Mg, Cd, Zn, Pb, Fe, Al, oxalate, phosphate, 
citrate, ascorbate,37 V, U, and EDTA3’ interfere; 
iron appears to provide the most serious 
interference. Methods have been discussed by 
various authors for overcoming these inter- 
ferences.29-3’,36 

Although PAR was originally favoured over 
PAN because of the greater water solubility of 
its metal complexes, the studies by Watanabe” 
on solubilization of PAN complexes make this 
no longer a significant factor to be considered 
when comparing the two reagents. 

The successful application of PAN and PAR 
as sensitive calorimetric reagents for a wide 
variety of metals led to widespread interest in 
developing new azo dyes as analytical reagents. 
The thiazolylazo analogues soon followed, and 
the analytical applications of a large number of 
them were investigated.‘1v38d9 Shibata et al. sug- 
gested that these reagents are generally less 
suitable than the pyridylazo compounds,38 and 
only I-(2’-thiazolylazo)-2-naphthol (TAN, 3), 
and 4-(2’-thiazolylazo)resorcinol (TAR, 4) have 
been developed to yield methods for the spec- 
trophotometric determination of manganese. 
Rudometkina et al.” reported the effect of 
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different solvents on the absorbance of the 
Mn-TAR complex. More recently Gaokar and 
EshwarM have described a spectrophotometric 
determination of manganese with TAR at pH 
8.8 (borate buffer) in aqueous solution contain- 
ing 20% v/v tert -butyl alcohol, claiming that the 
alcohol increases the absorptivity by preventing 
hydrolysis of the Mn-0 bond formed between 
the metal and one of the hydroxyl groups of the 
dye. The complex obeys Beer’s law over the 
range 0.04-l .4 pg/l. (6 = 4.2 x 104). Severe in- 
terference from Co(II), Zn(II), Cd(I1) and Pb(I1) 
was reported but the method was described as 
suitable for determination of manganese in alloy 
steel, after ether extraction of iron, and addition 
of cyanide as masking agent. 

Analytical applications of l-(Y-thiazolylazo)- 
2-naphthol were first suggested by Nakagawa 
and Wada,s’ who reported that TAN formed 
complexes with a number of metal ions, includ- 
ing Mn(II), and that these complexes were 
extractable into chloroform. These authors 
noted that TAN gave similar sensitivity to PAN, 
but was more selective. Grzegrzolka” extracted 
the Mn-TAN complex into chloroform and 
reported the Beer’s law range as 0.1-1.3 mg/l. 
(c = 3.8 x 104). The reagent has also been 
applied to the simultaneous determination of 
manganese and zinc in tap water by a method 
based on the difference in the rate of exchange 
of the two TAN complexes with EDTA.S3 The 
method is described as free from interferences 
and the reaction is done in aqueous solution, 
with Triton X-100 present to solubilize the 
metal complexes. 

To increase the sensitivity, variations of the 
2-pyridylazo type of ligand have been prepared 
in which groups that extend the ligand conjuga- 
tion are included. Of these, 2-(Y-bromo-2’- 

pyridylazo)-5-dimethylaminophenol has been 
described as one of the most sensitive of the 
pyridylazo dyes. y It reacts with a number of 
metals, including manganese. The diethyl ana- 
logue, 5-Br-PADAP, shows similar sensitivity 
(e = 1.06 x 105) and has been used by Zhu and 
co-workers for the determination of man- 
ganese. ss57 It has also been used in conjunction 
with Chrome Azurol S.*7a With the use of 
masking agents, the technique shows few serious 
interferences. An aqueous ethanolic medium 
has been employed to improve the solubility of 
the metal complex,56 and surfactants can be used 
to increase the sensitivity.57b The reagent has 
been used to determine water-soluble man- 
ganese in a number of soil types,56*57 and as a 
metal indicator for tissue staining.58 Zhang et 
a1.59 have used 2-(3’,5’-dichloropyridylazo)-5-di- 
ethylaminophenol in the presence of a non-ionic 
surfactant. 

Shibata et a1.38 prepared fifteen azo deriva- 
tives of 3-dimethylaminophenol, of which 
twelve gave colour reactions with manganese. 
The reagents were rather unselective, but the 
pyridylazo derivatives all exhibited large red- 
shifts (110-l 20 nm) on complexation, and high 
molar absorptivities (m lo’), characteristic of 
dyes having an amino group para to the azo 
group. 

Even more complex variations of the pyridyl- 
azo reagent are found in the use of anabasine 
azo derivatives formed by the diazotization 
of 6-amino-N-methylanabasine (5).-’ The n- 
heptylresorcinol derivative6’ forms an ex- 
tractable manganese complex which obeys 
Beer’s law over a wide concentration range. 
Podlipskaya et al. reported a method using the 
azotol derivative.a The b-naphthol derivative 
reacts with cobalt in strongly acidic solution, 
with interference by low levels of manganese63 
and might be usable for determination of the 
latter. The 6’-aminohydroxyphenylazo deriva- 
tive65 has been used for the determination of 
manganese in duralumin, the complex being 
water-soluble and having a molar absorptivity 
of 7.57 x 104. Talipov and co-workers have 
reported a number of derivatives”v6’ which ap- 

I 
CHa 

5 
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pear to form water-soluble complexes with man- 
ganese and which may be worth considering as 
analytical reagents. 

Many other azo compounds have been pro- 
posed as possible calorimetric reagents for 
the determination of manganese. Thus 2-(2’- 
pyridylazo)-4-methylphenol is described@ as 
being preferable to both PAN and PAR, and 
2,7-bis(4’-carboxyphenylazo)chromotropic acid 
gives an intense colour (6 = 1.5 x 10’) with 
manganese,” which can be determined after 
extraction into chloroform.” Both ammonium 
2-(2’-lepidylazo)-1-naphthol-4-sulphonate’* and 
Solochrome Black T73 have been used as 
titrimetric indicators for manganese. 2- 
(1 ‘-Carboxyphenylazo)-7-(4’-sulphophenylazo)- 
chromotropic acid,” 5-[( I’-oxo-4’-pyridyl)azo]- 
8-hydroxyquinoline74 and 7-(benzeneazo)-8- 
hydroxyquinoline-5-sulphonic acid75 all give 
colour reactions which can be used for man- 
ganese determinations, while there appears to be 
a similar potential in the use of the naphthalene- 
based reagents Acid Chrome Blue Black,76 
Fast Navy Blue 2R” and l-( 1’,2’,4’-triazolyl-3’- 
azo]-2-naphthol.” 2,4-Dinitrophenylazopyro- 
catechol has been used to determine manganese 
over the range 0.08-1.70 mg/l. by formation of 
an ion-associate with 1, 10-phenanthroline,79 
bathophenanthroline” or 2,2’-bipyridyl.*’ This 
method is somewhat cumbersome, as it requires 
an extraction step, and appears to offer little 

advantage over the use of PAN and its deriva- 
tives. Khimduchlorophosphonazo-I has re- 
cently been reported as a reagent for 
manganese.** 

Various other azo compounds83-1W have been 
shown to yield colour reactions with man- 
ganese, but their usefulness as calorimetric 
reagents has not been assessed. 

In summary, it would seem that TAR is more 
sensitive than TAN, PAR and PAN, but that 
lack of selectivity can be a major problem in its 
use. TAN appears to be more selective than 
PAN, but both reagents suffer solubility prob- 
lems which can be best avoided by use of 
surfactants rather than extraction. The best of 
these reagents for the calorimetric determina- 
tion of manganese appears to be 5-Br-PADAP, 
and this reagent should be studied more inten- 
sively. 

OXIMES 

Oximes, particularly the dioximes, have 
found wide application as analytical reagents. 
Marczenko” suggests that they form the most 
selective class of reagent, being commonly em- 
ployed to effect analytical separations and they 
have been applied as spectrophotometric 
reagents for a variety of metal ions.“* Several 
methods using oxime reagents for the determin- 
ation of manganese have been reported (Table 3), 

Table 3. Oximes used for calorimetric determination of manganese 

Reagent Comments Reference 

Salicylaldoxime 

3,5-Dichloro-2-hydroxyacetophenone oxime 
5-Chloro-2,4-dihydroxypropiophenone oxime 
Diphenylsuccinimide monoxime 
Biacetyl oxime thiosemicarbazone 

Biacetylmonoxime phenylthiosemicarbazone 

2,6-Pyridinediacetaldoxime 

Phthalimide dioxime [1,3-bis(hydroxyimino)isoindoline] 

Succinimide dioxime [1,3-bis(hydroxyimino)pyrrolidine] 

4(5)-Imidazolealdoxime 

Formaldoxime 

Extracted with n-butanol 
In presence of H,O, 
Simultaneous determination of Fe and Mn 
Spot test 
Range l-6 mg/l. 
Range up to 14 mg/l. 
Detection limit 0.1 mg/l. 

In aqueous solution or after selective 
extraction into amyl alcohol. Range 
2-12 mg/l. 

Range 0.1-10 mg/l. 

Sensitive to 0.1 mg/l. 

Sensitive to 0.01 mg/l. 

Range 0.8-8.0 mg/l. Interferences given. 

Complex with Mn(IV). Range O-3 ng/ml. 

For up to 5 pg/ml. Concentration on 
Amberlite IR-120 for co.02 pg/ml 

Interference by Fe is removed by EDTA 

Flow-injection analysis 

Silicate rock analysis 

103 
104 
105 
106 
107 
108 
109 

110 

111 

112 

112 

113 

101 

114 

115 

116 

117 
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but apart from formaldoxime’ the reagents are 
generally insensitive, being suitable only for 
dete~inations in the mg/l. range. A number of 
other oximes have been reported “s-‘~’ to yield 
colours with manganese and may be of analyti- 
cal potential. 

The formaldoxime method, though not recog- 
nized as a standard method, has been frequently 
used as an alternative to the permanganate 
method because it is substantially more sensitive 
(r = 1.12 x lo4 at 1,, = 455 nm) and less time- 
consuming. The manganese to formaldoxime 
ratio of the brown-red complex is said to be 
136,“’ and its stability is remarkable, the colour 
reaction being unaffected by tartrate, oxalate, 
phosphate, pyrophosphate, sulphide, cyanide or 
EDTA.’ However, the coloured complex gradu- 
ally decomposes with time.“’ Complexes of 
formaldoxime with iron and manganese were 
first described by DenigQ’29 in 1932, and the 
first use for the determination of manganese was 
reported by Sideris,‘“~‘3’ who used sodium 
cyanide to mask the serious interference caused 
by iron. EDTA has also been used for the 
purpose.“s Since the initial development of the 
method, several improvements’32-‘35 have been 
suggested and it has been applied to analysis of 
natural water,“4~“5,‘33,iM’3a plant material,‘38-‘* 
biomaterials,‘4’ ores and rocks,“6,“7,*42 and 
soils.‘a3 The nature of the method also 
makes it particularly amenable to auto- 
mation “5,“6~‘34,‘38,‘44,‘45 and for use in simple 

test procedures. ‘** Its sensitivity is, however, 
insufficient for determinations below 100 lg/l. 
unless preconcentration”4 is used. 

PORPHINES 

These reagents give high sensitivity and are 
selective towards a limited number of metal 
ions, because of the rigid geometry of the 
reagent complexing sites. 

Ishii et ~1,‘~~‘~’ investigated the analytical 
applications of a number of substituted por- 
phines, and found a major drawback in the slow 
rates of complexation. This, however, was over- 
come by using a substitution reaction, in which 
a metal ion such as Cd(II), Hg(I1) or Pb(I1) is 
displaced from the porphine ring and replaced 
by the analyte. I46 This technique has since 
been developed for the determination of man- 
ganese with the cadmium-&yJ-tetrakis+l’- 
~r~xyphenyl)po~hine complex.‘” The method 
is reported to be suitable for the determination 
of manganese in the range 25-560 pggll. (c = 

1.0 x 10” at 469 nm) with few serious inter- 
ferences. It has been successfully applied to the 
dete~ination of rnan~n~ in tea leaves.‘47 The 
free reagent has also been used in an HPLC 
determination of manganese,‘* and cz,&y,& 
te~~is(4’-t~methylammoni~phenyl)~~hine 
has been used in a fou~h-de~vative spectro- 
photometric method.14* 

The free 4sulphophenyl derivative shows 
similar sensitivity and has been employed 
directly for the determination of manganese in 
ores and steel, as the water-soluble associate 
formed with cetyltrimethylammonium bro- 
mide.lB The cadmium complex of the 4- 
t~methylammoni~phenyl derivative has also 
been successfully applied to the determination 
of manganese.‘5’ 

Work in our laboratories, on the automatic 
continuous monito~ng of manganese levels in 
raw waters from storage dams, has shown that 
these porphine ligands are very sensitive, yield 
good contrast and are highly selective for man- 
ganese. The sensitivity may be enhanced by 
measurement of the second derivative of the 
spectrum.‘s2 

~~Y~~ FZ, XANTHENE A.ND 
ANTHRAQUINONE REAGENTS 

Dyes based on a t~phenylmethane (6), xan- 
thene (7), or anthr~~none (8) skeleton have 

7 

0 

~ 
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found widespread application as acid-base and 
complexometric indicators. Their application as 
photometric reagents is therefore not surprising. 
Some of the dyes investigated are listed in Table 
4, and several have been applied to the determi- 
nation of manganese with some success, partic- 
ularly as ternary or ion-association complexes, 
with consequent increased selectivity and sensi- 
tivity. Some of the reagents of these types are 
discussed in detail below. 

Chrome Azurol S (9) reacts with several metal 
ions to form soluble complexes. The dye con- 
tains two identical bidentate potential chelating 
sites, but their geometric relation precludes both 
sites from interacting with a single metal ion. 
This leads to the possibility of observing a 
number of chelate species in solution.‘63 Hori- 
uchi and Nishida’@ reported a method with an 
optimum range of 0.72-12 mg/l., the complex 
having an apparent molar absorptivity of 
3.1 x 103, but numerous transition metal cations 
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interfered. Olctavec et al.‘65 reported the use of 
the reagent for the spectrophotometric determi- 
nation of a mixture of metals (including man- 
ganese) after initial separation on a Dowex-1 
ion-exchange column. The manganese was 
determined in aqueous pyridine solution, 
probably as the ion-associate formed with the 
Mn-pyridine complex. Oktavec et al. measured 
the absorbance at 610 nm, and Horiuchi 
and Nishida used 555 nm. An increase in 
the wavelength of the absorption maximum 
could be attributed to formation of the ion- 
associate. 

More recently, Li 166 has reported a method 
based on a quaternary system which uses l,lO- 
phenanthroline, Chrome Azurol S and the sur- 
factant cetyltrimethylammonium bromide 
(CTAB) for the determination of manganese. 
The maximum absorptivity is 8.0 x 104 at 635 
nm (an even longer wavelength than that re- 
ported by Oktavec et al.). The only serious 
interference resulted from rare-earth metals. 
The method was applied to the analysis of steel 
and ahuninium alloys with satisfactory results. 
E&chrome Azurol B has been used’& in com- 
bination with 2,2’-bipyridyl and CTAB for de- 
termination of manganese in steel and cobalt 
sulphate; again there was interference by lan- 
thanides. These papers clearly show the advan- 
tages offered by mixed ligand systems, in terms 
of both selectivity and sensitivity. 

Table 4. Triphenylmethane, xanthese and anthraquinone reagents used to determine manganese 

Reagents Comments Reference 

Triphenylmethanes 
o-Hydroxyhydroquinonephthalein Determined as the ternary complex with zephiramine*. 153 

Applied to potable and waste waters 

Methylthymol Blue With the surfactants cetylpyridinium bromide and CTAB. 154 
Shows increased sensitivity for Mn 

Comparison with other techniques 155 

Anthraquinones 
Anthrapurpurin complexone Recommended range l-7 mg/l. 156 

(1,2,7-trihydroxy-3-methylamino- 
anthraquinone-N,N-diacetic acid) 

Alizarin complexone Range l-10 mg/l. 157 
158 

Xanthenes 
Rhodamine 6G Extraction (into benzene) of the ion-associate formed with 

the Mn(II)-5,7-dichloro-8-hydroxyquinoline complex, 
a=7xl04 

159 

Tetraiodofluorescein 

Phenylfluorone 

Ion-associate with Mn-phen complex. Extracted with 
EtOAc. c = 1.05 x 10’ 

As the ternary complex with CTAB. 6 = 8 x 10’ 

160 

161 

n-Butyl xanthate Extraction with CHCl,. L = 5.5 x 10, 162 

*Zephiramine = tetradecyldimethylbenzylammonium chloride. 
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Xylenol Orange (10) is a triphenylmethane 
reagent which is closely related to Methylthy- 
mol Blue. 0tomo’67 used it as a photometric 
reagent for Fe, Ni, Mn, Cu and Co but the 
method is unselective since the reagent is a 
metallochromic indicator. Cabrera-Martin et 
~1.‘~’ used it for the determination of manganese 
in a number of natural matrices such as rocks, 
water and sera, masking interfering cations with 
fluoride. Manganese forms complexes with 
Xylenol Orange in 1: 1 or 1: 2 ratio which obey 
Beer’s law in the ranges 0.0-1.6 and 
1.6-4.2 mg/l., respectively. The reagent has also 
been used in a catalytic method.16’ 

Bromopyrogallol Red (11) is an acidic xan- 
thene dye structurally related to phenylfluorone. 
Cheng et ~1.‘~’ have detailed the history of this 
reagent, including its use as a complexometric 
indicator for the determination of man- 
ganese.‘7’*‘72 

Rudzitis et a1.‘73 reported the formation of an 
extractable ion-pair formed between the man- 
ganese complex and diphenylguanidine. The 
method, however, was developed for determina- 
tion of aluminium, with n-butanol as extractant. 
More recently Xu et ~1.‘~~ investigated the 
colour reactions of Bromopyrogallol Red in the 
presence of several surfactants and suggested a 
method for determination of manganese. 

9-Salicylfluorone (12) is a significant reagent 
for the calorimetric determination of man- 
ganese because of the comparative study made 
by Tataev and Anisimovalss (one of the few 

12 

papers of this type found). They studied the 
possible analytical applications of PAR, 
Xylenol Orange, Methylthymol Blue (13) and 
9-salicylfluorone for the determination of man- 
ganese and found that the last two reagents 
formed complexes with molar absorptivities of 
2.06 x 104 and 8.0 x 104, respectively, and that 
PAR was the most selective of the reagents 
studied. In the light of their results there appears 
no good reason to suggest that the other 
reagents should replace PAR. However, phenyl- 
fluorone’7’ and o-nitrophenylfluorone’76 have 
recently been investigated in quaternary systems 
involving hexadecyltrimethylammonium bro- 
mide and an emulsifier, with good results. 

Colour reactions with manganese or man- 
ganese complexes have been reported’77-‘*8 for a 
much wider range of triphenylmethane, an- 
thraquinone and xanthene reagents than those 
noted above, but none has been investigated for 
quantitative use. 

OTHER REAGENTS 

Many other organic compounds have been 
studied as possible colour reagents for man- 
ganese determination. In particular, dithizone 
(diphenylthiocarbazone, 14)‘*’ and related car- 
bazones have been widely studied (Table 5) as 
have hydroxamic acid derivatives (Table 6) and 
a large assortment of other reagents (Table 7). 
The general applicability of these methods has 
not been worked out and it is hard to assess 

HO 
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which may be promising methods for man- 
ganese in a specific matrix. 

Colour-forming reactions with various carba- 
zones,2so*25’ hydroxamic acidsZ52-254 and other 
reagents 255-288 have been noted in the literature, 
but no analytical details were made available in 
the abstracts consulted. 

KINETIC METHODS 

There is a dogma in analytical chemistry that 
determinations should be based on systems at 
equilibrium or those which can go to comple- 
tion stoichiometrically. 289 In other branches of 
chemistry, kinetics has been recognized as being 
relatively important, but in analytical chemistry 
has been of little import, except where a reaction 
is slow to reach equilibrium, e.g., in relation to 
an end-point indicator reaction, or in consider- 
ing the effect of possible competing side-reac- 
tions.2W However, where a relationship exists 
between a change of a property of a system with 
time and the amount of a component in the 
system, there exists a means by which the 
amount of substance can be measured quanti- 
tatively. Although the possibility of employing 

such methods of analysis has long been recog- 
nized (e.g., the cerium-arsenic reaction was 
proposed by Sandell and Kolthoff in 1934 as a 
method for determining osmium and iodide by 
monitoring their catalytic effe&“), until re- 
cently analytical chemists have considered the 
use of dynamic methods as little more than an 
academic novelty. Interest in their use has been 
stimulated by the development of the continu- 
ous-flow methods of analysis, in which non- 
equilibrium conditions are generally used.292-293 

Kinetic methods potentially offer advantages 
of increased sensitivity and selectivity and, with 
the developing needs of analytical chemistry in 
the area of trace analysis, such methods have 
found increasing application. These methods 
may be subdivided into three groups:’ 

(1) non-catalytic methods; 
(2) catalytic methods-determination of a 

catalyst or activator/inhibitor; 
(3) enzymatic methods--determination of 

enzyme, substrate or activator/inhibitor; 
an example of this is the horseradish 
peroxidase (HRP) method:” in which 
manganese is determined as a result of its 
ability to activate the enzyme HRP. 

For the determination of Mn, there is no signifi- 
cant difference between the last two techniques. 
The papers reviewed here, with the exception of 
the HRP method, deal exclusively with methods 
of type (2). 

The catalytic reaction may be monitored di- 
rectly or indirectly (where the product of a 

Table 5. Analyses for manganese with dithizone and related compounds 

Reagents Comments Reference 

Diphenylthiocarbazone (dithizone) 

Di-p-naphthylthiocarbazone 

1,5-Di(4’-sulphophenyl)thiocarbazone 

Diphenylcarbazone 

Substituted 1,Sdiphenylcarbazones 

Bipyridylglyoxal bis(4-phenyl-3-thiosmicarba- 
zone) 

4,4’-Diphenylthiosemicarbazones of 1,2- 
diketones 

Ternary complex with pyridine, extracted with CHCl,; 
L = 5.7 x l(r 

Extracted into CHCl, as ternary complex with phenan- 
throline; L = 4.6 x 104; applied to spring waters and car- 
bonate rocks 

Unstable complex with Mn 

Extraction with benzene; applied to blood samples 

Assay and study of extractive behaviour 

p-Nitro substitution in either the l- or the S-phenyl 
group; c values for Mn are low 

Complex obeys Beer’s law over the range 0.2-1.2 mg/l. 

A number of analogous compounds were investigated 
and found to produce extractable (into EtOAc) com- 
plexes with several metals, including Mn. c values for the 
complexes were 1.0-2.3 x 10’ 

190 
191 

192 

193 

194 

195 

196 

197 

198 

199 

2-Oximinocyclohexanone thiosemicarbazone Applied to analysis of iron ore 200 
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Reagent 

Table 6. Analysis for manganese with hydroxamic acid derivatives 

Comments Reference 

p-Methoxybenzothiohydroxamic acid 

Isophthalidihydroxamic acid 

Renzohydroxamic acid 

Dipicolinedihydroxamic acid 

Potassium hydrogen phthalomonohydroxa- 
mate 

o-Aminobenzohydroxamic acid 

p-Methoxybenzothiohydroxamic acid 

Salicylhydroxamic acid 

5,5’-Dithiodi(salicylohydroxamic acid) 

Mn(II1) complex extracted with CHCl,; 
c = 1.25 x 10’ 

Original assay 

Extracted into toluene_Adogen 464. solution; 
range 1-7 mg/l., L = 8.5 x l@ 

Method without extraction. Range 3-9 mg/l. 

Detailed study of complex 

In water or aqueous DMF as solvent; 
L = 3.6 x 10’; for Mn in alloys 

Extracted in benzene_Adogen 464* solution; 
t = 4. I x 103; range 0.5-5 mg/l. 

Extracted in DMF; range 1-17 mg/l. 

c = 3.7 x IO’; range 1-17 mg/l. 

After selective extraction; L = 1.06 x 104, ap 
plied to determination in several salts 

Extracted into toluene as a ternary complex 
with adogen 464*; for steel; range 0.3-7 mg/l. 

Fe(III), Ti(IV), Cu(II) and V(V) interfere at 
>2 lrglml. 

201 
202 

203 

204 

205 

206 

207 

208 

209 

210 

211 

212 

213 

*Adogen 464 = trioctylmethylammonium chloride. 

subsequent chemical reaction is the indicator 
substance), by such techniques as photometry, 
fluorimetry, chemiluminescence, potentiometry 
(e.g., the use of the perchlorate ion-selective 
electrode for monitoring the manganese- 
catalysed oxidation of triethanolamine by perio- 
dateB5), conductometry, thermometric methods 
(Alfimova296 reported a method for the determi- 
nation of manganese with thermometry to mon- 
itor the decomposition of hydrogen peroxide), 
or by traditional wet methods of analysis. 
Chemiluminescence techniques are potentially 
very sensitive, 297 but require the use of a spectro- 
photometer modified for making the measure- 
ments. When continuous monitoring is 
required, an instrument can be dedicated to the 
specific analysis. 

Weiszm8 has written a general review on the 
application of catalysed reactions in analytical 
chemistry, in which he explains the associated 
theory and a number of methods employed to 
monitor indicator reactions. The reviews by 
Miiller’ and Mottola290 take a more detailed 
approach to the subject, and two recent books 
are usefu1.299*3a0 Bontchev and Aleksiev”’ have 
studied the use of ligands to activate catalysed 
reactions-nitrogen-containing ligands, particu- 
larly phenanthroline, are commonly employed 
to enhance the catalytic effect of the metal and 
improve the sensitivity of the method. Little 

attempt has been made in any of the work on 
kinetic methods of analysis for manganese to 
compare methods for a given analytical situa- 
tion. Only Perez-Bendito and co-workers,302-U)4 
appear to have considered this need, and have 
studied the relative merits of methods based on 
2-hydroxybenzaldehyde thiosemicarbazone and 
2-hydroxynaphthaldehyde thiosemicarbazone 
for the determination of manganese in food- 
stuffs. They found that the latter reagent was 
more selective and could be used over a wider 
range of manganese concentrations (Table 8). It 
should be noted that the operative range for 
many of the kinetic methods is very narrow. 

Table 8 contains a summary of catalytic 
methods for the determination of manganese by 
use of a photometric method to follow the 
indicator reaction. A number of other catalytic 
systems have been proposed,37G394 but seem to 
offer no advantages over the best of those listed 
in Table 8. The types of catalysed reactions used 
are potentially very selective. Interferences may 
be masked by conventional means, as positively 
interfering ions have a similar catalytic effect to 
the analyte. In this case masking agents, by 
virtue of their ability to complex an interfering 
metal ion selectively, can inhibit or remove the 
catalytic activity of the interferent. 

Separation techniques may be used prior to 
determination, (e.g., selective extraction, ion- 
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Table 7. Miscellaneous calorimetric methods for the determination of manganese 

Reagent 

Pyridine-2-aldehyde-2’-pyridylhydrazone 

Comments 

Mn complex extractable with CHCl,; 
L = 5.71 x 10’ 

Reference 

214 

Pentamethylenedithiocarbamate 

Diethyldithiocarbamate 

1,5-bis(2-Hydroxy-S-sulphophenyl)-3-acetylformazan 

Benzamidrazone 

Methyliminodimethylenephosphonic acid 

Diantipyrylmethane 

Determination as [Mn(CN)& 

Gluconic acid 

Thenoyltrifluoroacetone 

Thiothenoyltrifluoracetone 

Triethanolamine 

Mn extracted into xylene in the presence of 
phenanthroline; t = 3.58 x 104; applied to Mn 
in Al and Al alloys 

Range 2-45 mg/l. (long-path cell); applied to 
sea-water 

N,N-bis(2-Hydroxy-S-sulphophenyl)-C-cyanoformazan c = 1.5 x BY 

After extraction into benzene 

Mn in food products 

Increased sensitivity by using UV spectrum 

L = 1.3 x 104 

Sensitivity 0.3 mg/l. in 75% alcohol solution 

Determination of both Mn and Zn 

Mn in enamels and dyes 

Range 3-50 mg/l., not linear 

Range 9-47 mg/l., interferences are given 

Mn in garnet 

Separation and analysis of mixtures of Ce and 
Mn by extraction and back extraction 

Extraction with Ccl,; interferences are given; 
range 1.25-20 mg/l. 

N-Hydroxy-N-phenyl-N’benzylbenzamide hydrochloride L = 5.3 x 10’ 

I-Benzylbenzimidazolyl-S-phenylformazan (or the corre- Method for extraction and analysis of a mix- 
sponding p-nitrophenylformazan) ture of Cd, Zn, Cu and Mn 

Pyrophosphate Range SO-1000 mg/l., Mn in ores etc. 

Thiocyanate Range 0.2-2 mg/l. t = 3.6 x 10s; extract with 
tribenzylamine 

231 

232 

233 

234 

235 

N-Hydroxy-N-N’-diaryl-substituted-p-toluamides A number of compounds were synthesized and 
found to have molar absorptivities in the range 
5.2-7.5 x 103; suggested for Mn in the range 
1.610 mg/l. 

236 

N-Hydroxy-N-m-tolyl-N’-(2,3-dimethyl)phenylbenzamide In alcohol solution 237 
hydrochloride 

N,N’,N”-Trihydroxytrimethylenetriamine 

(p-Aminophenyl)thioacetic acid 

N,N,N’,N’-Tetrakis(2-hydroxypropyl)ethylenediamine 

~=1.6xlO’ 

Range 2-100 mg/l. Applied to four NBS metal 
samples 

Applied to soils 

238 

239 

240 

EDTA Determined as the Mn(II1) complex; range 
4-170 mg/l. 

After extraction with CHCl,; range 0.2-15 
mg/l., applied to sea-waters 

Range 0.1-5.0 mg/l., applied to high-purity 
CaCO, 

Mn in cast iron; the ternary complex is ex- 
tracted into CHCl, 

Range up to 10 ng/ml. Decrease in indicator 
absorbance is measured at 611 nm 

Mn in a mixture of metals after extraction into 
CHCl, 

241, 242 

243 

Binazine 244 

Tetraphenylarsonium chloride 

Dibenzoylmethane/piperidine 

Eriochrome Black T 

245 

246 

246a 

&Mercaptoquinoline 247 

2-Aceto-1-naphthol-N-salicyl hydrazone Extraction with DMF 248 

Cacotheline As spot test and for photometric determination 249 

8-Hydroxyquinoline/Aliquat 336 Extraction; c = 2.2 x 104 249a 

215 

216 

217 

218, 219 

220 

221 

222 

223 

224 

225 

226 

227 

228 

229, 230 
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Reagent 

Table 8. Kinetic methods used to anaIyse for manganese 

Range Comments Reference 

2,3-Diketogulonate 4-30 mg/l. 

Luminol !%0.005-5 &l. 

0.01-10 mg/l. 

l-5000 /lg/l. 

Leucomalachite Green z l-15 pg/l. 

Malachite Green 
(CL Basic Green 4) 

o-Dianisidine + tiron 

>5 M/l. 

5100 pg/l. 

70-200 pg/l. 

70-200 pg/l. 

5-200 fig/l. 

2-200 ng 

Up to 7 ng 

0.4-5.0 pg/l. 

0.03-2 ng 

0.1-15 ng/ml 

Sensitivity 
0.2 /,4g/l. 

Smsitivity 
0.1 /lg/l. 

Sensitivity 
80 &I. 

2-10 j4g/l. 

Smsitivity 
0.5 /lg/l. 

0.2-I ng/ml 

Mn(II) activates the oxidation of DGA by 
horseradish peroxidase. The H20, produced is 
determined with p-hydroxyphenylacetic acid as 
a fluorophorers5 

Using H20, as the oxidant and a mixture of 
IJO-phenanthroline and Na citrate to activate 
the reaction and improve selectivity; detection 
by luminescence 

The luminescence is observed in a carbonate 
buffer solution in the absence of the activators 
used above. The interference of several ions is 
masked by use of cyanide 

Using Na bismuthate 

By luminescence; used for Mn in minerals and 
polluted waters 

Electrolytic preconcentration. Fixed-time 
luminescence (H202) method 

Using periodate to oxidize the leuco base to 
Malachite Green. For Mn in human serum 

Semiautomatic analysis at sea, but not sensitive 
enough for studying open-ocean Mn distribu- 
tion 

Using periodate as the oxidant and nitrilotri- 
acetic acid as activator 

Using periodate. Interferences from Fe and Al 
are masked with F-. Used for Mn in HF, 
HNO, and high-purity silicon 

Using periodate 

Using periodate. Fe and Al masked with 
EDTA 

Using periodate 

Using periodate 

Peroxide as oxidant, flow-injection analysis 

Periodate as oxidant, nitrilotriaoetic acid as 
activator 

Mn in marine sediments 

Flow-injection analysis, periodate as oxidant 

Flow-injection analysis, periodate as oxidant 

Stopped-flow: periodate as oxidant, nitrilotri- 
acetic acid as activator 

Using periodate. Tartrates, citrates, oxalates 
and Fe(I1) interfere. For Mn in natural waters 

Using periodate. Applied to Mn in clays 

A study of the reaction 

A comparison with a number of other aro- 
matic amines 

Using H20, as the oxidant in an aqueous 
DMF medium 

Using H20, as oxidant and l,lO-phenanthro- 
line as activator 

H,O, as oxidant, l,lO-phenanthroline as acti- 
vator, absorbance measured at 440 nm after 
0.5 and 2 min. 
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306, 307 

308 

309 

310 

311 

312 

313 

314 

315 

316 

317 

318 

319 

319a 

320 

321 

322 

323 

323a 

324 

325 

326 

327 

328 

329 

330 

con timed overleaf 
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Table 8-canFi?zued 

Range Comments Reference 

Succinimidedioxime 2-12 &I/l. 

SO-1300 pg/l. 

p-Fuchsin leuco base Sensitivity 
2 pgll. 

Indigosulphonates I-10 jfgll. 
mono- 
di- 
tetra- 

Thymol Blue 

3-Hydroxypyridinaldehyde axme 0.4-0.9 pgp. 

3-Hydroxypyridinaldehyde thiosemi- 5-50 pg/l. 
carbaxone 

Acetylacetone 5-500 Jig/l. 

Alizarin S 0.3-56 &g/l. 

Pyrocatechuic acid WO pgll. 

S-(~-Hydroxy-~-sulph~S- Sensitivity 
chloroph~nyl~o)~rbitu~c acid 6 pgfi. 

I- 0.5-40 as/l. 

Na carminate 

Hydroxy Naphthol Blue 

Lumomagneson 

Indigo Carmine 

Nitrosin Yellow 0.06-6.02 /&g/l. 

Purpurin 14-160 rig/l.. 

Tropaeolin 0002 0.1-12.3 Fe/l. 

Na diphenylamine sulphonate 

NaH,PO, lo-loo gg/l. 

Sensitivity 
0.12 pg/l. 

O-5 Irgll. 
Sensitivity 

0.01 pg/l. 

Sensitivity 
0.44 pg/1. 

~0.3-1.6 pgll. 

0.05-5 pgll. 

0.2-9 pg/l. 

By autoxidation; Pd interferes 

Fe(III) and Co(H) interfere; other interferences 
are masked with EDTA. Mn in foodstuffs 

Using periodate as oxidant and nitrilotriacetic 
acid as activator. Mn in products for fibre 
optics 

331 

332 

333 

Using N-phosphonomethyliminodiacetic acid as 
activator 

334 

Using H,O, as oxidant. Many ions are toler- 
ated in large excess 

335 

Periodate as oxidant 

Tolerances are 8ivea for interfering ions. H,02 
is used as the oxidant 

336 

337 

Fe(II1) interferes but can be masked. H,O, is 
used as the oxidant 

337 

Periodate as the oxidant. Mn in natural waters 

H,O, as the oxidant 

H202 as the oxidant. Co interferes seriously. 
Fe(II1) and Cr(II1) interfere in > IO- and 
20-fold amounts, respectively 

Using H,O, as oxidant and ethylen~ia~ne as 
activator. Interferenoes were studied 

338 

339 

340 

341 

Oxidation of I- by periodate is catalysed by 
the l,IO-phenanthroline complex of Mn and is 
followed by measuring the absorbance of the 
starch-iodine complex 

342 

Oxidation by H,O,. Interferences are given 343 

H,O, as the oxidant. Fe(II1) interferes 344 

H202 as the oxidant. Highly selective 345 

Mn determined as the complex with IJO- 
phenan~roIine, with H,O, as the oxidant. In- 
terferences are given 

346 

Using H, 0, as the oxidant and l,lO-phenan- 
throline as activator. Interferences are given, 
but none is serious 

347 

Using ethylenediamine as an activator and 
H,O, as the oxidant. Mn in hair 

Oxidation by H,O, with l,lO-phenanthroline as 
activator 

348 

349 

Oxidation by peroxocapric acid. 2,2’-Bipyridyl 
and l,lO-phenan~roline act as activators and 
stabilize the Mn(II) 

350 

Using periodate as the oxidant and nitrilotri- 
acetic acid as activator. For Mn in natural and 
potable waters 

351 

Stopped-flow reverse flow-injection analysis. 
Periodate as oxidant, nitrilotriacetic acid as ac- 
tivator. Trace Mn in water samples 

352 

Periodate as oxidant, nitrilotriacetic acid as ac- 
tivator. Co interferes. Used for polluted water 
samples 

3528 

continued opposite 
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Reaaent Range Comments Reference 

Sulphanilic acid 50-500 pg/l. 

OS-5 /lg/l. 

I-Amino-8-naphthol-3,6-disulphonic Sensitivity 
acid 0.5 /lg/l. 

Sb(III) 0.5-50 pg/l. 

Lucigenin 

NJ-Diethylaniline 

Sensitivity 
l-2 pg/l. 

Sensitivity 
0.5 /lg/l. 

l&80 rig/l.. 

0. l-l .O ng/ml 

2-Hydroxybenzaldehyde thiosemicar- 2-9 pg/l. 
bazone 

2-Hydroxynaphthaldehyde thiosemi- 0.75-50 pg/l. 
carbazone 

Eriochrome Black T 

Eriochrome Blue Black R 

Pyrocatechol Violet 

Azorubin S 5.5-33 /IgIl. 

Acid Blue 45 (Na 1,5-dihydroxy- 
4,8-diaminoanthraquinone-2,6- 
disulphonic acid) 

Salicylaldehyde guanylhydrazone 

Xylenol Orange 0.25-2.5 ng/ml 

Bromophenol Blue 0.640 ng/ml 

Pyrogallol Red 

Xylene Cyan01 FF 

Sensitivity 
18 pg/ml 

2-11 ng/ml 

3-Q’-Hydroxyphenylazo)-pyridine- 
2,6-diol 

3,4-Dihydroxybenzone acid 

0.5-9 ng/mI 

l-11 ng/ml 

Sensitivity 
0.05 yg/l. 

Up to 1.6 p&l. 

Sensitivity 
0.12 pg/l. 

0.44-1.76 &l. 

4-25 &I. 

6-22 /lg/l. 

8880 ng/ml 

Using periodate as the oxidant 

As above, using l,lO-phenanthroline as an acti- 
vator. Fe interferes in a IO-fold amount. 
Shows better selectivity than the method above 

Using ethylenediamine as an activator and 
H20z as the oxidant 

353 

354 

355 

Using periodate as the oxidant and nitrilotri- 
acetic acid as an activator. Used for Mn in 
non-ferrous alloys 

356 

Mn has a catalytic affect on the luminescence 
of lucigenin in the presence of H,O, 

Using periodate. For Mn in blood and other 
tissues 

357 
358 

359 

For Mn in natural waters 

Periodate as oxidant. Flow-injection analysis of 
sea-water 

360 

360a 

Using H,O, as the oxidant. Detection by 
fluorescence For Mn in a variety of foodstuffs. 
Interferences are given 

Variation of the method above to give simulta- 
neous determination of Mn(I1) and Fe(II1) 

Method similar to that above but the reagent 
is more selective. For Mn in wine and other 
foodstuffs 

302 

303 

304 

Using H,O, as the oxidant 361 

H,O, as oxidant at pH 9.8 

Using’ethylenediamine as an activator and 
HrO, as the oxidant. Most ions tolerated in 
IOOO-fold ratio. Fe(II1) is tolerated in IO-fold 
ratio 

361a 

362 

Using H,O, as the oxidant. MO and W may 
interfere 

363 

Determination made in 30% v/v acetone 364 

Using H,O, as the oxidant. Cu(I1) interferes. 365, 
Adapted as indicator for EDTA titration 366 

Atmospheric oxidation. For Mn in potable 
water and industrial fumes 

367 

H,O, as oxidant. EDTA interferes seriously. 
Used for natural waters, cement, basic slag, 
iron ore and lead concentrate 

368 

H,O, as oxidant. Simultaneous determination 
of Mn and Zn 

369 

H,O, as oxidant, I,lO-phenanthroline as 
activator 

370 

Periodate as oxidant, 1, IO-phenanthroline as 
activator. Used for analysis of tea and Al alloy 

371 

H,O, as oxidant, 2,2’-bipyridyl as activator. 
Analysis of well water 

Periodate as oxidant, 1, IO-phenanthroline as 
indicator. Food analysis 

H,O, as oxidant. EDTA and Sn(I1) interfere. 
Analysis of coffee, rice, beer and tap water 

Continuous-flow detection after ion-exchange 
separation. H,O, as oxidant 

372 

373 

374 

375 

T.A.L. 37/2-G 
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Table 9. Determination of manganese after initial oxidation to permanganate 

Reagent Range Comments 

Oxine-5-sulphonic acid 2.5-2500 y&l. By fluorescence, persulphate and 
AgNO, as the oxidant 

6-Methoxy-2-methylthio-4-pyrimidine 2-60 pg/ml Permanganate reduced to manganate 
carboxylic acid in alkaline medium 

I-Aminoquinoline 12-550 /&I. Oxidized with bismuthate 

Ethylenebis(triphenyIphosphonium) bromide (rl20 pg Extraction of permanganate 

Up to 25 pg/ml Flow-injection analysis 

Trimethylenebis(triphenylphosphonium) &120 pg Extraction of permanganate 
bromide 

Reference 

395 

396 

391 

398 

399 

400 

chromatography or precipitation) either to pre- the organic ligand. This contrasts markedly with 
concentrate the analyte or to remove or reduce work in inorganic co-ordination chemistry, 
the level of interfering species. Differential rate where many authors have been able to correlate 
methods, which assume that the rates for the the co-ordinating abilities and stereochemistries 
analyte-catalysed and interference-catalysed re- of metal-multidentate ligand compounds with 
actions are different, may also be used to coun- ligand substituent changes. Savvin’s6 approach 
ter the effect of interfering species. is of relevance here. 

Reactions of permanganate 

Finally, Table 9 lists a few methods of deter- 
mination of permanganate. 

CONCLUSIONS 

This work has comprehensively reviewed the 
literature on calorimetric methods for the deter- 
mination of manganese up to about mid-1989. 
It is evident that there has been a major problem 
in categorizing the information in a systematic 
fashion. Part of this problem stems from the 
widespread use of trade and trivial names for 
calorimetric reagents. One apparent solution 
would be for editors to insist upon the use of 
systematic nomenclature, but given the struc- 
ture of some of the reagents, this may not 
produce the clarification sought. Two practices 
of great value would be the inclusion of a 
structural formula and of all known trade and 
trivial names, as well as the systematic name of 
the reagent. The second requirement would 
certainly simplify computer searches of the liter- 
ature. 

We now have a large number of calorimetric 
reagents for the determination of manganese 
and much more work on the comparative use- 
fulness of such methods in specific analytical 
situations is required. Work in our laboratories 
is currently aimed at assessing why a number of 
common calorimetric methods for the determi- 
nation of manganese in natural waters yield 
consistently different results. 

Acknowledgements-The authors acknowledge financial 
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Council, Queensland. 
Addendum-Further details of colour reactions of various 
reagents with manganese, contained in the references 3848, 
69-81, 83-100, 118-127, 177-188, 252-254 and 255-288 
have been put into tabular form. Although this material is 
not published here, copies are available from the authors. 
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Summary-A polymerized vinyl/vinylidene chloride additive, used in brick mortar during the 60s and 7Os, 
is detected at the building site by the field method, which employs a commercially available chloride test 
strip. The field test results can then be verified by the laboratory methods. In one method, total chlorine 
in the mortar is determined by an oxygen-bomb method and the additive chloride is determined by 
difference after water-soluble chlorides have been determined on a separate sample. In the second method, 
the polymerized additive is extracted directly from the mortar with tetrahydrof~an (THF). The difference 
in weight before and after extraction of the additive gives the weight of additive in the mortar. Evaporation 
of the THF from the extract leaves a thin Iilm of the polymer, which gives an infrared “fingerprint” 
spectrum characteristic of the additive polymer. 

A Saran latex additive was used to strengthen 
the mortar in the ~onst~ction of prefabricated 
brick masonry panels and single-course brick 
walls from about 1965 until possibly as recently 
as 1980. Initially the principal ingredient of the 
additive was polymerized vinyl chloride’ until 
regulatory restrictions required the replacement 
of vinyl chloride with vinylidene chloride. The 
additive was used to increase the strength and 
hardness of the mortar. 

Four gallons of the additive were mixed with 
each bag of cement and aggregate used to 
prepare a 2.5-3 ft3 batch of mortar. The additive 
is estimated to comprise approximately 4% by 
weight of the total batch of mortar, when used 
according to the manufacturer’s instructions. 

Though all the chlorine in poly(viny1 chlo- 
ride) and poly(vinylidene chloride} is organi- 
cally bound and therefore non-corrosive, the 
additive has become the subject of concern. 
Expansion of corroding metal inserts in mortars 
containing the additive is causing brick panels 
to crack, resulting in costly replacement. It is 
suspected that this corrosion may be induced by 
chloride, and that the chloride has been liber- 
ated from the additive. 

Regardless of origin, water-soluble chlorides 
in mortar will cause corrosion of certain metal 
inserts under suitable environmental conditions, 
To help building owners delineate the problem, 
a method has been developed for use at the 

building sites to determine the chloride content 
in brick mortars, both as the vinyl/vinylidene 
chloride polymer and as water-soluble chlo- 
rides. The field results can then be verified by the 
laboratory tests developed. 

EXPERIMENTAL 

Reference mortars 

Additive-free reference mortar. Mortar was 
taken from glass bricks removed from North- 
western High School, Hyattsville, MD. It was 
estimated that the mortar had been prepared in 
1967. Approximately 1.4 kg of it was ground 
with a mortar and pestle and passed through 
a U.S. Standard Testing Sieve No. 16 (ASTM- 
E-l 1 Specification) giving particles less than 
1.18 mm in diameter, This is approximately 
the particle size expected from the use of an 
electric drill and masonry bit in sampling 
mortar in buildings. This stock material was 
mixed thoroughly and riffle-split into portions 
for accurate determination of chlorine content. 
The water-soluble chloride was found to be 
0.015 + 0.001%. No additive was found in this 
mortar. 

A 300-g split of the Northwestern High 
School (NW) mortar was slurried with an 
aqueous solution containing 3 g of sodium 
chloride and evaporated to dryness at 105” 
to prepare a reference mortar containing 
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2.85 + 0.05% chloride. Exactly weighed por- 
tions of the 2.85% chloride mortar and the 
original NW stock mortar were mixed to pre- 
pare test mortars containing < 0.02,0.5, 1 .O, 1.5 
and 2.9% water-l~chable chloride. 

Additive mortars. Mortar prepared with the 
poly(vinyl/polyvinylidene chloride) was ob- 
tained from the Monocacy Towers building, 
Bethlehem, PA, (MT) and from the Cedar 
Square West project, Minneapolis, MN, (CS). 
The additive-containing brick panels were re- 
moved from these buildings. 

Field collection of mortar samples. An electric 
drill and $-in. masonry bit is used to obtain 
samples of mortar from between bricks. A sheet 
of paper is creased to form a trough and 
held beneath the point of drilling to catch the 
drillings for transfer to a 16 x 125 mm test-tube 
for the field test, or to an appropriate container 
for transfer to the laboratory. A sin. star 
drill can be used where electricity is not avail- 
able. Mortar containing additive is noticeably 
harder to drill then mortar that is free from 
additive. 

Field test strips 

ChZoride test strips. Quantab* Chloride Titra- 
tor test strips, manufactured by Environmental 
Test Systems, Inc., Elkhart, IN, were chosen to 
determine the dissolved chloride concentration 
in the field. A single Quantab strip consists of a 
capillary column packed with silver dichromate 
laminated within a thin, chemically inert plastic 
strip. When the open end of the strip is placed 
in an aqueous solution, fluid will rise by capil- 
lary action until the capillary column is satu- 
rated. This saturation point is signalled by a 
moisture-sensitive indicator across the top of 
the column turning from yellow to dark blue. 
After 2 min more to ensure saturation, the 
titrator is removed from contact with the test 
solution. Chloride ions in the solution being 
tested will react with the silver dichromate in the 
capillary tube, causing a color change from 
yellowish tan (Quantab Titrator No. 1175- 
approximately 0.006-0.048% Cl-) or reddish 
brown (Quantab Titrator No. 1176-approxi- 
mately 0.03-0.49% Cl-) to the white of silver 
chloride. 

Ag,Cr,O, + 2Cll - Cr,O:- + 2AgCl 
(red-brown) (white) 

*Brand names are given for information only, and do not 
imply endors~ent by the funding agency. 

Numbered scale marks on the plastic strip 
across the capillary tube allow estimation of the 
chloride content by comparison with solutions 
of known concentrations. 

This test kit is straightfo~ard, requiring no 
handling of chemicals and no skill other than 
the ability to note the scale mark where the 
white color ends. The Quantab strip also pro- 
vides a record of the result for later compari- 
sons, providing the white silver chloride is 
adequately protected from chemical change. 

Field method 

The following field test may provide (a) a 
quick screening test for total chlorides in brick 
mortars by use of only the heated mortar; (b) 
detection of existing water-soluble chlorides 
in brick mortar by use of unheated mortar 
samples; (c) estimation of poly(vinyl/poly- 
vinylidene chloride) additive in brick mortar. 
It is assumed that the only water-insoluble 
but thermally decomposable chlorides in brick 
mortar are from the additive. 

1. Two test-tubes each containing approxi- 
mately 1 g of test mortar are used: one is heated 
for approximately 30 set, and the other is tested 
without heating. 

2. After cooling, approximately 5 ml of water 
are added to each test-tube, and the tubes are 
shaken for about 1 min to dissolve any water- 
soluble chlorides. 

3. A Quantab test strip (No. 1176) is added to 
each solution. The chloride values obtained are 
compared, and if the heated mortar contains at 
least double the water-soluble chloride observed 
in the equivalent weight of unheated mortar, the 
additive can be assumed to be present. 

Accurate sample weights and water volumes 
can provide estimates within + 10% of the 
amounts actually present, but this accuracy 
is generally not needed in field tests. For un- 
equivocal determination of the additive, sam- 
ples should be analyzed in the laboratory. 

Laboratory methods 

Sample preparation. The laboratory sample 
should be air-dried at room temperature to 
avoid excess heat, and the particles reduced in 
size to pass a 0.5-mm screen for analysis. Excess 
heat may cause a breakdown of any poly(viny1 
chloride) or poly(vinylidene chloride) present in 
the sample, and should therefore be avoided, 
to preserve the sample’s representative charac- 
teristics (other than particle size). 
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Oxygen bomb method for total chlorine 

Reagents. Reagent grade chemicals are used 
in all tests. A OSM sodium carbonate solution 
is prepared. The oxygen used for the combus- 
tion in the oxygen bomb should be free from 
combustible matter; oxygen manufactured from 
liquid air, guaranteed to be greater than 99.5% 
pure, will meet this requirement. Refined “white 
oil” (also known as “mineral oil”), chlorine- 
free, is used. 

Apparatus. The oxygen bomb conforms to 
ASTM specifications.2 

Procedure. Weigh into the bomb capsule, to 
the nearest 0.1 mg, about 1 g of thoroughly 
mixed air-dried mortar sample. Add a volume 
of white oil approximately equal to the volume 
of mortar sample. Stir the mixture with a short 
length of quartz rod and leave the rod in the 
sample cup during the combustion. Place the 
capsule containing the sample and white oil in 
the capsule holder. Connect a length of firing 
wire (N 100 mm) to the ignition terminals so 
that it is in contact with the sample. 

Spray 10-20 ml of the OSM sodium carbon- 
ate into the bomb, wetting the entire internal 
surface of the bomb (0.02M potassium hydrox- 
ide or sodium hydroxide may be used instead of 
the sodium carbonate solution). Assemble the 
bomb. 

Admit oxygen into the bomb slowly, to avoid 
blowing the sample from the capsule, until a 
pressure of 30 atm is reached. The weight of 
mortar sample and the oxygen pressure in the 
bomb must not exceed the bomb manufacturer’s 
recommendations. Recommended practice’ for 
safe use of the bomb should be followed at all 
times. 

There is a tendency for chloride to adhere 
to the bomb walls, especially if the bomb is 
pitted or has been used previously to determine 
high levels of chlorine. Unless the bomb is 
thoroughly cleaned before use, the blanks may 
have values in excess of the true value. 

Immerse the bomb in a cold water-bath, 
connect it to the firing circuit, and close the 
circuit to ignite the sample. Allow the bomb to 
stand in the water-bath for not less than 10 min 
after firing. Remove the bomb from the water- 
bath, invert the bomb and shake it for about 
10 min. Release the pressure at a slow, uniform 
rate so that the pressure is reduced to atmo- 
spheric in not less than 1 min. Open the bomb 
and examine the inside for traces of unburned 
oil or sooty deposits. If any are found, discard 

the determination and thoroughly wash all parts 
of the bomb interior before using it again. If no 
unburned oil or sooty deposit is present, rinse 
the interior of the bomb, the sample capsule, 
and the interior surface of the bomb cover with 
a fine jet of hot water and collect the contents 
and washings in a beaker or flask. Filter off the 
solids and dilute the filtrate to a known volume, 
as described below for water-soluble chlorides. 
Determine total chloride by titration with 
mercuric nitrate to a diphenylcarbazone end- 
point,4 the Volhard method,5 a potentiometric 
method,’ or some other reliable standard 
method. 

Determination of water-soluble chlorides 

Weigh to the nearest 0.1 mg about 5 g of 
thoroughly mixed, air-dried mortar sample. 
Transfer it into a 500-ml beaker and add 100 ml 
of water. Stir for 30 min to ensure thorough 
wetting of the sample. Decant the supematant 
liquid through a fast qualitative filter paper, 
collecting the filtrate in a beaker. Repeat the 
extraction twice more, each time using 100 ml of 
water and pooling the filtrates. After the third 
extraction, wash the sample thoroughly with 
100 ml of water, adding the washings to the 
pooled filtrates. The weight of sample used can 
be adjusted when higher or lower concen- 
trations of water-soluble chlorides are expected. 
Also, when high concentrations of chlorides are 
expected, dilute the extraction solution to vol- 
ume in a suitable size of standard flask and 
continue the analysis with an appropriate size 
of aliquot. Determine the chloride by one of 
the methods listed above for total chloride 
determination. 

Determination of additive chloride 

The content of organically-bound, or addi- 
tive, chlorine is calculated by difference, from 
the total chlorine found by oxygen bomb 
method and the water-soluble chloride deter- 
mined as just described. The presence of over 
0.5% organically-bound chlorine in brick 
mortar indicates the presence of the 
poly(vinyl/polyvinylidene chloride) additive. It 
is assumed that no other source of water- 
insoluble, organically bound chloride would be 
present in brick mortar at a concentration this 
high. For irrefutable evidence of the presence of 
the additive, the following infrared method may 
be used. 
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Table I. Quantab us. laboratory results 

Mean water-soluble Cl-, % 

Mortar* Quantab Laboratory Total Cl, % 

NW stock 
0.5% Cl- 
1.0% CI- 
2.9% Cl- 
es-2 
MT-I 
MT-2 
MT-3 
MT-4 

0.014 
0.53 
0.97 

ii0 
0122 
0.73 
0.48 
0.49 

0.015 
0.52 
1.0 
2.85 
0.05 
0.22 
0.77 
0.52 
0.53 

0.015 
0.52 

:.:5 
1:2 
2.0 
2.3 
1.8 
1.6 

*NW = Northwestern, CS = Cedar Square, MT = Monocacy Towers. 

Infrared method for pol_v(vinyl~polyvinylidene 
chloride) in mortar 

Reagents. Tetrahydrofuran (THF), reagent 
grade (may be stabilized with 0.1% hydro- 
quinone, which can be removed by adsorption 
on alumina before use of the THF). 

Apparatus, The infrared spectrophotometer 
should have a resolving power of 0.02 pm or 
better at 12 pm. The spectral region from 2.5 
(4000 cm-‘) to 15 pm (667 cm-‘) is used. A 
centrifuge or a Baker-10 extraction system is 
used. 

Separation of additive. Weigh to ItO.1 mg 
approximately 5 g of fine particle-size mortar 
sample and put it in a SO-ml beaker. Add 10 ml 
of THF (previously passed through a 150 x 
12.7 mm diameter alumina adsorption column 
to remove hydroquinone) and stir for about 
20 min. Wash the contents of the beaker 
quantitatively into a tared 50-ml centrifuge tube 
with 10 ml of THF, swirl to mix, and centrifuge 
for 30 min. Decant the solution for infrared 
analysis. Wash the residue remaining in the 
tared centrifuge tube with 20 ml of THF and 
centrifuge again for 30 min. Decant the 
solution. Repeat the operation. Dry the tared 
centrifuge tube, containing the residue, in an 
oven at 110” for 1 hr, cool and weigh. 

Alternatively, a Baker-10 extraction system 
may be used. Preweighed 6-ml disposable 
filtration columns with dual 20 .urn frits and 
approximately l-g samples were used to obtain 
the data for this report. The system was used 
without vacuum suction, so that there would be 
longer contact time with the extractant for the 
initial 10 ml extraction with THF. Washing with 
lo-ml portions of THF was then conducted with 
suction and the sample was dried at 110” for 
1 hr, cooled, and weighed. 

The additive content in the mortar is cal- 
culated as follows: Additive, % = {sample 
wt. - wt. of residue) x lOO/sample wt. 

Infrared spectrum. The major portion of any 
poly(vinyl/polyvinylidene chloride) extracted is 
in the first decanted THF solution. Evaporate a 
few ml of the solution a few drops at a time on 
a microscope slide. When the resultant film is 
dry, peel it from the microscope slide and dry it 
in a vacuum desiccator or vacuum oven to 
reduce spectral interference by the solvents. A 
number of films may be prepared from each 
sample in order to obtain one of suitable quality 
and thickness. Mount the film in the infrared 
spectrophotometer and record its spectrum 
from 2.5 to 15 pm. 

Bands at 7.0 pm (1429 cm-‘) and 9.3 pm 
(1075 cm-‘), characteristic of a vinyl/vinylidene 
chloride polymer, and at 5.7 pm (1754 cm-‘), 
are observed in the infrared spectrum of the 
additive. The presence of the latex film itself, as 
well as the spectral bands at these positions, 
provide positive proof of additive being present. 

RESULTS AND DISCUSSION 

Field method 

Quantab vs. laboratory results. Table 1 shows 
a comparison of results obtained with Quantab 
Chloride Titrator strips and laboratory analyses 
for water-soluble chlorides only. The calibration 
table supplied by the manufacturer was used to 
obtain the Quantab results. However, it is rec- 
ommended that each new batch of Quantab 
Titrators be recalibrated. The results in Table 1 
are within + 10% of the laboratory analyses in 
every case. The Quantab results were obtained 
by taking an accurately weighed portion of 
mortar (N 1 g) and shaking it for 1 min with 
5 ml of demineralized water in a stoppered 
125 x 16 mm test-tube. The Quantab Titrator 
strip was placed directly in the solution in the 
test-tube with no prior filtration. In no case was 
the capillary tube clogged by the fine mortar 
particles, which allowed omission of a filtration 
step. 
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Table 2. Quantab reproducibility and time taken for test 

Quantab 
Mortar Titrator 

MT-l A 
B 
C 

MT-2 A 
B 
C 

MT-3 A 
B 
C 

Time to reach 
blue signal 

7 min 18 set 
7 min 20 set 
7 min 4 set 
7 min 29 set 
6 min 58 set 
7 min 40 set 
7 min 33 set 
7 min 22 set 
7 min 35 set 

Quantab Water-soluble 
reading Cl-, % 

3.7 0.218 
3.8 0.227 
3.6 0.210 
6.9 0.734 
6.9 0.734 
6.8 0.71 I 
5.7 0.464 
5.9 0.496 
5.8 0.477 

Average 
(*s$ dF.) 

, Otl 

0.218 f 0.010 

0.726 f 0.014 

0.479 * 0.019 

Reproducibility. Table 2 shows the reproduci- 
bility of the Quantab determinations, obtained 
by use of separate Quantab Titrators for the 
same solution; three MT mortar samples were 
used. The relative standard deviation (calcu- 
lated by range method) was better than 5% in 
all three cases. 

Time taken for test. Also shown in Table 2 is 
the time elapsed from the introduction of the 
Quantab Titrator into the solution being tested 
until the completion signal strip at the top is 
triggered to change from yellow to dark blue. 
The times ranged from 6 min 58 set to 7 min 
40 set in this series of tests. For field use, if the 
completion signal has not been triggered within 
12 min, it can be assumed that the capillary 
opening was at least partially sealed during 
manufacture or has otherwise become clogged, 
and a new Quantab Titrator is needed. A 
more common problem in the field is premature 
triggering of the completion signal by water 
entering through the side of the titrator at either 
end of the yellow moisture indicator strip. Care 
must be taken to keep this portion of the titrator 
free from water. After the completion signal has 
been triggered, the titrator strip should be left in 
the solution for an additional 2 min to ensure 
saturation of the capillary. 

Thermal breakdown of additive. As can be seen 
in Table 1, the total chlorine in the MT and CS 
mortars is up to an order of magnitude greater 
than the amount of water-soluble chloride. The 
non-soluble chlorine is a part of the additive 

polymer. An attempt was made to prepare a 
mortar containing only the additive and no 
water-soluble chlorides, by water-leaching all 
the soluble chlorides. However, it was found 
that drying at 105” releases more water-soluble 
chlorides. Successive leaching and drying of 
the same sample resulted in additional water- 
soluble chloride after each drying. This can only 
be attributed to gradual decomposition of 
the polymer. To prepare a mortar containing 
only polymer-bound chlorine, the mortar was 
air-dried at room temperature after the initial 
leaching of water-soluble chlorides. With room- 
temperature drying, no additional water-soluble 
chlorides were detected. 

Because of the release of chlorides from the 
additive by heat, a step was included in the field 
method to heat the mortar sample prior to water 
extraction. A cigarette-lighter flame held for 
half a minute or more to the bottom of the 
test tube adequately releases the chlorides from 
the polymer. A visible darkening of the mortar 
from charring of the poly(vinyl/polyvinylidene 
chloride) is noticed when additive-containing 
mortars are heated. 

Table 3 gives a comparison of Quantab titra- 
tor strip results for heated and unheated mor- 
tars. The increase in water-soluble chlorides 
after the additive-containing mortars, CS and 
MT, have been heated is around an order of 
magnitude. The NW mortar, which contains no 
additive, showed no increase in water-soluble 
chlorides on heating. 

Table 3. Additive detection after cigarette-lighter heating 

Chloride detected, % 

Mortar 
No heating 

(water-soluble Cl- only) 
After heating (1 min) 

(total chloride) 
Additive chloride 

(by difference) 

CS-1 0.13 2.9 2.8 
cs-2 0.10 1.2 1.1 
cs-3 0.10 2.6 2.5 
MT-3 0.46 2.3 1.8 
NW-l 0.018 0.016 0.0 
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Table 4. Total, water-soluble, and additive chlorides in mortars 

Chloride, % 

Mortar Oxygen bomb (total) War-soluble Additive 

MT- 1 2.0 0.22 1.8 
MT-2 2.3 0.77 1.5 
MT-3 ::: 0.52 1.3 
MT-4 0.53 1.1 
cs-2 I.2 0.05 1.1 
NW 0.015 0.015 0.0 
0.5% Cl- 0.52 0.52 0.0 
1.0% Cl- 1.0 1.0 0.0 
2.9% cl- 2.9 2.9 0.0 

Potper chloride vs. water -soluble chkxide. 
To obtain an estimate of only the poly(vinyl/ 
polyvinylidene)-bound chloride in a mortar 
sample, two splits of the sample are used. One 
portion is heated to free all chlorides in the 
polymer for Quantab determination of total 
chlorides; and the other is not heated, allowing 
detection of only the water-soluble chlorides. As 
seen in Table 3, the difference between the two 
results gives an estimate of the additive chloride. 

Interferences. Because of the alkalinity of 
brick mortars, a blackening of the silver dichro- 
mate in the initial portion of the capillary 
column will often be noticed in strips showing 
a negative test for chlorides. This is caused by 
the formation of the dark brown to blackish 
hydrated silver oxide. If chlorides are present, 
the white silver chloride is formed preferentially, 
so the alkalinity does not interfere with the test. 
This was verified by tests with O.lM sodium 
hydroxide containing added chloride. Consul- 
tation of the solubility products for selected 
silver compounds reveals that significant con- 
centrations of free bromide, iodide, sulfide and 
thiocyanate ions in solution can be expected to 
interfere. Sulfates and carbonates will not, as 
was verified by experimentation. Aluminates 
were also tested and found not to interfere. 

Any significant exposure of the strips to direct 
sunlight was found to result in reduction of the 
silver ions in the silver dichromate to elemental 
silver. Humidity affects only the completion 
strip, rendering it useless. 

Laboramy methods 

Table 4 gives the results obtained from 
additive-confining MT and CS mortars, and 
from the non-additive mortar and the chloride- 
spiked mortars by using the oxygen bomb 
method and the water-soluble chloride method. 
The amount of additive chloride in the mortars 
was found by difference. 

The reproducibility of the water-soluble 
chloride method was found to be 10% relative 
standard deviation for the NW sample 
(0.0147 t_O.O014%). For the oxygen bomb 
method, the relative standard deviation was 7% 
for MT-4 (1.55 f 0.11 X), and 8% for CS-2 
(1.20 + 0.09%). 

Figure 1 shows the infrared spectra of the 
THF extracts from a mortar containing no 
additive (NW-l, spectrum A) and from a mortar 
containing the additive (CS-2, spectrum B). In 
the absence of the additive, the characteristic 
spectral peaks at 9.3 pm (1075 cm-‘), 7.0 pm 
(1429 cm-‘) and 5.7 ym (1754 cm-‘) are not 
observed (spectrum A). The CS-2 spectrum (B), 
however, contains the three distinguishing 
peaks, clearly identifying the presence of the 
additive. 

Weighing of the additive extracted by 
THF from sample MT-2 gave a value of 
2.9 & 0.3% (relative standard deviation 10%). 
The chlorine content of vinylidene chloride 
is 73.1%. If the extracted additive is poly- 
(vinylidene chloride), the corresponding chlo- 
rine in MT-2 is calculated to be 2.1%. This 
result does not agree very well with the 1.5% 
additive chlorine found by difference between 
the total (oxygen-bomb) chlorine and water- 
soluble chloride, as shown in Table 3. A quick 
test of the solubility of sodium chloride in 
THF established that the water-soluble chlo- 
rides in the mortar are, indeed, not soluble in 
THF. 

The chlorine content of vinyl chloride is 
56.8%. If this factor is used, the amount of 
chlorine in the MT-2 additive extracted by THF 
is 1.6%, in good agreement with the 1.5% 
additive chlorine found by difference. The build- 
ing from which the MT-2 sample was taken was 
completed in 1973. Prior to the environmental 
regulations restricting its use in October 1974, 
poly(viny1 chloride) was the principal ingredient 
in the mortar additive. 
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Fig. 1. Infrared spectra of THF extracts from mortars. 

Poly(viny1 chloride) can also be seen to 
be present in the CS-2 mortar. By the Baker- 
10 extraction system method described above, 
the content of THF-extracted additive was 
found to be 2.05 + 0.08%. Multiplication by 
the poly(vinylidene chloride) factor of 0.731 
will give 1.50% additive chlorine, whereas 
use of the poly(viny1 chloride) factor of 0.568 
gives 1.16% additive chlorine. The amount 
found by the difference method was 1.15%, 
rounded to 1 .l% in Table 3. Again, good 
agreement is seen if poly(viny1 chloride) is 
the pr~ominant polymer present. The building 
from which the CS mortar was taken was 
completed in 1974, and would also have been 

T.&L. 37/7.-H 

built with use of the ~ly(~nyl chloride) 
additive. 
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Summary-Potentiometric and visual end-point titrations with N-bromophthalimide and N-bromo- 
saccharin are proposed for the determination of vitamin C in various pharmaceutical preparations. These 
methods are simpler than the existing methods for the purpose. 

Vitamin C (ascorbic acid) preparations may 
consist of the pure compound or its mixtures 
with other vitamins. The methods available 
for their analysis include titration with iodine,’ 
IV-bromosuccinimide,’ chloramine-T,3 chlor- 
anil and 2,6-dichlorophenolindophenol,’ and 
methods using cupric salt6 and ceric ammonium 
sulphate.’ Recently, we have recommended use 
of ~-bromophthalimide (NBP) and N-bromo- 
saccharin (NBSA) for the determination of 
some sulpha drugs and carbohydrates, on 
account of their stability and reactivity.“” 
We now report their use for analysis of vitamin 
C preparations. 

EXPERIMENTAL 

Apparatus 

A Toshniwal titration potentiometer type 
CL 06A fitted with a “null meter” detector, 
magnetic stirrer, a smooth platinum indicator 
electrode and an aqueous saturated calomel 
reference electrode was used for direct potentio- 
metric titrations. 

Reagents 

NBP and NBSA were prepared by brominat- 
ing phthalimide and saccharin, respectively. 
Their standard solutions (N O.OlM) were pre- 
pared in anhydrous acetic acid and were kept in 
amber-coloured bottles as reported earlier.“*” 
The vitamin C preparations were obtained from 
the local market. A known weight (~0.5 g) of 
each preparation was dissolved in water (tablets 
are powdered first), and any residue was filtered 

*Author for correspondence. 

off on a Whatman No. 41 filter paper and 
washed with water 5 or 6 times, the filtrate and 
washings being collected in a 2%ml standard 
flask and made up to the mark with water. A 
standard solution of pure vitamin C ( -0.5 g in 
250 ml) was also prepared. The concentrations 
of these solutions were checked by the iodi- 
metric method.’ For visual end-point titrations, 
aqueous Quinoline Yellow solution (0.1%) was 
used as the indicator.‘* 

Procedures 

Potentiometric titration. A known vohrme 
(5-15 ml) of vitamin C solution was titrated 
with NBP or NBSA added from a microburette. 
The potential after each addition was measured 
after stirring the solution for a few seconds. 
Towards the end-point the titrant was added in 
0.1 ml portions and the solution was stirred for 
30 set for steady potentials to be obtained. 
The titration was continued until there was no 
significant change in potential on further addi- 
tion of the oxidant. The equivalence points were 
calculated graphically.‘* 

Visual end-point titrations. Two drops of indi- 
cator were added to a known volume (5-15 ml) 
of vitamin C solution, which was then titrated 
with NBP or NBSA added from a microburette 
until the indicator became colourless. 

The amount of(W) of vitamin C is calculated 
from the following equation. 

W = 176.1MV mg 

where W is the amount of vitamin C present 
in the sample titrated, M the molarity of the 
NBP (or NBSA) solution, and V the volume of 
titrant used. 

269 
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Table I. Direct notentiometric titrations with N-bromoohthalimide and N-bromosaceharin* 

Tablet/syrup 

Maker’s 
specification, 

mgltablet 
or mgjml 

NBP NBSA 

Found, Found, 
mgllablet C.V., mgltablet C.V., 
or mg/ml % or mgjml % 

Chevicee 500 499 0.8 497 0.3 
Celin 500 500 0.2 502 0.4 
Redoxon 500 504 0.1 502 0.2 
Ceecon Drops 100 98 0.3 99 0.4 
Sorvicin Drops 100 101 0.8 97 0.5 
Sukcee Drops 100 97 1.0 95 0.6 
Abdec Drops 100 83 0.3 82 0.1 
Becosules 150 150 0.9 149 0.9 
Basiton Forte 150 165 0.4 155 1.0 

*Averages of 10 replicates; C.V. = coefficient of variation. 

RESULTS AND DISCUSSION 

The results are presented in Tables 1 and 2. 
During the titration, ascorbic acid is oxidized 
to dehydroascorbic acid by NBP and NBSA, 
which are reduced to phthalimide and saccha- 
rin, respectively, as reported earlier.‘O*” 

Direct potentiometric titrations were suc- 
cessful for all the vitamin C preparations 
studied, with both NBP and NBSA, but direct 
visual end-point titrations were possible only 
for six of the preparations and were unsuc- 
cessful for Abdec drops, Basiton Forte and 
Becosules because these are coloured. The 
results show that all four methods are reason- 
ably accurate and precise. The potential jump 
is high (-300 mV) and electrode equili- 
bration rapid (< 30 set). The colour change at 
the end-point (yellow to colourless) is very 
distinct. 

Validation was done with two typical 
samples, Celin and Redoxon, for both NBP and 
NBSA, by determining the recovery of known 
amounts of added vitamin C (-4-10 mg). 
The recoveries were 99.1-100.5% (Celin) and 
98.7-100.8% (Redoxon) for NBP titration, 

and 98.3-100.9% (Celin) and 98X&100.7% 
(Redoxon) for NBSA. The effect of vitamins B,, 
B6 and B,*, which are usually found in vitamin 
C preparations was also studied, and they 
were found not to interfere in determination of 
8 mg of vitamin C when present in 1.5-4.5 mg 
amounts. However, in similar experiments 
substances such as cysteine and glutamic acid 
were found to interfere, causing high results. 
Tablet excipients such as starch, lactose, 
calcium and magnesium stearates and talc do 
not interfere. 

The proposed methods have some advant- 
ages over existing methods for the analysis of 
vitamin C preparations. All four are direct 
titrations without addition of auxiliary agents 
(unlike the chloramine-T method’). The indi- 
cator used for visual end-point detection is 
reversible, so over-titration can be corrected by 
back-titration with ascorbic acid, in contrast 
to the chloramine-T method in which an irre- 
versible indicator is used.3 The proposed 
methods can be used for the determination of 
vitamin C in certain multivitamin preparations 
without prior separation. 

Table 2. Direct titrations (visual end-point) with N-bromophthalimide and N-bromosaccharin* 

Tablet/syrup 

Chevicee 
Celin 
Redoxon 
Ceecon Drops 
Sorvicin Drops 
Sukcee Draw 

Maker’s 
specification, 
mgltablet or 

mglml 

500 
500 
500 
100 
100 
100 

NBP 

Found, 
mgltabb or C.V., 

wlml % 

498 0.9 
501 0.1 
503 0.9 
99 1.1 

100 1.8 
96 0.6 

NBSA Comparison method? 

Found, 
mgltablet or 

mglml 
C.V., 

% 

Found, 
mgltablet or C.V., 

mnlml % 

497 1.1 498 1.2 
503 0.1 503 0.6 
501 0.7 498 0.8 
99 0.8 95 1.4 

101 1.7 98 1.4 
97 1.4 94 1.4 

*Average of 10 replicates. 
Hodimetric method. 
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text and symbols, including Greek characters. True superscripts and 
subscripts can be used. Colour is available on screen, and can be printed 
on appropriate printers, plotters, and slides. Figures can be exported as 
disc files for incorporation in uord-processor documents. 

Potential users: all scientists. 

Fields of interest: -- any science. 
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ANALYTICAL APPLICATIONS OF SOME FLOTATION 
TECHNIQUES-A REVIEW 

M CABALLERO, R CELA* and J A PEREZ-BUSTAMANTE 

Department of AnalytIcal Chemistry, Faculty of Sciences, Umverslty of Cadiz, Spain 

(Receroed 10 August 1987 Rewed 10 July 1989 Accepted 28 July 1989) 

Summary-A review IS given of the prmclples and more recent apphcatlons of foam flotation 

Separation techniques based on use of adsorp- 
tive bubbles (flotation techniques) have received 
a great deal of attention m chemical engmeer- 
mg, but have awakened less interest m analytical 
chemistry Flotation techniques were first used 
to obtain mineral concentrates or selective sep- 
aration of them. 

In chemical engineering, these techniques be- 
gan to expand m the 1960s and today have 
many apphcatlons m industry, to separate toxic 
substances, suspended solids, micro-organisms, 
efc from residual, mdustnal, sea and drinkable 
waters. These techniques turned out to be very 
simple compared with classical separation 
methods such as liquid-liquid extraction, ion- 
exchange, co-preapltatlon etc. They allow the 
handling of large volumes of sample, and 
present considerable saving m reagents, time 
and energy. Their analytical applications started 
to be studied m the middle 197Os, especially m 
the U.S.A., U S.S.R. and Japan Sometimes, 
this makes it difficult to achieve a readily 
accessible bibliography On the other hand, 
the U S A. papers are basically m chemical 
engineering 

Discussions of these techniques as methods of 
separation and/or preconcentratlon are not yet 
available in analytical chemistry textbooks and 
they are scarcely found even as monographs and 
reviews. The monograph edited by Lemhch’ 
presents a general treatment of all these tech- 
niques, as well as their development up to 1972. 
There are also some very specialized mono- 
graphs, such as Sebba’s on lomc flotation,’ and 
another more recently by Clarke and Wilson3 
that discusses the theory and applications of 
foam separations. Some books on separation 
methods contam chapters dealing more or less 

*Author for correspondence 

extenslvely4-6 with the general or particular 
aspects of these techniques. 

The most outstanding recent reviews are 
those by Clarke and Wilson,’ and by Hlralde 
and Mlzmke 89 The first 1s a very complete 
review of books, reviews, theories and models of 
separation by flotation, including a section on 
metal and organic compound separations The 
last two reviews consider flotation techniques 
from an analytical chemistry perspective, 
especially precipitation and ion flotation of 
organic and morgamc species; unfortunately, 
the Russian work 1s largely ignored. 

At the present time flotation studies on most 
of the elements are known (Fig. 1) as well as on 
a large number of different species, therefore, m 
the present review the analytical apphcatlons of 
precipitate flotation are included, as well as ion 
flotation and solvent sublatlon, covering the last 
few years (from about 1980). Furthermore, a 
description of the techniques, and the theoretl- 
cal foundations of precipitate flotation and sol- 
vent sublatlon are included, because these are 
the most interesting m analytical chemistry 

DESCRIPTION AND CLASSIFICATION OF 
THE TECHNIQUES 

Lemhch’ proposed the term “Adsubble Tech- 
niques”, based on a contraction of “adsorptive 
bubbles” There are a number of separation 
methods, based on differences m surface ten- 
sion, m which dispersed solids, precipitates, 
collolds and dissolved substances are adsorbed 
on an ascending gas stream, and thus separated 
from the liquid mass where they were initially 
This separation 1s due to the ability of some 
species to onent themselves m the air-water 
interface, and the adsorption on the bubble 
surfaces is due to the presence of certain func- 
tional groups. The substances to be separated 
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H I I I I I I I I I I I He 

Fr RO AC 
I I I I I I I I 

Fig 1 The elements withm the shaded area are those with ions amenable to separation by flotation 
techniques 

by means of these techmques must either 
already possess these groups or be given them 
by addition of some surfactant agent 

Karger et al ‘O classified these techniques m 
two large groups based on foam formation 
(Table 1) Later, Pmfold” suggested they should 
be classified according to the adsorptton mech- 
anism, depending on the flotation of particles, 
ions and molecules 

Obviously this second option IS more logical, 
but m practice the classification by Karger et al 
contmues to be the more widely accepted. 
Accordmg to it, m the first group (non-foaming 
techniques) the bubble fractionation techmque” 
must be included, which can be used for the 
separatton of the solution components by 
adsorption on the bubbles of an ascendmg gas 
stream, leading to an enrichment of the surface- 
active substances m the upper zone of the 
column. This IS the stmplest ‘“adsubble 
technique” and also the least used m practice It 
is mamly applied to the separation and/or pre- 
concentration of surfactants at low concen- 
trations. Obvtously, m this case It is not 
necessary to add a foaming agent. In practice, 
these phenomena and fractionation processes 

could occur by accidental bubble formation, 
as tn the hberation of gas during a chemical 
reaction, and this can give rise to separations of 
surface-active substances 

The techmque known as solvent sublation 
was mitially proposed by Sebba’ as an option 
for ion flotation, if excessively copious foam 
formation occurred The mam difference from 
the other techniques IS that the substances ad- 
sorbed on the ascending bubbles, once they 
arrive m the column upper zone, find a different 
layer of solvent, mmiscible with the liquid from 
which we wish to separate them This lmmlsclble 
liquid collects the substances (sublates) which 
arrive at the interface, and this produces the 
separation of these substances. 

The “adsubble techniques” with foam for- 
mation are divided mto two large groups foam 
fractionation and flotation 

Foam fractionanon consists m the separation 
of dissolved substances which possess a lyopho- 
bit group or (m which case they are called 
colligends) can be made sufficiently surface 
active by combmatton with surfactant agents 
(collectors) by chelate formation, ionic bond- 
mg or any other kmd of union, the resulting 

Table I Classtficatton of the flotation technrques accordmg to Karger 
Pf al I0 

Non-foammg techmques 
Solvent sublatlon 
Bubble fractlonatlon 

f Foam fractronatlon 

Foam separation 
Macroflotation 
MIcroflotation 
Preclpltate flotation 
Iomc flotation 
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surface-acttve substances being adsorbed on the 
surface of the bubbles ascendmg through the 
hqmd mass 

Flotation techniques can be divided, m turn, 
into four large groups 

I--MacroJlotatzon An example is mineral 
flotation, a widespread and intensively studied 
technique used m the mmmg Industry for ob- 
taming mineral concentrates and ehmmatmg 
impurities. 

II-Mzcrojlotatzon Flotation of micro- 
particles such as colloids, micro-organisms The 
analyte may be adsorbed on a charged colloidal 
species generated to act as a carrier, and the 
collotd may be floated by addition of alsurfac- 
tant, as in precipitate flotation 

III-Preczpztate Jotatzon Separation of sub- 
stances by precipitation and gas streaming, m 
which bubbles are adsorbed on the precipitate, 
floating it up to the liquid surface It IS possible 
to consider two kinds of precipitate flotation 

(4 Precipitate flotation of the first kmd The 
surfactant does not itself form an msolu- 
ble compound with the species to be 
separated, but helps it to reach the surface 
of the hquid mass when it is precipitated 
with some other reagent This has been 
used m two different ways In some cases 
the ion to be separated is precipitated, and 
m other cases, is co-precipitated with 
an excess of some other precipitate or 
colloid, and then the combined floe IS 
floated This last technique has been the 
most used, and is probably the one 
exhibitmg greatest analytical interest 
Sheiham and Pinfold13 named it co- 
flotation 

(b) Precipitate flotation of the second kmd 
Here the addition of a surfactant is not 
necessary, because a hydrophobic sub- 
stance is formed from two hydrophilic 
ones 

IV-Zon Jlotatzon This was introduced by 
Sebba,? I4 and is the separation of ions m solu- 
tion that are not surface-active, by addition of 
surfactants (collectors), and the subsequent pas- 
sage of a gas stream to produce a foam contam- 
mg a solid compound of the surfactant with the 
species of interest. Normally the collector is an 
ion with opposite charge to the colhgend, but 
any suitable type of chemical union can be used. 

Some related techniques are “lammae column 
foaming”15 and “booster bubble fractionation” I6 
The first technique IS a flotation process of 

lammar type, by means of a contmuous chain of 
wall-to-wall bubbles rtsmg up the column. The 
second uses volatile organic compounds, to- 
gether with the gas bubbles, m solutions with a 
low concentration of active substance, causing 
foam formation and subsequent separation, this 
may be quicker than the classic flotation tech- 
nique, and improves the selectivity. 

The “adsorptive droplet techniques”” are 
similar to these techniques but, instead of gas 
bubbles, droplets of mmiscible liquid are added 

In “solvent sublation” a water-msoluble 
organic solvent is floated on top of the column 
to extract neutral species from the foam. 

Finally, it should be mentioned that the term 
“spectrophotometric-flotation”, although ap- 
parently related to those above, is different 
because there is no gas bubbling, and therefore 
it cannot be considered as an “adsubble tech- 
nique” It is based on the fact that some ion- 
pairs are not soluble m polar organic solvents, 
and when an aqueous phase is shaken with an 
organic solvent, a precipitate origmates m the 
interface or on the extraction funnel walls Once 
both phases have been separated the precipitate 
is dissolved m an appropriate solvent, and the 
correspondmg measurements are made by spec- 
trophotometry This technique was introduced 
by Marczenko et al I8 

INSTRUMENTATION 

There are no mstruments on the market for 
these techniques, and because of the simphcity 
of the necessary devices, these are tailored 
according to the task m hand. However, all 
flotation set-ups include several common basic 
devices. 

-Gas generating source This can be a small air 
compressor or gas cylinder Air is the gas 
most commonly used, however there are 
works that report use of nitrogen, helium or 
argon 

-Regulator system for controllmg pressure and 
gas flow (needle valves, etc.). 

-Gas washing flask Its purpose 1s to presatur- 
ate the gas with water or other suitable sol- 
vent, to avoid any change m the volume of the 
system In some cases tt is used to eliminate 
carbon dioxide from the system to avoid 
undesirable reactions m the column. 

-Flowmeter. This is for measurmg the gas 
flow-rate through the column, normally a 
soap-bubble flowmeter is used. 
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-Column. Glass IS generally used, but plastic 
columns are also used. The size and form are 
based on the system needs, but there IS always 
a smtered-glass plate at the bottom wtth 
adequate porostty (usually G3 or G4). The 
gas passing through this porous plate pro- 
duces the small ascending bubbles which 
generate the foam 

rers, devices for collectton of the foam and 
precipitate (foam suctron sets, polyethylene 
lammae on the walls of the column to keep the 
precipitate attached; shielding and safety 
devices for work with radioactive substances, 
etc.), lateral taps (to allow monitoring the kinet- 
ICS of the process, to discharge the hqutd at the 
end of the process, or as an outlet for effluent m 
contmuous flow operation), and a thermometer. 

Auxthary equtpment, varying from case to Figure 2 show some of the devices reported 
case, may include pertstalttc pumps (generally A typtcal solvent sublatron column IS rllustrated 
used for contmuous operation), magnetic sttr- m the paper by Womack et al.” 

(a I 

To 

Prepurifled 
nitrogen 

Cork stopper’ 

Fig 2(a) 

A 
0 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 

Pressure gauge 
Fine needle valve 
Flow meter 
Gas humidifier 
Gas inlet stop valve 
Pressure releasing valve 
Smtered gloss fret 
Rubber septum 
Froth drain 
Waste drain 
Water (push up) inlet 
Water reservoir 
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Smtered / 
glass disc 
( porosity F) 

Fig 34 

(f) 

Nitrogen + 
7 

\ 

t 

Foam layer b 
contammg’ 
preclpttates * 

Flotation ’ * 
\ ’ J ’ ‘cell 

. 

Smtered -,,’ . e 
glass disc 
(porosity-4) ’ 

Nitrogen 

I 

Samplmg tube 

I 
To asplrotar 

Stirring bar 

/ 
Magnetic stirrer 

(d 1 

reservoir 

Diagram of flatatlon cell A, Pressure gauge; 
8, fine needle valve, C, flow meter, D, gos inlet valve; 

E, pressure injectIon pomt (rubber septum); H, foam dram, 

I, drain valve; and J, water Inlet 

(e) 
ercury overflow trap 

Control box 

Fig 263 

(cl) 
Glass tube 

Silicone rubber 
stopper 

Suspended sollds 

Foam layer 

Sample 

Glass flotvl: j 

nominal porosity) 

Fig 2(g) 

Nitrogen 
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1 A 1 Separation tube ; ( B 1 foam collector tcontammg 5 ml of 1 -propanol); 
(C ) flow meter ; (13 I nttrogen cylmder , ( E 1 three-way cock; (F 1 effluent 
dram, (Gl , GP 1 mlxmg chambers, (HI, H2, Iif 1 plunger pumps; ( I I diaphragm 

pump, ( J 1 surfactant solutton 11% SLS) reservoir; ( K 1 1 % NEDA salutlon 

reservoir, ( L ) 2% ABSA solution reservoir, ( Mt ,I$ ,M3 ,Mg 1 sample reservoirs 

The coil between G2 and A IS 8m long 

I% 2(J) 

F% 2(k) 

Rg 2 Some examples of flotatton apparatus Reproduced, v&h pernnsston, from (a) reference 19, p 158, 
by courtesy of Marcel Dekker, Inc , (b) reference 20, p 507, by courtesy of Marcel Dekker, lnc , (c) 
R S S Murthy and D E Ryan, Anal Chem , 1983,55,682, copyright 1983, American Chemtcal Society, 
(d) W J Wtlhams and A H Gtllam, Analyst, 1978, 103, 1239, copyright 1978, Royal Soctety of 
Chemtstry, (e) reference 23, p 358, by courtesy of Marcel Dekker, Inc , (f), (g) reference 6, by courtesy 
of Sprmger-Verlag, Hetdelberg, (h) reference 24, copy&t 1983, Elsevter Sctence Pubhshers, 
(I) reference 25, p 606, courtesy of Marcel Dekker, Inc , (J) reference 26, copyright 1982, Elsevter Science 

~bltshe~, (k) reference 27, p 621, by courtesy of Marcel Dekker, Inc 

PARAMETERS AFFECTING THE FLOTATION colligend and collector concentratrons and then 
PROCESSES relationship, pH and ionic strength); others 

are im~rtant for particular techniques (for 
Several factors influence the processes: some example, the induction time). The operational 

affect the solutton and others are operational variables include gas flow-rate, porosity of the 
factors. Some of the first group are of basic sintered-glass plate, average bubble size, and the 
Importance for all the flotation techniques (e g , column geometry 
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Collector and colhgend concentration 

If the collector concentratton 1s too low, there 
will not be enough colhgend-collector product 
(ion-pan-, complex, adsorption compound, etc.) 
formed, so not all of the colhgend will be 
separated by adsorption on the gas bubbles 

On the other hand, tf too htgh a concentratton 
of collector 1s present, although ton separation 
is favoured, the excess of collector will compete 
for sites m the bubble surface, and may even 
form mtcelles tf us CMC (crtttcal micelle con- 
centration) 1s reached In all cases undesirable 
effects on the flotation process are observed As 
a rule, to achieve a complete separation m ton 
flotation and solvent sublation, tt 1s necessary to 
have a collector concentratton m excess over the 
stotchtometrrc amount In precipitate flotation 
the collector concentratton has to be large 
enough to form a foam that 1s stable and 
persistent enough to keep the precipitate 
suspended; this is not related to the sublate 
stotchtometry 

The colhgend concentratton 1s related to the 
collector, and tt may be necessary to use dtffer- 
ent concentrattons with different techmques 
For example, m prectpttate flotation, the re- 
lattonshtp between the amounts of colhgend and 
precipitate has to be considered, as well as the 
precipitate solubthty, to avoid redtsperston of 
the prectpttate mto the bulk solution 

pH of the solution 

The most crittcal variable for all the tech- 
niques 1s the pH of the solutton, since it will 
determine the sign and magnitude of the charges 
on the surface and some of the tonic spectes 
mvolved m the process Variation of pH can 
produce colhgend charge vartattons by hydroly- 
SIS or by formation of other complexes that can 
produce colligends, precipitates and changes m 
the collector behavtour. In ton and precipitate 
flotatton, the pH has an influence on foam 
stability 

Ionrc strength 

The influence of the iomc strength of the 
medium varies from technique to technique, 
probably because of the different effects that 
take place in the adsorption process on the 
Interface responstble for the separation Usu- 
ally, an increase m the tome strength will de- 
crease the effectiveness of separation, probably 
because of competition between the colhgend 
and the other tons for the collector Since 

surfactant adsorption m the gas-liquid interface 
IS increased with mcreasmg tome strength, 
foam-type separations are improved when the 
iomc strength 1s increased, unless the surfactant 
concentratton reaches the CMC In precipitate 
flotation of the first kmd and m ton flotation the 
effectiveness of separation usually decreases 
when the tome strength of the medtum 1s m- 
creased, owing to competttton by the foreign 
tons for the collector, on the other hand, the 
surfactant will float more quickly Finally, m 
precipitate flotatton, mcreasmg the tome 
strength will increase the solubthty of the pre- 
cipitate However, the addition of foreign tons 
could produce changes m the nature of the 
colhgend, thus enabling separations which 
would not be possible otherwise For instance, 
the additton of certain tons may give rtse to 
formatton of complexes with opposite charge to 
that expected, changing the behaviour of the 
surfactant, and consequently give rise to an 
effective separation 

Inductton time 

The duration of agitation of the sample be- 
fore tt is transferred to the flotation cell could 
have a postttve influence on the separation This 
1s the case for precipitate flotatton, because the 
longer the time, the bigger the particles formed 
m the precipttatton or co-prectpttatton reaction 
Nevertheless some workers’ 29 advise not to use 
an mduction period, but to add the surfactant 
at the beginning of the flotation or even stepwtse 
during the flotation process This factor 1s tm- 
portant m connectton with opttmtzatton of the 
process, though less so than the flow-rate, pH, 
and tome strength of the medium 

Temperature 

The effect of temperature varies according to 
the particular system Thus m some cases an 
increase of temperature has no effect on ton 
flotatton, whereas m others tt may have postttve 
or negative effects. In precipitate flotation a 
temperature increase has a posittve effect due to 
us influence on the size of the particles formed 
On the other hand tt will also increase the 
solubthty of the precipitate and the mstabthty of 
the foam, gtvmg rise to partial dissolutton of the 
precipitate and msuffictent foam consistency to 
hold up the precipitate. Increase or decrease m 
the separation yteld as the temperature increases 
can be explained as due to collector adsorption 
being a temperature-dependent physical or 
chemtsorptton process Since this parameter has 
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an important and variable influence on the 
flotation process, it is very interesting to study 
each particular case, especially for large 
temperature variations. 

Presence of ethanol 

Addition of small quantities of ethanol (or 
any other substance for the same purpose) to the 
solution has several functions, such as avoiding 
micelle formatton and decreasing bubble size, 
which will improve the separation. However, 
large quantities of ethanol could give rise to 
foam breakage (too quick coalescence) or cause 
no foam at all to form. Most of the collectors 
are added m ethanohc solution, because of their 
low solubihty m aqueous solutions Usually it is 
not necessary to add more ethanol than that 
added with the collector, but this has to be 
decided from the results obtained for each case 

Gas flow -rate 

One of the most important parameters is the 
gas flow-rate, which depends on the technique 
to be used, the quantity of sample, and the 
porosity of the smtered-glass plate fitted m the 
column. When fine-porosity plates are used 
the flow-rates are lower and the separation yield 
increases with the flow-rate, a mild turbulence 
being produced, causing precipitate redisper- 
sion. Thus fine-porosity plates are used m ion 
flotation and solvent sublation, with low flow- 
rate to avoid fluctuation of the organic layer or 
turbulence near the foam layer In precipitate 
flotation smtered-glass plates of higher porosity 
are used together with higher gas flows, m 
order to maintam a consistent foam that sup- 
ports the precipitate, thus avoidmg its re-entry 
into solution m cases characterized by slow 
kinetics. 

Smtered-glass plate porosrty and bubble size 

The smtered-glass plate porosity and the bub- 
ble size are usually very closely related to the gas 
flow-rate. Normally, it IS better to use small and 
uniform bubbles, because the gas-liquid mter- 
face surface is increased. 

Column form and size 

The column form, size and arrangement in- 
fluence the efficiency of the process. There are 
some works m the literature proving that the 
cross-section, capacity,30 and mclmation from 
the vertica13’ have an influence on the sublate 
recovery. 

PRECIPITATE FLOTATION AND SOLVENT 
SUBLATION MECHANISMS 

Precipitate Jlotation 

There are currently several physical models 
available to explain precipitate separation by 
flotation; those most often used are based 
on coulombic attraction (the Gouy-Ghapman 
double-layer) and on the contact angle (for 
mineral flotation). 

Both models are complementary and valid, as 
shown m the theoretical developments pub- 
lished by Wilson and co-workers32-50 smce 1974, 
in which they have been trying to predict and 
lustify the influence that some variables have on 
the flotation process, introducing successive 
modifications and considerations m both 
models, and reporting experimental results to 
support their arguments. 

Coulombrc attraction model. Jaycock and 
Ottewillsl observed that m a colloidal dispersion 
of silver iodides mmally exhibitmg a negative 
electrophoretic mobility, the charge was first 
neutralized and eventually became positive 
when HEDABr (see surfactants abbreviation 
key on p 292) was added. They explained that 
m this phenomenon the polar groups of the 
surfactant are linked to the charged particle 
surface by electrostatic forces, formmg a single 
layer, but if all the surface charges are neutral- 
ized the zeta potential becomes zero, and if 
a second layer of surfactant molecules is 
adsorbed, held by van der Waals forces, this 
would give rise to an increase of the zeta 
potential, even up to positive values. 

DeVivo and Karge?* started from this model 
and took into account that the zeta potential 
will be related to the surface charge, and will 
depend not only on the type and concentration 
of the surfactant but also on the presence of 
electrolytes and the quantity of particles 
present. They studied the correlation between 
potential, ionic strength and particle size with 
the purpose of evaluating the influence of these 
variables on the flotation process From exper- 
imental results on flotation of kaolin and mont- 
morillomte with HEDABr, they proved that 
addition of electrolytes produced a decrease m 
the initial zeta potential and a loss of efficiency 
m the flotation process, therefore, m prmciple, 
an inverse relation is expected to exist between 
the aggregate sizes and the degree of flotation. 
However, this result disagreed with that pub- 
lished by Rubin and Lackeys3 to the effect that 
flotation of Baczllus cereus IS considerably better 
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when it is coagulated with alum. Taking into 
account the work of Spargo and Pmfold*’ on the 
influence of bubble size, DeVlvo and Karger” 
found that this difference arose from the use of 
smaller bubble sizes and smaller flow-rate by 
Rubm and Lackey To prove this they examined 
the clay separation with sintered-glass plates 
of lower porosity, and obtained much better 
results with coagulated species. 

Just before the work of DeVlvo and Karger” 
was published, a paper by JornC and Rubm55 
appeared m which they applied the Gouy- 
Chapman theory of the double electric layer 
to predict the dlstrlbutron of species by foam 

Thus the bubble size can affect the capacity of 
the particle-surfactant species to become at- 

fractlonatlon, taking mto account the sizes and 

tached to the bubbles, and consequently the 
effectiveness of flotation When plates of higher 

charges of the species They found that the 

porosity are used, bubbles of the same size as 
the particles, or even bigger, are formed; there- 

experimental results agreed with the theoretical 

fore, the attachment of more than one bubble to 
a particle will be less likely, and the particles’ 

model 

capacity to float will be consequently reduced 
Using smaller bubbles will increase the proba- 
bility of union of more than one bubble with 
an aggregate, and therefore increase flotation 
separation The bubble size also has an influence 
on the stability of the foam,54 foam obtained 
with big bubbles IS usually less stable. 

Wilson and Wilson, m the first work of their 
series tried to apply the Gouy-Chapman theory 
to Justify the fact, already very well known, that 
increasing the tome strength causes a decrease in 
flotation efficiency By means of a series of 
calculattons, they determined the free energy 
responsible for the attraction forces between the 
precipitate particles and the surfactant film 
Using a computer slmulatlon program, they 
calculated the varlatton of the free energy with 
romc strength, concluding that these values were 
m good agreement with those expected from the 
influence of lomc strength 

Later, Huang and Wllson33 studied the equr- 
hbrmm of separation of the precrpitate from the 
hqurd mass. Starting from the Gouy-Chapman 
model they studied the effect of several factors 
on the kmetrcs and equrhbrmm of precipitate 
flotation. Starting from a l-cm2 film surface area 
and thickness L, they calculated the varlatton of 
the collold concentration with time and distance 
from the film, as a function of the solution 

potential, which itself IS influenced by the du- 
tance, ionic strength, dielectric constant and 
temperature The results of this model indicated 
that the mrgratlon of the collards must be 
extraordinarily fast, so the equilibrium between 
the precipitate particles in the boundary layer 
and the inner part of the foam should be the 
process-controlling factor. 

Wllson36 calculated the adsorption isotherms 
by using three different approximattons, taking 
mto account the finite volume of the floes and 
the tons responsible for the tonic atmosphere 

Wilson and Wilson also studied the influence 
of lomc strength, charge and floe size on the 

With any of these models there 1s a decrease m 

flotation process, taking mto account the floe 
volume 34 A first study on the attachment of 

the adsorption isotherms when the tonic 

surfactant film to collotds, m agreement with a 
simple model, allowed them to obtain expres- 

strength and temperature increase (m the last 

sions tur accordance with the experimental re- 
sults, 

model to only a slight degree), but there 1s only 

that mcreasmg precipitate floe size 
decreases the process efficiency With a model 

very small influence of the ion size 

based on the Gouy-Chapman theory, they stud- 
led the electrostatrc attraction between the 
charged surfactant surface and the floes, m 
terms of electrolyte concentratron and dielectric 
constant of the medmm This last model was 
found to furnish results similar to those obtained 
with the simple one, but was more precise. 

Wilson, using methods from statlsttcal me- 
chanical studies of non-ideal gases, calculated 
the adsorption isotherm, taking mto account the 
attractions and repulsions produced between 
the flocs3’ He developed four models to calcu- 
late the isotherms, and studied the influence of 
tonic strength, temperature, etc on them, ob- 
tammg slightly different isotherms according to 
the approxtmattons used, especially when the 
floe size IS large. All these models predict a more 
or less marked decrease m the adsorption when 
the lomc strength increases, whereas the tem- 
perature has a much less marked effect. 

According to the data published by Rlddrck,56 
some collolds with negative zeta potential pro- 
duced an even smaller zeta potential when small 
quantities of electrolytes were added, and this 
might cause some collolds to float more 
efficiently On this basis, Clarke et al 39 studied 
the effect produced by different variables on the 
zeta potential, and on ton adsorption by floes 
They applied it to the adsorption of different 
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anions, and the effect of glycerine (by means of 
the possibility of iron-complex formation) on 
the flotation of Fe(OH), with NaLS. According 
to the Gouy-Chapman model and taking as 
a basis the effect of electnc potential, they 
calculated the influence of the adsorbed ion 
and the temperature at different electrolyte 
concentrations, observing that larger differences 
appeared when low electrolyte concentrations 
were considered. 

The contact angle model. For mineral 
flotation Fuerstenau and Healy” proposed a 
model m which the surfactant polar tail is 
directly adsorbed on the solid surface. At 
sufficiently high concentrations, the surfactant 
hydrocarbon tail presents a rather hydrophobic 
surface to be attached to the bubble, this 
allowmg the flotation In this model, hemimi- 
celle formation on the solid surface has a special 
interest; it occurs when there is a high enough 
concentration of the surfactant, and is caused by 
the van der Waals forces between the surfactant 
hydrocarbon chains. Therefore, the larger the 
surfactant chain the smaller the surfactant con- 
centration required to produce the flotation. 
The same phenomenon explains the rapid in- 
crease observed m flotation when the surfactant 
concentration is increased 

Fowler and Guggenheim” described a 
method for the approximate calculation of 
adsorption isotherms, with models similar to 
those later proposed by Fuerstenau and Healy. 
Wilson used these approximations for the 
isotherm calculation, taking mto account the 
electric potential m the vtcmity of the solid 
surface.38 From the results obtained it was con- 
cluded that a temperature increase will increase 
the surfactant concentration necessary to form 
the hemimicelle, and an increase of the ionic 
strength will decrease the quantity of surfactant 
agent needed. 

Wilson and Kennedy, using the same model, 
studied the effect of an increase in the surfactant 
concentration on hemimicelle formation.40 In 
this case, there will be a situation m which the 
formation of a second layer over the first will 
change the character of the particle, making 
it hydrophilic, and consequently no separation 
will take place From a theoretical analysis of 
this adsorption phenomenon on the first layer, 
the effects of the ionic strength, length of the 
hydrocarbon chain, temperature etc. were 
inferred. The results obtained are as expected; 
an ionic strength increase will bnng about 
a decrease in the flotation effectiveness. An 

increment in the carbon chain length generates 
an increment of the van der Waals forces and, 
facilitates the formation of a second layer, 
which blocks the flotation. Therefore, it is neces- 
sary to take special care when the concentration 
of long-chain surfactants is increased. 

With the same model Kiefer and Wilson 
studied the effects (on the adsorption isotherms) 
of the coulombic repulsions of the surfactant 
tonic heads, and the van der Waals attractions 
in the hydrocarbon chains.42 

In the last works of the series Wilson and 
co-workers undertook the calculation of iso- 
therms for surfactant mixtures.46*48~50 The results 
obtained& show that the isotherms can vary 
widely, depending on the factors to be consid- 
ered; it was therefore suggested that for indus- 
trial use these isotherms should be calculated to 
economise in use of expensive surfactants.40 

Solvent sublatron 

According to Sebba’ the separation mechan- 
ism m the solvent sublation technique 1s very 
simple. As the gas bubbles pass through the 
liquid mass they collect the colligend-collector 
species, which is then transferred to the organic 
phase on the upper surface of the liquid 
mass 

Later, Karger’s group and associates made a 
series of studies and deduced a much more 
complex mechan~sm.27*sg-63 The bubbles are en- 
nched in the matenal when they are passing 
through the aqueous medium. When they arrive 
at the liquid-hquid interface they are not able to 
overcome the interfacial tension immediately. 
Also, some bubbles coalesce before passing 
through the interface. It is expected that repul- 
sions between the bubbles, deriving from the 
zeta potentials, would result m a slow bubble 
coalescence process. Consequently, a relatively 
stationary bubble layer is formed under the 
liquid-liquid interface; the liquid trapped m this 
layer is protected from the turbulence of the 
ascending bubbles m the aqueous phase 

When the coalescmg bubbles are moving 
through the liquid-liquid interface, they carry 
away a small quantity of the liquid contained in 
the aforementioned interfactal region, although 
its amount is much less than the quantity of 
hqutd trapped m some other bubble flotation 
techniques. The collector and colligend (sublate) 
that go to the organic phase dissolve in it 
quickly, while the accompanymg water returns 
to the aqueous phase as small drops once 
the bubbles are broken down. All these are 
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experimental phenomena readily observed in 
the laboratory. 

In Karger’s hypothesis it is accepted that 
probably an equihbrrum is established between 
the drops of aqueous phase and the organic 
phase, although for volume-ratio reasons it is 
logrcal to accept that the quantity of sublate 
dissolved in the small water drops returning to 
the aqueous mass must be very small. More- 
over, this sublate does not itself return to the 
aqueous mass but to the intermediate statlona~ 
interface 

On the basis of this model it 1s obvious that 
an equihbrmm between the aqueous mass and 
organic phase IS not established, and therefore 
it is easy to deduce that there are fundamental 
differences between solvent sublation and 
liquid-liquid extraction This distmction was 
pointed out by Pmfold and co-workers 6’ 63 

The studies of Karger’s group, whose funda- 
mental conclusrons have lust been summarized, 
gave a better qualitative approximation to the 
separation mechanism that controls solvent sub- 
latton In fact, they allow rational Justification 
of most of the experimental phenomena associ- 
ated with this technique. Nevertheless they were 
not translated mto a mathematrcal model smt- 
able for a theoretical and predicttve treatment of 
these phenomena This has been remedied, how- 
ever, by Wilson’s group, since 198 1 ** 3064-68 In 
this series of papers, the equations that consti- 
tute the theoretical model are deduced m full 
detail and have been submitted to contmuous 
refinement by the authors. For that reason, here 
only the most outstandmg results from the 
conceptual point of view and the final formulae 
will be summarized as a basis for the discussion. 

In practice, Wtlson’s model did not accept 
Karger’s hypothests, because it was considered 
that the ex~rlmental results contradict it 

Two contributions by Karger and co-workers 
point to the fact that the separation velocity 
decreases considerably as the process deviates 
further from first-order kineticssg6* These 
authors interpret this phenomenon as derived 
from progressive dissolution and saturation of 
the organic solvent in the aqueous mass, giving 
rise to a second equihbrmm competitive with the 
fundamental one of the separation at the inter- 
face. Wilson and co-workers showed the error 
of this working hypothesis by using presatur- 
ated aqueous phases m the organic solvent, 
observing that a sharp change m the sublation 
during the process IS also produced under these 
conditions Obviously there were some other 

limiting factors involved m the rate of mass 
transfer. These time-dependent factors must be 
taken into account when a mathematical model 
with predictive capacity 1s to be developed. 

The Wilson group has developed different 
models which are mmaliy based on the adsorp- 
tion of volatile compounds on a stream of 
bubbles. In these models the rate-hmitmg step is 
the mass transfer of solute from the solution to 
the air-water interface. The next approximation 
was the consideration of non-volatile com- 
pounds, taking mto account the Langmun 
isotherm of adsorption m the air-water inter- 
face, as well as the mass transfer throughout the 
bubble hmrtmg layer. Finally models were de- 
veloped for single or multiple stage columns 
controlled by an equlllb~um or a mass transfer 
process 

The first work of the series dealt with the 
solvent sublation of 1 ,l, 1 -tnchloroethane and 
developed a mathematical model for processes 
of this kmd mvolvmg surface-acttve and volatile 
compounds.M Later the effects of some van- 
ables, such as the au flow-rate and the addition 
of a salt, on the solvent sublation of two ton- 
pairs (Methylene Blue-tetradecylsulphate and 
Methyl Orange-hexade~yltr~methylammon~um) 
were studied *’ 

In the case of separation by solvent sublatron 
of molecular, surfactant and volatile substances 
the rate of transfer is given by 

dm, = ijKr2k 
dt 

+r3K c 
3 ww 

47rr ‘f, 

+u + CI,ZICw) -mb Ii $v3 (1) 

where 

t = time elapsed after bubble fo~atlon 
mb = moles of solute associated with a bubble 

r = bubble radius 
k = mass transfer rate coefficient (cm/set) 

K, = Henry’s law constant for the solute m 
water, (= c,,,jc,,,, at equihbrmm) 

c, = solute concentration tn the aqueous 
phase 

rrn = Langmuir’s isotherm parameter (satur- 
ation concentration of the solute m the 
air-water interface) 

cliz = Langmuu isotherm parameter (concen- 
tration m the aqueous phase at which 
the surface concentration is frm) 

In equation (1) it is assumed that the axial 
diffusion m the column is large enough to 
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warrant considering the column liquid phase as 
a single well-mixed pool. The bubble radius 
is kept constant all along its ascending path in 
the column. Furthermore, mass transfer to the 
bubble is proportional to the difference between 
the solute mass associated with the bubble, and 
that which could be associated with it assuming 
that the bubble was m equilibrium with the 
surrounding liquid mass. 

The solute mass separated from the aqueous 
phase by a bubble, if we accept that c, does not 
change during the time necessary to allow a 
bubble to pass through the liqutd mass, is 
obtained by mtegratmg equation (1) 

4xr3 
Mb(out) = - K&V + 

3r3n 
3 r(1 + c,&v) 1 

x[l-exP(-~)] (2) 

where 

h w = aqueous column height 
U, = bubble ascension velocity (which is a 

function of the density and viscosity of 
the aqueous phase) 

Taking into account the volume of air mtro- 
duced mto the column as bubbles, the following 
equation IS obtained 

y dc, = _jf,7 4ar3 
w dt b--j+ -+w(- z)] 

3rln 

r(1 + Q/C,) 1 (3) 

where 

V, = aqueous phase volume 
Nb = number of bubbles introduced mto the 

aqueous phase per second 
t = time elapsed from the ~ginnlng of the 

process (set) 

If the solute is a non-volatile species, equation 
(3) IS simplified to 

de 
;if = -A (1 + c,,z/cw) 

where A mcorporates a group of constant fac- 
tors. By integration the followmg equation IS 
obtained 

c&) - c,(O) + c,,Jln ~,&)/cw@ll = --At (5) 

When lnc,(t)/c,,,(O) was plotted vs. t, 
Womack et aLz8 obtained plots that were in 
disagreement with the experimental results for 
the ~ethylene Blu~tetrad~ylsuiphate pair, 
and it was necessary to consider the value of the 

mass transfer coefficient (k). To do this, the 
diffusion of solute through the boundary layer 
around the air bubbles had to be taken into 
account. 

Starting from this conclusion and from the 
calculations of the solute chemical potential, 
they obtained the expression 

K=r2,/3 (6) 

where A, IS a time constant associated with the 
diffusion process and r 1s the bubble radius This 
IS thus a limiting factor of the separation rate, 
that causes the formation of curves similar to 
those obtamed experimentally. 

Let us assume that formation of ion-pairs 
between the solute (iomzable) and the surfactant 
gives rise to the sublate that has to be separated, 
assuming that the surface concentrations of 
the surface-active species are given by linear 
isotherms. 

We can assume the estabhshment of the 
followmg equihbnum m solution 

AC+BD=AD+BC 

WI PC1 
’ = [AC] [BD] 

(7) 

where 

A = surfactant amomc agent 
B = solute anion 
C = solute cation 
D = surfactant cattomc agent 

AC = sublate (ion-pair) 
AD = non-dissociated surfactant 

The species AC and AD are surfactants and 
will compete for the gas bubbles. The amon B 
cannot be separated by means of solvent sub- 
lation, so 

[BC] + [BD] = [B] = constant (8) 

Furthermore, there is only one possible way 
for the solute cation to be separated from the 
solutton, so 

; (WA + WI) = - &tA~l cg> 

where KAc is the mass transfer rate parameter 
for AC. 

In contrast, the surfactant can be separated m 
two ways: 

$ ([AC1 -t- WI) 

= --K&AC] - &,[AD] (10) 



288 M CABALLERO et al 

The K parameters depend on the bubble radii, 
the gas flow-rate, the volume and height of the 
aqueous phase, and the rising velocity of the 
bubbles. 

Therefore we have four equations for the four 
unknowns. This system is conveniently so1ved,28 
yielding the expression: 

K = ([ADlo - WI) @Co1 - WI) 

WI (PDlo + [ACI) 
(11) 

where the subscript zero indicates the untial 
nominal concentration 

Equation (11) is arrived at from equation (10) 
by choosmg the root of this equation that 
conforms to all the followmg conditions 
[AC] 2 0; [AD] = ([AD],, - [AC]) 2 0, [BC] = 
([BC], - [AC]) 2 0 and [BD] = [BD], + [AC] 

From these uutial values the differential 
equations (8) and (9) can be solved, yielding 
expressions to calculate the curves of the separ- 
ation kmetics during the process 

On studying the effect of the equihbrmm 
constant shown m equation (7) on dissociation 
of the ion-pan, it was observed that when this 
increases, the sublate separation velocity de- 
creases In this case, the theoretical curves are 
similar to the experimental ones 

At the same time it was observed that decreas- 
mg the surfactant concentration would be 
expected to give a lower yield and separation 
velocity, m accordance with the experimental 
results. Finally, the effect was examined of 
adding salts, which would obviously displace 
the formation equihbrmm of the ion-pair and, 
therefore, cause a serious loss of efficiency when 
the technique is applied to brmes or sea-waters 

This theoretical treatment accounts very well 
for the experimental behaviour of the technique, 
with the exception that m practice the rates 
of removal early in a run are much higher 
than those predicted by the model Womack 
et al. accounted for these differences by con- 
sidering the occurrence of secondary iomc 
equihbria *’ 

Because one of the most useful characteristics 
of the technique IS the possibihty of working 
with large volumes of sample, there IS an 
obvious interest m obtammg theoretical treat- 
ment of systems working m the contmuous flow 
mode. This technique should be useful m chemi- 
cal analysis (avoiding the use of large exper- 
imental devices, mcreasmg the sensitivity of 
determmations by means of greater preconcen- 
tration factors, etc ) as well as m chemical 
engineering (treatment of large quantities of 

water). Wilson and Valsaraj have suggested a 
quick and efficient algorithm for the treatment 
of this situation, taking into account that the 
axial dispersion is not great enough, m a contin- 
uous feed regimen of the column, to guarantee 
homogeneity.30 

This model allows design and adjustment of 
the device in the contmuous operation mode, 
which is of obvious interest industrially, and this 
mode of operation could also be used m some 
analytical work. 

In a later work,6S these authors developed 
another theoretical model that allows the cal- 
culation of the adsorption isotherm, at the 
au-water interface, of the compounds of mter- 
est when they are mtrmsically hydrophobic 
In this way it is possible to predict the apphca- 
bihty of this method for the removal of as yet 
unstudied compounds 

ANALYTICAL APPLICATIONS 

Bearing m mmd all the techniques discussed, 
the most mterestmg ones, from the analytical 
point of view, are precipitate flotation, ion 
flotation and solvent sublation, therefore the 
bibliographic review will be restricted to these. 

Preclpltate flotation 

Precipitate flotation is the most mterestmg 
technique, analytically Co-flotation has a very 
special interest withm precipitate flotation, 
volummous metal hydroxides and organic 
reagents have been used as co-precipitatmg 
agents in this kmd of process, however, during 
the period that we are considering, metal hy- 
droxides are practically the only ones used, 
especially ferric hydroxide, as shown m Tables 2 
and 3 On the other hand, multi-elemental sep- 
arations have also been developed during this 
period (Table 3), these had not received much 
attention previously Co-flotation, compared 
with centrifugation and co-precipitation, pre- 
sents several advantages 

(1) It allows for the use of very large volumes 
of sample, thus mcreasmg the preconcen- 
tration factor 

(2) It IS quicker and more convenient, be- 
cause the other techniques require more 
time, also separation of voluminous pre- 
cipitates is difficult 

(3) It ehmmates the difficulties associated 
with separation of colloidal precipitates. 
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Prectpttate flotatton of the first kmd has emulstons, because the interface remains practt- 
received much less attention, nevertheless tt has tally immobile, and the possibility of handling 
been used with organic and morgamc species m large volumes of samples On the other hand, m 
development of single and multi-element separ- solvent extraction the equlhbrmm 1s reached 
ations (Table 4) and presents, m contrast to qutckly Moreover, m solvent sublation tt IS 
precipitate separatton, the same advantages necessary to have a close control of the gas 
as does co-flotation with respect to co-prectpt- flow-rate and bubble size to obtain good separ- 
tation. atton and reproductbthty m the results 

Ion jotation 

This technique and precipitate flotation are 
the most used, and have particularly been devel- 
oped m the U S.S.R., as shown m Tables 5 
and 6. Usually, the tons to be separated are m 
complex form and bound to a surfactant of 
approprtate charge. Ion flotation has been used 
m connection wtth both single and multt- 
elemental separation schemes (Tables 5 and 6) 

On comparmg ion flotation with prectpitate 
flotation techniques, it can be said that the 
former have several disadvantages They are 
slower, and give lower preconcentration factors 
Also it requires destruction of the surfactant 
m the foam, so more care IS needed than m 
precipitate flotation 

In spite of the advantages mentioned above, 
together with the possibility of its use as an 
alternative to ton flotation and extractton, sol- 
vent sublation has so far not been used for the 
separation and determmatton of trace metals 
(see Table 7). Nevertheless, theoretical studies 
on the separation process mechanism for or- 
ganic species28*a-@ confirm the advantages that 
the technique presents for the determmatton of 
a number of important organic pollutants. It IS 
therefore very likely that in the next few years 
thts technique will attract much closer attention 
from analytical chemists 

Solvent sublatlon 

Solvent sublation, m comparison with ion 
flotation, has an advantage m that it allows 
analysts of the organic phase directly, and it is 
not necessary to destroy the foam (which 1s not 
always a very easy task). 

Solvent sublatton has practical and theoreti- 
cal advantages over hqutd-liquid extractton, 
although most of the reasoning and practical 
knowledge and experience in solvent extraction 
could be applied to develop efficient solvent 
sublatton procedures. In hqutd-hquid extrac- 
tion the quantity of substance transferred from 
one phase to another IS determined and hmtted 
by an equthbrmm constant. In contrast, equt- 
libnum m solvent sublatton is only established 
m the aqueous-organic interface This interface 
can be kept mottonless when the flow-rates are 
low enough. Except when saturation of the 
organic phase occurs, the quantity of sublate 
collected by the organic layer 1s independent of 
its volume because no equtlibrmm is estabhshed 
m the overall system, and the passage of a 
sublate mto the organic phase through the 
interface 1s a process forced by the gas stream, 
not a spontaneous dtstrtbutton process related 
to the relattve solubility of the sublate m the two 
phases Further advantages over solvent extrac- 
tion artse from the absence of formatton of 

SURFACTANTS ABBREVIATION KEY 

Cationic Surfactants 

Quaternary ammomum salts 

ABDACl 
ATACl 
BACl 
BDDABr 
CTAB 
DPCl 
HDMABr 
HPBr 
HPCl 
HTBABr 
HTEABr 
HTMABr 
HTMACI 
HTPABr 
LACl 
LDC 
STACl 
TACl 
TCMACI 
TDBACl 

Alkylbenzyld~methylammomum chloride 
Alkyltr~methylammon~um chloride 
Benzalkomum chloride 
Benzyld~methyldodecylammomum bromide 
Cetyltr~methylammomum bromide 
Laurylpyrldmmm chloride 
Hexadecylethyld~methylammonlum bromide 
Hexadecylpyrldmmm bromide 
Hexadecylpyrldmmm chloride 
Hexadecyltnbutylammomum bromide 
Hexadecyltrlethylammomum bromide 
Hexadecyltnmethylammomum bromide 
Hexadecyltnmethylammomum chloride 
Hexadecyltrlpropylammomum bromide 
Laurylammomum chloride 
Ammomum lauryldlthlocarbamate 
Stearyltrlmethylammomum chloride 
Trlmethylammomum chloride 
Tr~caprylmethylammomum chloride 
Tetradecyld~methylbenzylammon~um 
chloride (zephlramme) 

Ammes 

ANP-2 
HA 
HCILA 
HCILDT 
LA 
ODA 
SA 
TDEDAHCI 
TEA 
TOA 

Ahphatlc amme hydrochlorldes 
Hexadecylamme 
Laurylamme hydrochloride 
Lauroyldlethylenetrlamme hydrochloride 
Laurylamme 
Octadecylamme 
Stearylamme 
Trldecylethylenedlamme hydrochloride 
Trlethanolamme 
Trloctylamme 
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HC 
HE 
HL 
HM 
HDBI 
HTD 
KA 
KC 
KL 
KM 
KO 
KP 
KPD 
KS 
KTD 
NaDBS 
NaE 
NaL 
NaLP 
NaLS 
NaN 
NaO 

TXl0i1 

I 

2 
3 

4 

5 

6 

7 

8 

9 

10 

II 
12 
13 

14 
I5 
16 
17 
18 
19 
20 
21 

Amomc surfactants 

Decanolc acid 
Stearlc acid 
Launc acid 
Myrlstlc acid 
Heptadecylbenzyhmldazole 
Tndecanolc acrd 
Potassmm abletate 
Potassmm caprate 
Potassmm laurate 
Potassium myristate 
Potassium oleate 
Potassium palmitate 
Potassmm pentadecanoate 
Potassium stearate 
Potassium trldecanoate 
Sodium dodecylbenzenesulphonate 
Sodium stearate 
Sodium laurate 
Sodium laurylphosphate 
Sodium laurylsulphate 
Sodmm naphthenate 
Sodmm oleate 

Non-ronrc surfactants 

Trlton X-100 
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HPLC ANALYSIS OF ANTIOXIDANTS 

C. GROSSET, D. CANTIN, A. VILLET and J ALARY 
Laboratotre de Chlmle Analytrque et Bromatologle, U.F R de Pharmacle de Grenoble, Domame de la 

Mercl, 38700 La Tronche, France 

(Recemed 21 December 1988 Rewed 10 August 1989 Accepted 22 August 1989) 

Summary-Qual~tat~ve and quantltatlve HPLC methods are described for the analysis of mixtures of 
twelve antloxldants For ldentlficatlon of the components present, gradlent elutlon with a convex profile 
from 35 65 v/v water-methanol to pure methanol IS used, on a Waters 5 pm Cls Resolve column, with 
an ultraviolet detector Propyl gallate and methyl p-hydroxybenzoate cannot be separated, however For 
quantitative analysis, with ultraviolet and electrochemical detectors m series, the 35 65 water-methanol 
mixture or pure methanol IS used as the eluent, under IsocratIc condltlons, with hthmm perchlorate as 
supporting electrolyte An applied potential rangmg from +0 8 to + 1 7 V allows detectlon of all the 
antioxidants tested Both modes of detection are very sensitive, wth limits of detection as low as 61 pg 
(UV, methyl p-hydroxybenzoate) and 360 pg (electrochemistry, butylhydroxyamsole) 

The technolog’cal and econom’c requirements 
of the pharmaceuttcal and food industries have 
mtenstfied the use of anttoxidants.’ In France 
the use of these addittves IS subJect to regu- 
lations which define the permitted compounds 
and their concentratton hmtts. As a conse- 
quence there IS a need for analytical control of 
products that are prone to oxidat’on, to verify 
the absence of prohibited ant’oxtdants and to 
determine any permuted ones present. 

We are interested m the authorized antioxi- 
dants. L( + )-ascorbic acid (AA), ascorbyl 
palmitate (AP), DL-a-tocopherol (C(T), butyl- 
hydroxytoluene (BHT), butylhydroxyanisole 
(BHA), propyl gallate (PG), octyl gallate (OG) 
and dodecyl gallate (DG). We have also studied 
the analytical behaviour of nordihydroguat- 
aretic acid (NDGA), an antioxidant that IS 
forbidden m France but permitted m certain 
EEC countr’es, and of the methyl, ethyl and 
propyl esters of p-hydroxybenzotc acid (MHB, 
EHB and PHB, respectively) which are conser- 
vation agents often used rn conJunction with the 
ant’oxtdants listed above (and able to interfere 
m then determination). 

The determmat’on of antioxidants 1s difficult 
partly because they are used at low concentra- 
tion and often dispersed m a complex matrix, 
and partly because the chemtcal s’mrlar’ty of 
some of these compounds may result m mutual 
interference when a mixture of them 1s present 

In an earlier work, a method of identifying 
these compounds by “nanochromatography” 
on thm layers of s’hca gel and reversed-phase 

RP,, was proposed.* Since the reversed-phase 
system gave the better performance, we decided 
to adapt ‘t for an HPLC separation There are 
already numerous such systems available for the 
purpose,3-‘o but they are generally concerned 
with mixtures of only a few of these antioxi- 
dants. Ultrav’olet spectrometry has generally 
been used for detection m analysts for these 
compounds by HPLC, 3 ‘-lo but electrochemical 
detection can also be used for the phenolic 
antioxidants.” The optimal conditions for de- 
termination of each antioxidant have been stud- 
red by both methods. For the electrochemical 
method a preliminary study by anodic voltam- 
metry 1s necessary Only Kitada et al.‘* and 
Masoud and Cha” seem to have used both meth- 
ods in series, and then only for BHA and BHT. 

EXPERIMENTAL 

Apparatus 

A Waters liquid-phase chromatograph 
equipped with two M,,, pumps operating at 
constant rate was used with a Waters MbgO 
gradient elutton programme, a 20-4 mJect’on 
loop, a Shimadzu SPD-6 AV ultraviolet detec- 
tor set at 280 nm and 0.8 absorbance full scale, 
and a Shtmadzu CR-3 A integrating recorder 
(speed 5 mm/mm) A 15 cm x 3.9 mm Waters 5 
pm Cl8 Resolve column was used, with elution 
at room temperature by a 35.65 v/v water- 
methanol mixture (adJusted to pH 5.5 wtth 
0.01% phosphoric acid) at 0.8 ml/mm for 6 min, 
then a convex gradient (profile No. 2) to pure 
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methanol m 9 min (at 0.8 ml/min) and finally 
pure methanol at 1.5 ml/mm for 5 min. 

For electrochemical detection a Tacussel 
DELC detector was used, comprised of a DEL 1 
electrochemical cell with solid electrodes for thm- 
layer work, together with a PRG-DEL ampero- 
metric unit consisting of a potentrostat and 
current-measurement and attenuation circurts. 
A pyrolytic glassy-carbon working electrode, an 
Ag/AgCl (saturated KCl/AgCl) reference elec- 
trode and a platmum disc auxiliary electrode 
were used The dead volume was 0.2 ~1 

The electrochemrcal detector was placed after 
the ultraviolet detector and connected to a 
potentlometrlc recorder (speed 5 mm/mm). 

Reagents 

The reference compounds were obtained from 
Merck (AA), Sigma (DL-CLT) and Fluka (for the 
rest), and used to prepare 0 OlM soluttons m 
methanol (Prolabo “Rectapur”). When pro- 
tected from light and kept in a cold-room, these 
solutions were stable for about 24 hr, except for 
the ascorbic acid solution, which had to be 
freshly prepared before use The solutions were 
diluted as requu-ed, with eluent prevtously ad- 
justed to pH 5 5 to ensure that the compounds 
were all m undlssoctated form 

Eluen ts 

The use of electrochemical detection necesst- 
tated the addition of lithium perchlorate, at 
O.OlM concentratton, to the eluents, two of 
whrch were used. A, O.OlM hthmm perchlorate 
m water-methanol, 35.65 v/v, pH 5 5, and B, 
O.OlM lithium perchlorate in methanol, pH 5.5 

(a) 

Detection conditions 

For determination by ultraviolet detection, 
each compound was measured (peak-area 
method) at its wavelength of maximum absorp- 
tion. For electrochemical detection, the hydro- 
dynamic voltamperograms were recorded with 
increasing potential applied to the working elec- 
trode until a peak of maximal mtenslty was 
obtained (Fig. 1). The peak height was used for 
the determination, since rt was as accurate as the 
peak area, and more convenient 

RESULTS AND DISCUSSION 

Qualitative analyszs 

The chromatogram obtained by ultravrolet 
detection for the mixture of all twelve com- 
pounds IS shown m Fig. 2. All are well separated 
except for the PG-MHB pan-. The values of the 
retention (tR and k’) and separation (tl and R,) 
parameters confirm that the separation obtained 
IS quahtatrvely satisfactory the k’ values range 
between 1 and 15, and those of a and Rs are all 
greater than 1, except for the pair that 1s not 
separated The retention ttmes are given m the 
caption to Fig. 2. Ascorbtc acid IS well separated 
from the other antloxldants, but 1s not retained 
by the stattonary phase. 

The repeatability and reproduclbihty were 
determined with a mixture of all twelve antl- 
oxidants, with or without an Internal standard 
(0.05% acenaphthene solution in methanol, 
t, 12.03 mm) and were calculated as the co- 
efficients of vartatton of the absolute and rela- 
tive retention times of the compounds. Good 
results were obtained, the repeatability being 

(b) 

04 06 06 10 12 14 16 04 06 06 10 12 14 

Potrntlal YS Ag/AgCl, V 

Fig I Hydrodynamic voltampexograms obtamed under the condltlons for cahbratlon Detector sensltwlty 

settmgs are gwen m parentheses (a) PG, 2 x 10-5M (0 25 nA/cm), 0 OG, 2 x 10-sM (0 25 nA/cm), 

0 DG, 2 x 10-SM (0 25 nA/cm), A BHA, IO-‘M (0 125 nA/cm), n BHT, 10m5M (0 50 nA/cm), 0 aT, 

I 6 x 10-5M(0 05 nA/cm) (b) A AA, 10m4M, l AP, 10m5,M W MHB, IOm5M, v EHB, IOm4M, IJPHB, 

10m4M, 0 NDGA, 7 x 10-sM (all 0 25 nA/cm) 
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Rg 2 Chromatographlc separation of the 12 antloxldants, on a 5 pm C,, resolve column with a 35 65 
v/v water-methanol eluent @H 5 5) for 6 mm, followed by a convex gradlent to pure methanol m the 
next 9 mm, both at a flow-rate of 0 8 ml/mm, then elutlon with methanol at 1 5 ml/mm for 5 mm 
DetectIon at 280 nm Peaks and retention times (mm) 1, AA (1 28), 2, PG-MHB (2 51), 3 EHB (3 21), 
4, PHB (4 54), 5, NDGA (5 71), 6, BHA (6 63), 7, OG (10 96), 8, BHT (12 98), 9, DG (13 36), 10, AP 

(14 36), 11, aT (18 51) 

between 0 1 and 2.4% and the reproductbthty 
between 0 1 and 3.2%. Use of the internal 
standard improved the precision. 

The method permtts rapid identification of 
eleven antioxidants m a mixture. In practice, 
such comphcated mixtures would never be met, 
and only one, or at most a mixture of two or 
three, of the compounds would be encountered. 
It is therefore quite easy to adapt the system for 
quantitative use. 

Quantltatwe analysis 

The twelve compounds studied can all be 
detected by both methods The electrochemical 
studies showed that they gave well defined 
waves, except for the gallate and p-hydroxyben- 
zoate esters, which exhtbtted adsorptton and 
film formation on the electrode. It appears that 
the ester group is responsible for this, as substt- 
tution of methyl, methoxy or tert-butyl groups 
at positions 2 and/or 4 causes these phenomena 
to disappear It should be noted, however, that 
these adsorption effects are not mcompatible 
with use of the electrochemical detection. 

For each antioxidant a calibration graph was 
obtained under the condtttons listed in Table 1. 
The range of molar concentrations studied was 
chosen so that both modes of detection could be 
used. Each series was run on the same day, 
without repohshmg of the electrode. 

The performance characteristics’4 of the 
method for each of the twelve compounds are 
given m Table 2. The linearity of calibration is 
very good for both detection modes the 
coefficients of variation are between 0.3 and 
3.1%. The limit of detection is taken as the 
concentration equivalent to a signal equal to 
three times the standard deviation of the 
blank,15 measured at the maximum sensttivtty of 
the detector (0.001 absorbance full scale, or 
OS-2 nA). 

For most of the antioxidants studied, the 
ultraviolet detection gives better sensitivity than 
the electrochemical detection, except for PG and 
NDGA, for which the detection limits are the 
same by both techniques. Figure 3 compares the 
limits of detection obtained for PHB by both 
methods. 



304 C GREET et al 

Table 1 Condltlons for cahbratlon plots (established with 5 x 10e4M antioxidant) 

Flow-rate, L, E,,z*v E, ‘II3 
Antioxidant Eluent ml/man nm V vs SCE V vs Ag/AgCl mm 

A 06 249 0 50 085 
A 12 214 040 0.80 

MHB A 1 256 0 80 1 10 
EHB A 12 256 0 85 1 10 
PHB A 12 256 0 85 1 10 
NDGA A 12 282 045 0 85 
BHA B 05 288 0 68 1 10 
OG B 13 274 0 50 095 
BHT B 05 216 1 05 1 70 
DG B 13 214 0 55 1 20 
AP B 1 248 0 457 0 85 
aT B 2 291 0 507 1 20 

Eluent A 0 OlM LlClO, m water-methanol, 35 65 v/v, pH 5 5 
Eluent B 0 OlM LlClO, m methanol, pH 5 5 
Glassy-carbon workmg electrode 
*Supportmg electrolyte 0 OlM K,HP04-methanol (1 l), pH 5 7 
TSupportmg electrolyte 0 OlM K,HPO,-methanol (1 3), pH 5 7 

16 
18 
19 
22 
35 
42 
28 
1 1 
35 
15 
19 
43 

Comparison of the limits of detection with 
those reported m the literature, allowing for the 
difference in conditions used, between one 
author and another, shows that our values 
obtained by ultraviolet detection are lower than 
those found by others, and those obtained by 
electrochemical detection are lower than those 
reported by Kitada et al.,‘* Masoud and Cha,13 
and Kmg et al I6 

Practical appbcation 

As already said, there will generally be not 

more than three of the compounds present 
simultaneously, so they can first be identified by 
means of the qualitative system, and then deter- 
mined under the optimal conditions (flow-rate 
of eluent for use under isocratic conditions, 
wavelength, applied potential, etc.) for the 
particular combmation present. If a gradient 
elution must be used, then only ultraviolet 
detection should be used 

It should be noted that the range of electro- 
activity of the classical eluents does not allow 
electrochemical detection of BHT. However, 

Table 2 Performance charactenstlcs 

Linearity Correlation Coefficient of Detection hmlts, 
AntIoxidant range, M Regression equation coefficient variation, % Pi? 

AA 1 x 10-d - 1 x 10-S Y = 162 2X - 245 7 0 9999 20 176 
Y’=O 170X-0981 0 9999 24 3 52 x lo3 

PG 2 x 10-5-2 x 1o-6 Y=93OX+823 0 9993 19 4 24 x 10’ 
Y’=O277X+O225 0 9998 29 4 24 x 10’ 

MHB 1 x lo-4- 1 x 10-S Y = 208 4X + 80 9 0 9999 03 61 
Y’=OO6OlX+O519 0 9999 22 6 08 x lo3 

EHB 1 x lo-4- 1 x 10-S Y= 152 1X+2277 0 9999 05 66 
Y’ = 0 0755X - 0 658 0 9999 19 664x 10’ 

PHB 1 x 10-d - 1 x 10-5 Y= 1695X+6092 0 9999 06 72 
Y’=O 110X-0546 0 9999 13 3600x 10’ 

NDGA 7 x 10-S - 7 x 10-b Y = 60 830X - 155 9 0 9998 24 121 x 103 
Y’=O216X-0 133 0 9999 31 121 x 10’ 

BHA 1 x 10-5 - 1 x 1o-6 Y=1241X+1555 0 9999 10 180 
Y’= 1622X+0 172 0 9999 15 360 

OG 2 x 10-S - 2 x 10-b Y=1178X-686 0 9999 12 282 
Y’=O424X+O 180 0 9999 03 282x 10’ 

BHT 1 x 10-s- 1 x 10-h Y=461 1X-527 0 9999 04 440 
y,=o442x+o 150 0 9999 16 220x 10’ 

DG 2 x 10-S - 2 x 10-h Y=986X-699 0 9996 17 676 
Y’ = 0 465X - 0 795 0 9999 19 3 38 x 10’ 

AP 1 x 10-S - 2 x 10-6 Y=963X+495 0 9998 13 828 
Y’ = 0 678X + 1 742 0 9995 20 1 66 x 103 

aT 1 6 x 1O-5 - 2 x 1O-6 Y=151X-332 0 9998 16 3 45 x 103 
Y’ = 0 880X - 1 642 0 9999 17 4 31 x 103 

X = amount injected, pmole 
Y = peak area (ultraviolet detector), mm, 
Y’ = peak area (electrochemical detector), mm* 
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Fig 3 Llmlts of detect&on for PHB by ultrawolet detectlon 
(72 pg) and electrochemical detection (3 6 ng) Water- 
methanol 35 65 v/v, pH 5 5, 0 OlM LICIO, at 1 2 ml/mm, 
I = 256 nm (0 001 absorbance full scale), E = + 1 1 V 

(~3 Ag/AgCl) 

eluent B is usable up to + 1.8 V, permittmg 
determmation of BHT Figure 4 shows that at 
a potential of + 1.7 V with this eluent, the 
baseline drift 1s very small. As far as we know, 
a potential as high as this is never normally 
needed m practice I’-19 

Conclusions 

Electrochemical detection is a very useful 
complement to ultraviolet detection in the anal- 
ysis of mixtures which pose interference prob- 
lems that cannot be resolved spectrally It is also 
sensittve enough for routine analysis. 

The detection limits obtained for the anttoxi- 
dants studied are well below the concentrattons 
permitted for use in preservation of food and 
drugs The reliability and selectivity of the tech- 

EC 

1 

BHT 

I I I I I 
0 2 4 6 8 

mm 

Fig 4 Electrochemical detection of BHT (44 ng) E = + 1 7 
V (us Ag/AgCI), methanol, pH 5 5, 0 OlM LlCIO,, at 0 5 

ml/mm 

mque make it applicable for control of anttoxi- 
dants m a wide variety of samples, but the 
operating conditions should be adjusted to be 
optimal for the problem m hand. 

I 

2 

3 
4 

5 
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INVESTIGATION OF MATERIALS FOR MAKING A 
CARBON-SUPPORT ZINC-SELECTIVE ELECTRODE 

M J ROCHELEAU and W C PURDY* 

Department of Chemistry, McGill Umverslty, Montreal, Quebec, Canada H3A 2K6 

(Recewed 15 July 1989 Reused 1 September 1989 Accepted 28 September 1989) 

Summary-The usefulness of zmc orthophosphate and zmc mercuric thlocyanate to make a carbon- 
support electrode responsive to zmc was mvestlgated The best results were obtained with zmc 
orthophosphate, which produced a Nernstlan response to zmc m the concentration range from 10V5 to 
1O-lM The electrode response was lowered by the formatlon of acldlc oxldes on the surface of the 
electrode Different ways of mmlmlzmg this problem are discussed Interference effects from copper(H) 
(Kg ,-” = 1 0). cadmium (Kg cd = 8 9) and lead (K&’ Pb = 10) were observed 

In the field of ton-selective electrodes, there have 
been only a few reports of zmc(II)-selective 
electrodes.‘-‘0 Those based on ion-exchangers or 
chelatesle6 gave poor selecttvtty and therefore 
suffered strong interference effects. Zinc sohd- 
state electrodes based on zmc sulfide, telluride 
or selenlde7-9 were found to be of limited useful- 
ness, owing to their lack of stability and selecttv- 
ity. Similarly, a “Selectrode” impregnated with 
a tetracyanoethylene polymer contammg zmc 
showed limited sensitivity towards zinc, and 
long response time ‘O 

In light of the poor selectivity displayed by 
organic ton-exchangers and chelating agents for 
zinc ions, the usefulness of some insoluble mor- 
game materials for the determinatton of zmc 
was considered. Zinc orthophosphate and zinc 
mercuric thiocyanate, which are both more 
stable than zinc sulfide, telluride or selemde on 
exposure to light and air, were therefore se- 
lected. A carbon-support electrode was used, 
since its simple and robust construction allows 
easy renewal of the ion-sensitive surface. It is 
therefore especially well suited for testing new 
materials. 

THEORY 

In the early seventies, RuitEka and Lamm” 
introduced a new type of solid-state electrode 
based on a solid carbon support, they named 
this solid-state electrode a “Selectrode”. They 
found that msoluble compounds, such as silver 

*Author for correspondence 

halides and metal sulfides, could be applied 
directly to the carbon surface to yield an ion- 
selective electrode which behaves similarly to an 
electrode of the second kind. The response of 
such an electrode can be described by the Nernst 
equation for metal cations, lW+ At 25” the 
potential E, m mV, 1s given by 

E = constant + z log aM 

where aM is the acttvtty of the metal ton. 
The sensittvtty and limit of detection of this 

type of electrode depend on the compostnon 
and purity of the electroactive material em- 
ployed and can reach the limits imposed by the 
solubility product of the electroactive com- 
pound. The presence of certain species may 
cause potential drifts because of changes m the 
membrane surface when these species enter 
the solid phase. The effect on the behavior of the 
electrode can be predicted by calculatmg the 
free-energies of formatton of the compounds 
which can be formed from the interfering ions.‘* 

The standard free-energy of formatton of 
M,X, in the reaction 

M,X, * mM”+ + nX’“- 

is given by 

AG; = - RT In KIP 

where R IS the gas constant, T the absolute 
temperature, and K& the solubtlity product of 
the compound. That IS, the standard free energy 
of formation 1s a logartthmic function of the 
solubility product of the material formed. 
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EXPERIMENTAL (a) 

Apparatus and materials 

Potentlometrlc measurements were made 
with a Fisher Accumet Model 805MP pH/lon 
meter A Servogor 120 recorder (BBC Goerz 
Metrawatt) was used to monitor potential drifts 
All potential measurements were made with 
reference to a saturated calomel electrode 
(SCE) The solutions were maintained at 25” 
with a Heto Type 623 thermostatic bath (Heto, 
Denmark). 

Graphite powder (ultra “F” purity) and 
spectrographic grade 6-mm thick graphite 
rods (available from Ultra-Carbon, Bay City, 
Michigan) were used. Zmc orthophosphate, 
Zn,(PO,), 4H,O, can be easily prepared by 
mixing appropriate volumes of solutions of 
ZnSO, 7H,O and Na,HPO, 2H20 at the boll- 
ing point I3 The crystalline precipitate which 
forms immediately 1s analytically pure and loses 
two molecules of water of crystallization when 
dried at 100”. Zmc mercuric thlocyanate, 
ZnHg(SCN),, was prepared by the reaction of 
a zinc salt with ammomum mercuric thio- 
cyanate (prepared by mixing of mercuric chlor- 
ide and ammonium thlocyanate solutions m 
stolchlometrlc ratlo),14 and was dried for an 
hour at 100” before use 

10 cm 

: 

m Electroactlve material Carbon paste 

m Heat shrink tube m Brass 

Construction of the electrodes 

Spectrographic graphrte electrode A IO-cm 
long graphite rod was cleaned by soaking 
overnight m 6M hydrochloric acid, and dried m 
an oven at 120” for an hour. A metal spring was 
fitted over one end of the rod to make the 
electrical connection (Fig. la) The graphite rod 
and connector were then inserted mto a length 
of heat-shrink tubing and sealed into It with 
PVC at the other end to prevent seepage of test 
solution The bare tip was cleaned and rough- 
ened with sandpaper, then coated with electro- 
active material by applying and rubbing m the 
dry powder. The thm layer of material was 
hand-polished on a hot (100’) stainless-steel 
surface. The graphite was made hydrophobic by 
impregnation with carbon tetrachlorlde MIX- 
tures of electroactlve materials were prepared by 
mixing the powders with a mortar and pestle 

) Graphite rod m Teflon 

Fig 1 (a) Graphite electrode The graphite rod IS Inserted 
m a poly(vmyl chloride) heat shrmk tube The electroactlve 
material IS coated at the tip of the electrode and the electruzal 
contact IS effected with a metal wire spring (1) (b) Carbon 
paste electrode The activated carbon paste 1s packed m the 
well of the Adams pool electrode The body (2) of the 
electrode IS made of Teflon and contact between the paste 

and the connectlon Jack (3) IS made by a brass rod 

materials m 70.30 ratio The active carbon paste 
was packed m the well of an Adams pool 
electrode (Fig 1 b) and a smooth surface was 
obtained by polishing on a piece of filter paper 

Cahbratlon 

Cahbratlon graphs were obtained for un- 
buffered solutions contammg zmc in concen- 
trations ranging from 10m6 to lo-‘M The ionic 
strength was set at 0.1 M with potassium nitrate 
or sodium chloride solution The electrodes thus 
prepared were also tested as sensors m zinc 
solutions prepared m distilled demmerahzed 
water 

Carbon-paste electrodes. Carbon pastes were 
obtained by mixing the graphite powder and 
paraffin 011 m the ratio 5.1 w/v or the graphite 
powder and paraffin wax m the ratio 3 1 w/w. 
The ion-selective pastes were prepared by mix- 
mg the carbon paste and the electroactlve 

Graphite condulonmg 

The graphite support acts as the conductive 
inert body of the electrode and It should not 
play any other part m establishment of the 

H 
06cm 

(b) 

-1 

llcm 

H 
08cm 

RESULTS AND DISCUSSION 
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measured potentials. Graphite is well-known for 
its non-ideal and poorly reproducible pH-sensi- 
tivity and memory effects, reflected by urepro- 
ducibility of measurements. It was found here 
that graphite exhibits pH-sensitivity because of 
the presence of chemisorbed oxygen on its sur- 
face I5 This problem must then be overcome 
because of the requirement for inertness of the 
graphite body RuiiEka and Lamm” proposed 
dealing with this problem by making the graph- 
ite hydrophobic by impregnation with hydro- 
carbons or using a carbon/Teflon mixture15 
(which is unfortunately not easily available 
commercially) Materials such as poly(vmy1 
chloride) and paraffin wax can also be used for 
this purpose. 

East and Da Silva’6 demonstrated that hydro- 
phobized spectra-grade graphite is still respon- 
sive to pH and proposed the use of the 
Wilhamson synthesis, known as an irreversible 
route to ethers, to modify the acidic carboxyl 
groups found at the graphite surface, and thus 
reduce the pH-sensitivity of the graphite sup- 
port. This simple synthesis consists of the 
reduction of the acidic groups at the graphite 
surface with lithium alummium hydride and 
methylation of the reduced groups with 
dimethyl sulphate The procedure is quite effec- 
tive and the graphite body was found insensitive 
to the pH of the test solution in the range 4-10. 

Chorce of electroactive materials 

The solid electroactive materials should have 
the following properties. low solubihty m water 
(pK, > 6), ion-exchange at selective functional 
groups, and sufficient conductivity. Zmc ortho- 
phosphate and zmc mercuric thiocyanate were 
therefore selected for this study 

Response characterrstlcs of the graphite electrode 
coated with zmc orthophosphate 

The electrode coated with zmc orthophos- 
phate showed a linear response to zinc activity 
in the concentration range from lo-* to IO-‘ikf, 
with a Nernstian slope of 28.9 & 0.8 mV/decade 
(Fig. 2a) A delay of 60 set was required to 
attam a steady-state potential reading. A limit 
of detection of 5.5 x 10e6M was obtained, 
which compares favorably with the limits of 
detection of the zmc selective electrodes 
previously reported ‘-lo 

The use of O.lM potassium nitrate or sodmm 
chloride to mamtam constant ionic strength 
decreased the limit of detection. A significant 
downward potential shift was observed when 

E WI 
140, 
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-2 

Fig 2 (a) Response of the zmc orthophosphate graphite 
electrode The straight-hne portion has a slope of 29 mV/ 
decade (b) Response of the same electrode after exposure 

to an acldlc solution (at pH 3 0) of zmc (1mM) 

sodium chloride was used, because zinc can 
form soluble complexes with chloride, which 
would reduce the zmc activity in solution.” 

After a few days of storage (dry or m 
solution), the electrode showed a strong shift 
m potential of about 100 mV and reduced 
response. Brief exposure to moderately acidic 
solutions (pH c 3) or solutions of strong OXI- 
dants resulted m a similar shift m potential 
readings and a decrease m sensitivity (Fig. 2b) 
It was concluded that these discrepancies were 
due to the slow formation of acidic oxides at 
the electrode surface, which is known to be 
catalysed m acidic and oxidant solutions.‘4 
These acidic groups are responsible for the 
pH-sensitivity of the electrode and reduce the 
sensitivity of the electrode towards zmc 

The pH-sensitivity of the electrode can be 
munmized by hydrophobization with paraffin 
wax or poly(viny1 chloride), and the use of the 
Williamson synthesis to modify the acidic 
groups at the graphite surface. However, such 
pretreatments significantly reduce the electrode 
response to zinc, because of the increased 
impedance of the membrane. 

Since it was observed that a graphite electrode 
impregnated with carbon tetrachloride and acti- 
vated with silver sulfide had lower sensitivity to 
pH, mixtures of different ratios of zinc ortho- 
phosphate and silver sulfide (1: 1, 3 : 1 and 9 : 1 
w/w) were used to coat a graphite electrode. The 
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Log LNVI 
Fig 3 Response of the graphite electrode based on zmc 
orthophosphate and sdver sulfide (a) 1 1 mixture 
(slope = 15 mV/decade), (b) 3 1 (slope = 17 mV/decade), 

(c) 9 1 (slope = 25 mV/decade) 

use of silver sulfide also increases the conductiv- 
ity of the membrane. The electrodes coated with 
the 1.1 and 3 * 1 mixtures had a low sensitivity 
to zinc. Better sensitivity was obtained with the 
graphite electrode coated with the 9.1 mixture 
(Fig. 3) The use of a mixture of zmc orthophos- 
phate and silver sulfide helps to improve the 
stability of the electrode over a period of a few 
weeks, but frequent calibration of the electrode 
is still required, to compensate for the drifts 
observed. 

Interestingly, the metathesis of most po- 
tentially interfering ions with zmc orthophos- 
phate is not thermodynamically favorable 
(Table 1). This suggested that determination of 

Table 1 Solublhty products and values of free energy of 
formatlon of some orthophosphates 

Solublhty AC;, 
Species Orthophosphates product* kcallmole 

Zn(II) Zn,(PG, )2 9 0 x lo-)’ 43 7 
L!(I) L@, 3 2 x lo-l9 25 2 
Na(I) (soluble) 
K(I) (soluble) 
MO(H) Mgj(PQ), 1 x 10-2’ 314 
Ca(II) Cal(PQ), 20 x 10-a 39 2 
Ba(II) Ba,(PG, )* 3 4 x 10-2’ 30 7 
Cu(I1) WPO,)* 1 3 x 10-j’ 50 3 
Cd(II) WPW, 2 5 x 10-3’ 44 5 
Pb(II) P’M’W, 8 0 x 10-43 57 4 
Ag(I) Ag,PG, I4 x lo-l6 21 6 

*From Lange’s Handbook of Chemlsrry, 13th Ed, 
McGraw-H& New York, 1985, pp 5-7 

Table 2 Selectlvlty coefficients for the zmc 
orthophosphate carbon-support electrode 

Interfermg Selectlvlty 
catlons coefficients 

LI(I) <I x 10-d 
Na(I) <l x 10-d 
Mg(II) 0 072 
Ca(II) 0 032 
Ba(II) 021 
Cu(II) 10 
Cd(H) 89 
Pb(II) 10 

‘Determmed by the fixed Interference 
method ([mterferent] = 1 mM) and 
0 1M KNO, was used m the salt 
bridge 

zmc with this electrode would not sigmficantly 
suffer from interferences As predicted, the pres- 
ence of alkahe-metal and alkaline-earth metal 
ions did not sigmficantly affect the electrode 
response (Table 2). However, the presence of 
some transition metals was found to interfere 
more sigmficantly than expected. The presence 
of silver gave rise to very strong interference 
effects, particularly if a mixture of zinc ortho- 
phosphate and silver sulfide was used 

The selectivity of this electrode can be favor- 
ably compared to that of the zinc-selective 
electrodes based on ion-exchangers and chelat- 
mg agents previously reported,‘-6*‘0 which 
demonstrated poor selectivity in the presence of 
some alkaline-earth metal ions such as calcium 6 
However, we observed a selectivity pattern semi- 
lar to the one observed for other zmc solid-state 
electrodes,7-9 and the interferences caused by 
copper, cadmium, lead and silver still remain a 
problem 

Response characterlstlcs of the graphite electrode 
coated with zmc mercuric throcyanate 

The zmc mercuric thiocyanate carbon- 
support electrode gave a limited linear 
response to zmc m the concentration range 
from 10m3 to lo-‘M, with a sub-Nernstian 
slope of 23 mV/decade The limit of detection 
(2 5 x 10m4M) was imposed by the solu- 
bihty of zmc mercuric thiocyanate (Table 3). 

Table 3 Llmlts of detectlon of the electrodes 
studled 

Coatmg 
materials pZn* PD? 

Zn,(PG,), 2H2G 67 53 
ZnHg(SCN,) 33 36 

*Calculated from the solublhty product of the 
actlvatmg matenal 

tD = detection hmlt (mole/l ) 



Carbon-support zmc-selectne electrode 311 

-5 -55 -5 -4 5 -4 -35 -3 -25 -2 

Log activity Zn(ll) 
Fig 4 Response of the zmc orthophosphate carbon- 
paste electrode The straight-hne portion has a slope of 

26 mV/decade 

No stgmficant potential shift was caused by 
storage. 

Response characterlstrcs of carbon-paste elec- 
trodes 

The carbon-paste electrode was proposed as 
a useful alternative to the “Selectrode”, to ease 
surface problems. I8 However, the carbon paste 
must be sufficiently compressed to hmtt the 
formatton of cracks at the electrode surface 
because of swellmg. These cracks usually occur 
after prolonged pretreatment m solutton, so thts 
may seriously impair the electrode life. 

The zmc orthophosphate carbon-paste elec- 
trode made with either paraffin wax or paraffin 
011 as a mulling agent showed a linear response 
at low zmc activity, which leveled off at concen- 
trations above 1 x 10p3M (Fig. 4) Accordmg to 
the theory of the potenttometrtc response of 
ton-selective membrane electrodes, a Nernsttan 
canon response is obtained only tf the fluxes of 
all the anions wtthm the membrane are mint- 
mtzed. An anion response can be observed m 
the presence of o&soluble anions in the sample, 
owing to their srgmficant extraction by the 
membrane at high concentrattons.‘9 Of course, 
this response to co-tons seriously impairs the 
response to cations, as was observed m the 
present case. 

Pretreatment with demineralized water or 
very dilute solutions of zmc nitrate or zmc 
sulfate is necessary to ensure sufficient mem- 
brane conducttvity and to obtain a stable 
response However, prolonged pretreatments 
cause the membrane to swell, followed by the 
formation of pores, which increases the non- 
selective mobthty of tons in the membrane. This 
is confirmed by the total loss of selecttvtty 
exhibited when certain other cations are present 
m the test soluttons. These carbon-paste 
electrodes for zmc are therefore of limited use. 
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Summary-A potenttometnc flow-mlectton system ts described,, m whtch todtde m the concentratton range 
10-6-10-‘M may be determined at rates of up to 360 samples/hr at a flow-rate of 17 8 ml/mm Iodme, 
after on-hne reduction to todtde with 0 1M sodmm metabtsulphtte, can also be determined, wtth a 
throughput of 60 samples/hr for 10-s-10-3M todme Analyses of two pharmaceutmal preparattons for 
todtde and todme are reported, and the results are m reasonable agreement wtth tttnmetnc values 

There are three reports in the literature, on 
measurements made with iodide electrodes in 
FIA. Trojanowicz and Matuszewskl’ used a 
sensor prepared by electro-deposition of silver 
iodide on silver, and noted that adsorption at 
the surface of the electrode led to significant 
reductions in the limit of detection. Trojanowicz 
et al.’ described a flow manifold in which a 
similarly prepared silver iodide electrode was 
used to determine chlorme m tap water by 
monitormg changes in the equilibrium between 
iodide and iodine. Miiller3 employed a differen- 
tial detector cell comprising two flow-through 
solid-state iodide sensors, to determine iodide, 
cyanide, tungsten(V1) and molybdenum(W). 
After separation on an appropriate amon-ex- 
change column, chloride, bromide and thto- 
cyanate were also determined 

In the present study, a commercially available 
homogeneous membrane iodide-selective elec- 
trode4 was calibrated over a much wider concen- 
tration range than those previously reported, 
with emphasis on the effect of pH on the 
response characteristics. The feasibility of deter- 
mining iodine by use of a mild reductant solu- 
tion was also assessed. The flow system was then 
used to determine iodide and iodine in two 
pharmaceutical preparations, the results being 
compared with those obtained by argentimetric 
and iodometric titrimetry. 

EXPERIMENTAL 

Apparatus 

The flow-mjection manifold and detector cell 
used are depicted m Fig. 1. A Gilson Minipuls 

2 peristaltic pump was used with Tygon pump 
tubes, and the components of the system were 
linked by a network of polypropylene connec- 
tors and 0.5mm 1.d. PTFE tubing. 

The sampling device was a Rheodyne 5041 
I-way rotary valve dnven by a Festo DSN-lO- 
25P pneumatic actuator. A 1 lo-p1 sample loop 
was found to provide the best combination of 
response time and sensitivity. The unit was 
activated by a Rheodyne 7163 solenoid unit and 
all switching sequences were controlled by an 

Ftg 1 Flow-inJectton manifold (C) Carrter stream, (R) 
reagent stream, (P) pump, (S) sampling umt, (E) earthing 
connector, (D) detector cell (volume 4~1), (W) solutton 
waste, (1) ton-selecttve electrode, (2) reference electrode, 
(3) PT’FE sleeve, (4) rubber 0-rmg, (5) 1 0 mm 1 d condtut, 
(6) 0 5 mm I d PTFE tubing, (7) polypropylene connector, 

(8) Perspex body Tubing lengths gtven m cm 

313 
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MC6802 microprocessor-based Datum timer 
(Gammatron, Pooraka, S.A ) 

An Onon 94-0614 AgI/Ag,S electrode was 
used with a 90-02 double-junction reference 
electrode filled with Orion internal (90-00-02) 
and external (90-00-03) solutions. All potentio- 
metric measurements were made with an Orion 
701A digital pH/mV-meter connected to an 
MFE 2 115M vanable-scan pen-recorder 
through a home-made offset unit ’ 
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Iodide standards and carrier solutions were 
prepared from analytical grade potassium 
iodide; the carrier stream for all studies reported 
here was made at least 10W6M m iodide to 
mimmize baseline dnft. ‘,6 Electrostatic noise m 
the flow system was suppressed by use of a 0 1M 
potassium chloride reagent stream unless other- 
wise stated. 

Fig 2 Effect of carrier stream lodlde level and total flow- 
rate (Q) on response time (tR) and 99% basehne recovery 
time (tw) for an Injected todtde standard (concentration 
1000 times that of the Garner iodide ~on~ntratlon) (II) tw 
for 10e6M, (A) 10w5M and (0) 10m4M KI carrier streams, 
(0) tR for all three carriers Reagent stream 0 IA4 KC1 

throughout 

For the study of pH effects, the iodide stan- 
dards and earners were mixed with equivalent 
volumes of buffers prepared from analytical 
grade potassium tetroxalate (pH 2.15), labora- 
tory-reagent grade potassmm hydrogen phtha- 
late (pH 4.02), analytical grade potassium 
hydrogen and dthydrogen phosphates (pH 
6.82), and analytical grade sodium tetraborate 
(pH 8.92)’ 

RESULTS AND DISCUSSION 

Cahbratlon wrth mdlde standards 

A 0 05M iodine stock solution was made by 
drssolving 12.7 g of resubhmed lodme m a 
solution of 20 g of potassmm iodide m 30 ml of 
conducttvlty water, and dllutmg the solution to 
1 litre.’ Analytical grade sodium metablsulphlte 
and sodium thtosulphate, and laboratory- 
reagent grade ascorbic acid were assessed as 
reductants for use in the iodine determmatlon 

Argentimetnc titrations were performed wnh 
4’,5’-di-iodo-2’,7’-dlmethylfluorescem solution 
m 70% ethanol as adsorption mdlcator ’ 
“Iotect” mdlcator (May and Baker) was used m 
titrations of lodme with thlosulphate 

The Orion electrode exhlblted Nernstlan re- 
sponse over a wide concentratron range, the 
limit of linearity depending solely on the iodide 
concentration m the carrier. This behavlour has 
been discussed at length elsewhere.’ For stan- 
dards injected mto a 10m6M potassium iodide 
earner/O. 1 M potassium chloride reagent stream, 
the lower hmlt of linearity was 5 x 10T6M, 
below the 2 x IO-‘&f reported by Trojanowicz 
and Matuszewskl for their home-made iodide 
sensor.’ The sample throughput of 360/hr was 
attained v&h full return to baseline between 
peaks, and excellent peak-height repeatability, 
at a flow-rate of 17.8 ml/mm through the detec- 
tor cell. Alexander and Seegopaul” achieved the 
same sampling rate with an au-segmented con- 
tmuous-flow system, but observed about 1% 
carry-over between successive standards. 

Pharmaceutical preparations 
Efect ofjow-rate and iodide concentration m the 
carrier 

The pharmaceuticals analysed were The electrode response characterlstlcs are 
“Betadine” antlseptlc (Faulding, Thebarton, summarized in Fig. 2. For standards injected 
S.A.), an ethanolic solution of povldone-lodme mto a given earner stream, both the response 
complex, and “Iodine Colourless BPC34” time (tR) and the time for 99% return to base- 
(Chem-Mart, Thebarton, S.A.), a solution of line (tg9) were found to decrease as the flow-rate 
ammomum iodide m ethanol. To mimmlze the was increased, the peak-height remaining essen- 
effects of the organic solvent on the electrode tially constant. Increasing the iodide level m the 
response” and of the sample viscosity on disper- carrier reduced tw agmficantly, but did not 
sion within the flow mamfold,” both prepara- affect tR, and the peak-height was enhanced by 
tions were diluted by a factor of lo4 with about 17% when the carrter Iodide level was 
conductivity water increased from 10v6 to 10F4M. 
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Rg 3 Effect of pH buffers on electrode cahbratlon m 
lodlde standards (0) 5 x 10e6M, (0) 5 x 10m5M, (U) 
5 x lo-‘M, (0) 5 x 10m3M and (A) 5 x lo-*M KI stan- 
dards Injected mto 10m6M KI carrIeri 1M KC1 reagent 

stream 

In contrast to previous experience with 
fluoride electrodes,6*‘3 pohshmg the AgI/Ag,S 
membrane with an alumma slurry did not seem 
to affect its performance to a marked degree, 
but proved invaluable m restormg sensor re- 
sponse after contact of the membrane with 
thiosulphate 

EfSect of pH on lodlde cakbratron 

The influence of pH on the cahbration is 
summarized in Fig. 3. Increasing the pH shifted 
the baseline potential, the peak potentials re- 
maining constant within experimental error. 
Peak height was therefore reduced and, hence, 
sensitivity decreased m the buffered systems. 
The sensor gave close to Nernstian response 
(60 + 2 mV/decade) in all buffers for the concen- 
tration range of standards investigated. Re- 
sponse and recovery times were also similar for 
both unbuffered and buffered systems, but an 
increase m baseline noise was detected for the 
pH 8.92 carrier stream. 

Choice of reductant for lodme determmatlon 

The iodide electrode can be applied to the 
determination of iodine provided that the deter- 
minand is first reduced to iodide. In steady-state 
procedures, the reductant is added some time 
before the measurement is made. Prelimmary 
studies revealed that 0 1M solutions of ascorbic 
acid, sodium thiosulphate and sodium 
metabisulphite rapidly decolourized iodine solu- 
tions, suggesting that on-line addition of such 
reagents m FIA might prove successful 

Each reductant was tested by injectmg it mto 
a 10e6M carrier potassium iodide that was then 
merged with the 0 1M potassium chloride 
reagent stream. Thiosulphate yielded a consid- 
erably greater electrode response than that ex- 

pected on the basis of the steady-state selectivity 
coefficient.14 Ascorbic acid gave much smaller 
signals than thiosulphate, but was subsequently 
rejected on account of the excessive baseline 
noise generated when it was used instead of 
potassmm choride in the reagent stream. In 
contrast, the iodide electrode showed negligible 
response to metabisulphite, and when this was 
used as the reagent stream in the flow-injection 
manifold, a concentration of 0.1 M gave the best 
results m terms of reductive ability, speed of 
electrode response and reduction m electrostatic 
noise. 

Cahbratlon wrth iodine standards 

The reduction of iodine by metabisulphite 
may be expressed by* 

21, + S,O:- + 3H,O Z$ 41- + 2SO:- + 6H+ 

To determine the extent of on-lme reduction 
possible, iodine and iodide standards were m- 
jetted mto a 10e6M potassmm iodide carrier, 
which was then merged with a O.lM sodmm 
metabisulphite reagent stream. From peak- 
height data for the iodide standards, a calibra- 
tion plot was constructed and used to interpret 
the cahbration data for the iodine standards. 
The calibration plot gave the total iodide con- 
centration detected as I- by the electrode 
([I-IT). The effective molar concentration of 
iodine determined by the flow-injection method 
was then calculated from 

[I lJI-lT-rll3 
2 

2 

where [I-Is is the iodide concentration ansmg 
from the use of potassmm iodide m preparation 
of the iodine stock solution. The iodine concen- 
trations thus obtained were compared with 
those derived by titration of the 5 x lo-‘M 
iodine solution with iodate-standardized thio- 
sulphate* and are reported as percentage recov- 
eries m Table 1. On-line reduction to iodide with 

Table 1 Determination of lodme m standards after reduc- 
tlon with 0 IM Na,S,O, 

Iodine found by 
tltratlon, 

M 

Iodine found by 
FIA after 
reduction, 

M 
Recovery, 

% 

4 93 x 10-b 
9 85 x 1O-6 
4 93 x 10-T 
9 85 x IO-’ 
4 93 x 10-4 
9 85 x 1O-4 
4 93 x 10-3 

2 68 x IO-6 
8 30 x 1O-6 
443 x 10-s 
9 29 x 1O-5 
4 93 x 1o-4 
9 77 x 1o-4 
4 93 x 10-J 

54 
84 
90 
94 

100 
99 

100 
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Table 2 Determmation of todtde and iodine m pharmaceuticals 

Potentiometrtc Nommal 
Experiment* Determmand FIA Tttrtmetry value 

1 I- O 238 f 0.014 0.2344 f 0 0006t 0 2258 
2 I2 0042*0001 0 0403 f 0.0004$ 0 039511 
3 Free I-/I, 0.072 f 0.002 Not determined 

* 1, Iodine Colourless BPC34,O 1M KC1 reagent stream, 2, Betadme antiseptic, 0 1M 
Na,S,O, reagent stream, 3, Betadme antiseptic, 0 1M KC1 reagent stream 

tDeterminatton of iodide by htratton with O.lOOOM silver nitrate, by use of 
4’,5’-dt-todo-2’,7’-dtmethylfluorescem as adsorption mdtcator 

$Determmation of todme by tttratton with 0 1031M sodium thtosulphate (Iotect 
mdtcator) 

QFrom descnptton of Decolounzed Iodine Solutton BPC34 given by Wade I6 
11 From manufacturer’s claim 

metabtsulphite was thus analytically acceptable, 
the poor recovery for iodine concentrations 
below IO-‘M setting the lower limit for use of 
the method. 

When a O.lM potassmm chloride reagent 
stream was used, the recovery of lodme was very 
poor. The value of 38% recorded for the most 
dilute standard may be attnbuted to the elec- 
trode responding to the tri-iodide ton. 

The charactertsttcs of the peaks obtained for 
the iodine standards were similar to those for 
iodide, with the same tR values withm experr- 
mental error, but the tw times were on average 
about 15% longer. A flow-rate of 8 6 ml/min 
permitted a sample throughput of 60/hr. Higher 
analysis rates would be possible with increased 
flow-rate or level of iodide m the carrier, or 
reduction m the sample volume injected. 

Determmatron of Iodide and lodme m pharmaceu- 
ticals 

Ahquots of the 0.1 ml/l. solutions of Iodine 
Colourless BPC34 and Betadme were added to 
equivalent volumes of selected iodide standards, 
then injected into a lO-(‘M potassium iodide 
carrier, which merged with either O.lM potas- 
sium chloride or 0.M sodium metabrsulphite 
downstream of the sampling unit. The data 
lineartzatron technique devised by Rlx et al I5 
was used for obtaining concentrations from the 
standard additions; the values derived from 
both the slope and intercept equations showed 
good correlatron Stmllar processmg was used 
for the peak heights obtained for the Betadme 
solutron. The results (Table 2) show reasonable 
agreement with those obtained by tttrtmetry. 
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Summary-Trace amounts of thonum have been determmed m the presence of uranyl mtrate and 
ammomum dmranate (as mterferents) by cydhc voltammetry. dtfferenttal-pulse polarography, dtfferentral- 
puke voltammetry, square-wave voltammetry and anodzc-strtppmg voltammetry The determmatron IS 
based on the su~~tutlon of thorturn for copper, lead and cadmmm m then EDTA complexes and 
volta~t~c m~su~ment of the dtsplaced metal ton The detectton hmtts ranged between 2 x 10-r and 
1 x IO-“iM (r s d 227%) for soluttons free from the uramum compounds, and between 8 x 10-r and 
5 x 10W6M (r s d 3-5%) m the presence of the uramum compounds at concentrattons up to about 1000 
ttmes that of thonum The detectton hmtts depend on both the particular technique and the EDTA 
complex employed Anodtc+tnppmg voltammetry gave detectton lrmtts of 8 x lo-* and IO-‘M m the 
absence and presence of uranium respecttvely 

Thorium is an Important element m nuclear 
technology and several analyttcat techmques 
have been employed for its dete~inatio~” 
Neutron actrvation,’ mass spectrometry2 and 
X-ray fluorescence spectrometry3 provide 
sensrtive measurements at trace level, but 
require costly ~nst~mentation. Polarographic 
techniques, which are less expensive, are not 
suitable for direct determination of thorium in 
aqueous solution, because the reduction wave of 
Th4+ 1s masked by the large hydrogen-evolution 
background current However, trace amounts of 
Th4 l have been detected by adsorptive strtppmg 
vo~tamm~try,4 9 since thortum forms polaro- 
graphtcally acttve chelates with several organic 
hgands, and by use of the catalytically mduced 
reduction wave obtained in the presence of 
llthmm nitrate,6 Du-ect amperometric trtrattons 
of Th4+ by compiex-fo~ation, w&h indicatton 
of the end-point by followmg the anodre disso- 
lutron wave of mercury from a DME m the 
presence of an excess of ligand, have also been 
descrrbed.7-v By this procedure wrth normal 
pulse polarography a detectron hmtt of 
3 x tO-‘J4 with a retabve standard deviation 
(r,s.d.) of 8% has been achieved.7 

*Present address lnstttute of Nuclear Energy Research 
(IPEN), Av Lmeu Prestes, 2242, Sgo Paulo, Brazrl 

An alternative, simple, approach based on the 
displacement reaction between thorium ions 
and some M-EDTA complexes (M = Cu, Bi, Pb 
and Cd) allows the evaluatton of thormm by 
monitormg the free metal ion released from the 
M-EDTA complex 

Th4* + ~-EDTA~4-~~-~Th-EDTA + M”” fi) 

Potentiometric methods’“” have been used for 
this purpose, but are not very sensitive. A 
method based on chronopotentiometnc stnp 
ping analysis gave a detection limit of the order 
of W’An, but only w&h a pr~on~ntration time 
as fong as 1 hr.12 Most of these papers give littie 
informatton on the analytical procedure itself, 
Nowadays, sensrtrve voltammetric methods can 
reach detection limits for M”+ at least as low as 
those above,” but have not been tested for thrs 
appli~tlon. 

In the present work the approach based on 
the exchange reaction (1) IS used for determining 
Th4+ by hnear-sweep voltammetry (LSV), 
differential-pulse polarography (DPP), differen- 
tial-pulse voltammetry (DPV), square-wave 
vo~tammetry (So) and anodi~-stropping 
voltammetry (ASV). The method is then used 
for determining smalI amounts of thorium m a 
matrix containing high levels of uranyl nitrate 
and ammonium druranate as mterferents, a 
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situation that can be encountered in the pro- 
duction of nuclear-grade uranium products 
from monazite sand, m which care 1s devoted 
to the decontaminatron from thormm,‘4 and m 
the determmation of thorium in bulk ores. In 
this regard, it has been verified that the polaro- 
graphic and amperometrtc methods cited 
above can tolerate a 5-20-fold molar ratio of 
uramum(V1) to thorium 47 9 

EXPERIMENTAL 

Chemicals 

Thorium nitrate was kindly supplied by the 
Istituto dt Chimica e Tecnologta de1 radto- 
elementi de1 CNR, Padova, Italy. Ammomum 
dmranate was prepared from uranyl nitrate 
and concentrated aqueous ammonia solution.” 
The other chemicals were of reagent-grade 
quality Stock solutions of the cations and 
of disodmm dthydrogen ethylenediammetetra- 
acetate (Na,H, EDTA) (lo-‘M) were prepared 
by dissolvmg the salts m doubly distilled water. 
Acetate buffer stock solutions (0 1M) of pH 4 5 
were prepared from sodium acetate and acetic 
acid diluted with doubly-distilled water and 
were used as the background electrolyte 
throughout. 

Nitrogen (99 99% pure) was used to remove 
oxygen from the test solutions before voltam- 
metric measurement 

Apparatus 

Function generation and data aquisitton 
were performed by a PAR 273 potentiostat in 
conlunction with an Olivetti M24 mmmomputer 
for linear-sweep, cychc, square-wave and 
anodic-stripping voltammetry An Amel 472 
multipolarographic unit was used to perform 
differenttal-pulse polarography and voltam- 
metry A PAR 303 static mercury electrode was 
used m the three-electrode working cell for 
LSV, CV, SW, DPV and ASV measurements 
and the Amel 460 dropping mercury electrode 
(with mechanical control of the drop-time) for 
differential-pulse polarographic measurements 
Either SCE or Ag/AgCl reference electrodes 
were used 

Procedure 

Before each set of measurements, the acetate 
buffer solutions were checked for metal impuri- 
ties able to bmd EDTA, by back-titrating 10 ~1 
of 10e4M EDTA (added to 10 ml of acetate 

buffer) with 10mSM cadmmm nitrate, with end- 
point detection by DPV. The metal impurities 
never exceeded lo-‘M. 

Calibration graphs relevant to reaction (1) 
were obtained as follows. The M-EDTA com- 
plexes were prepared from equimolar amounts 
of Na,H,EDTA and M(NO,), (M = Cu, Pb and 
Cd) diluted to 10 ml. Next, stepwtse addittons of 
w 10e4M thorium nitrate were made (until the 
Th4+ was equimolar with the M-EDTA) To 
allow attainment of equthbrmm (1) a 15-mm 
delay was allowed after each addition of tho- 
rium before the voltamperogram was recorded. 
Longer delay-times were also tried, m order to 
verify whether reaction (1) had reached equi- 
hbrrum; to speed up reaction (1) the solutions 
were also heated at about 60-70” under an 
infrared lamp for 5 mm. 

The detection limits m the absence of ura- 
nium compounds were obtained from simulated 
samples contammg different amounts of 
thormm nitrate diluted to 10 ml with buffer 
solution To these were added appropriate 
volumes of 10e4M M-EDTA, giving concen- 
trations of the complexes between 5 x lo-’ and 
10m6M The solutions were heated for 5 mm, 
cooled to room temperature and then trans- 
ferred to the voltammetrtc cell This procedure 
was also applied for determining the detection 
limits m the presence of uramum compounds, 
the only difference being the addition of uranyl 
nitrate or ammomum dmranate and the use of 
10-6M M-EDTA throughout 

For evaluatmg the peak currents relevant 
to the free M”+ concentrations, a computer- 
based procedure was used to subtract the back- 
ground currents This method was particularly 
effective for measurements made with uranium 
compounds present 

The experimental parameters characterizmg 
each voltammetric technique (I.e., scan-rate for 
CV, step-height, drop-time, frequency etc for 
the pulsed techniques) were properly opttmized 
m order to reach the best condttions with 
respect to sensittvity and resolution 

RESULTS AND DISCUSSION 

The effectiveness of the exchange method 
depends on both the ratio of the stability 
constants of the Th-EDTA and M-EDTA 
complexes and the rate of attainment of eqm- 
hbrmm (1) The choice of M and the experi- 
mental conditions such as pH are of 
fundamental importance. In addition, because 
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the method ultimately consists in the deter- 
mination of the free M”+, the concentration of 
M”+ ansing from dissociation of the M-EDTA 
complex will affect the detection limit of the 
method. 

The metal ions considered m this work were 
Cu*+, Pb2+ and Cd ‘+ because then reduction 
potentials are not too negative (whereas the 
voltammetric signals for zinc, for instance, can 
be obscured to some extent by signals for hydro- 
gen evolution) and the ratios of the stability 
constants of their EDTA complexes to that of 
the Th-EDTA complex enable reaction (1) to 
proceed quantitatively I6 The pH was mam- 
tamed at 4 5 by acetate buffer solutions m order 
to ensure adequate stability of the complexes 
and a good rate of the displacement reaction (1) 
At htgher pH values thormm can form hydroxo- 
complexes, whereas at lower pH the dissoctatton 
of M-EDTA increases, causing a loss of 
sensttivtty m the measurements. The concen- 
tration of M”+ arising from dissociation of 
the M-EDTA complex also depends on the 
M-EDTA concentratton, as can be Inferred 
from simple stoichiometric considerations. In 
particular, for M-EDTA concentrattons of the 
order of 10e4M (except for Cd-EDTA) the 
expected free M”+ concentrations should be 
below lo-*M, which is not detectable even 
with the more sensitive DPP, DPV and SWV 
techniques The experimental voltamperograms 
revealed, however, that the concentration of free 
M”+ from dissoctation of M-EDTA sometimes 
exceeded 10-5M The residual M”+ evaluated 
by DPV ranged between lo-’ and 10p6M for 
Pb2+ and Cu2+ and between 3 x lo-‘M and 
2 x 10e6M for Cd’+ for M-EDTA concen- 
trations between lop5 and 10v4M The high 
values may be partly due to the difficulty of 
ensuring exactly equimolar metal/EDTA ratios 
at very low concentrattons Also, the con- 
ditional stabihty constants may be lower than 
those usually reported,” in agreement with con- 
clusions drawn from stripping voltammetrtc 
measurements ‘* I9 High background levels of 
M”+ can be avotded by an appropriate choice of 
M-EDTA concentration. For instance, concen- 
trations of M-EDTA between 5 x IO-’ and 
10m6M did not produce any apprectable DPV or 
SWV reduction peak for M”+. 

To establish the range of hnearity obtamed by 
use of reaction (1), a series of measurements was 
made m which mcreasmg amounts of Th4+ were 
added to buffer solutions contammg different 
amounts of the M-EDTA complexes. Linear 

Table 1 Correlatton coeflictents of cahbratton graphs (r) 
and fraction (%) of total M”+ dtsplaced m reactton (1) when 

[Th4+] added IS equal to [M-EDTA] 

IO-‘M M-EDTA lo-‘M M-EDTA 

M”+ M”+ 
Complex r dtsplaced, % r dtsplaced, % 

Cu-EDTA 0 981 40 0 989 65 
Pb-EDTA 0991 70 0 990 85 
Cd-EDTA 0 992 85 0 993 95 

relationships between M”+ released and Th4+ 
added were obtained, whatever the initial 
M-EDTA concentration, but the slopes of the 
lines depended on the nutial M-EDTA concen- 
tration, the delay between adding thorium and 
running the voltamperogram, and the amount 
of Th4+ added m each step This behaviour 
occurred with all the voltammetric techniques 
employed Table 1 shows typical correlation 
coeffictents for the relationships and the average 
fraction of M”+ released when the Th4+ added 
was equtmolar with the M-EDTA taken. 

The fractions released were calculated by 
comparmg the peak currents for the M”+ 
released, with those for M”+ standards m the 
same buffer solutton, as shown m Ftg. 1 

An improvement m the release of M”+ was 
obtained m all cases by mcreasmg the delay time 
or heatmg the solutton after each addition of 
Th4+ This effect can be rattonahzed by taking 
mto account the formation of hydroxo- 
complexes of thorium, which can either slow 
down reaction (1) or be adsorbed on the 
mercury electrode and causmg potsonmg 
effects.” The higher the initial M-EDTA con- 
centration, the greater the volume of Th4+ 
solution added m each step, this causes larger 

5 1 

PA 

005 001 

mM 

Rg I Drfferentral-pulse peak currents plotted as a functron 
of (1) concentration of Cu*+ and (2) concentration of Th4+ 

dtsplacmg Cu*+ from 0 ImM Cu-EDTA 
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amounts of hydroxo-complexes to be added, 
and hence greater effect on reaction (1) or an 
increase in undesirable effects at the surface of 
the mercury electrode. 

The detection limits reported m Table 2 were 
found by making standard additions of Th4+ to 
solutions containing M-EDTA complexes at 
concentrations between 5 x lo-’ and 10e6M, 
depending on the voltammetric technique 
employed The detection limit was taken as 
the concentration of Th4+ correspondmg to a 
peak current for M”+ that was three times the 
standard deviation of the peak current for a 
blank solution 

The results show that the use of Cd-EDTA 
and DPV or SWV gives the most sensitive 
measurements. The precision of the method for 
concentrations of the order of the detection 
limits are reported in Table 2 Table 2 also 
shows that the detection limits and relative 
standard deviations for DPP, DPV and SWV 
are better than those for direct titrimetry with 
normal pulse polarographic detection ’ 

Determmatron of Th 4+ zn the presence of uranyl 
tutrate and ammomum dluranate 

The electrochemical behaviour of U(V1) m 
aqueous solution is characterized by a rather 
complex mechanism m which the first electro- 
chemical step is coupled with homogeneous 
chemical reactions leading to products which 
undergo further electrochemical steps.” Figure 2 
shows the cyclic voltamperograms obtained for 
(a) uranyl nitrate and (b) ammomum dmranate 
m pH-4.5 acetate buffer The two voltampero- 
grams differ m the positton of the second reduc- 
tion peak and the reversibihty of the first 
process. Because the voltamperogram for uranyl 
nitrate is the more complex, attempts were made 
to simplify it by varying the scan-rate (the 
chemical reactions associated with the electron 
transfers are not very fast, so it is thus possible 
to mask their effects). The effect of mcreased 
scan-rate on the reduction process of uranyl 
nitrate is shown m (c) m Fig 2 The reduction 
is characterized by one reversible wave at about 
-0.4 V vs. Ag/AgCl (at the same potential as 
the first wave for ammomum dmranate). Under 
these conditions the potential region free from 
interference is much wider, and for both cases 
the use of equilrbrmm (1) for the determmation 
of Th4+ is practicable with the copper and cad- 
mium EDTA complexes, whereas PbEDTA is 
not useful because the free Pb2+ wave comcides 
with the first wave for the uramum compounds 
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Fig 2 Cycbc voitam~rograms recorded for 0 1M aqueous 
acetate buffer soluhons contammg (a) 2 ImM UOz(NO,),, 
scan-rate 100 mV/sec, (b) 2 3 mM (NH,),U,O,, scan-rate 
100 mV/sec and (b) 2 ImM UO,(NO&, scan-rate 1 5 V/xc 

Prehmmary experiments were performed to 
ascertain whether interferences arose from 
interaction between the uranyl and M-EDTA 
systems. For this purpose, IO-‘&4 soluttons of 
the uranium compounds m pH-4.5 acetate 
buffer were added to Cu’+, Cd2+ or 
EDTA solutions in the concentration range 
10-5-10-4M. The peak-heights for both Cu2+ 
and Cd2+ Increased hnearly with concentration 
with correlation coefficients of 0 982 and 0 988, 
respectively (these are averages of the values 
obtamed with the different voltammetrrc 
techniques). However, the copper peak became 
broader, and the cadmium peak appeared as a 
shoulder on the uranyl peak (Fig 3) 

The pulsed techniques gave good resolution 
between peaks. The EDTA added did not affect 
the uranyl reduction, though formation of a 
UO,-EDTA complex could not be excluded. 
Since m the determination of Th4+ the EDTA is 
added as a metal complex, the possibility of 
displacement of the metal ion by uranyl was also 
studied. The addition of IOe4M Cu-EDTA or 
Cd-EDTA to 10v3M solutions of uranyl nitrate 
or ammonium diuranate revealed only small 
waves due to the reduction of free Cu*+ and 
Cd’+, amtlar to those obtamed m the absence of 
the uramum compounds. This indicates that the 
metals are preferentially bound to the EDTA, m 
agreement with the lower condltlonal stab&y 
constant for UO,-EDTA i6 

Calibration graphs for thonum m the pres- 
ence of the uranium compounds were satlsfacto- 
rily linear, with correlation coefficients of 0.989, 
0.969 and 0.983 for cadmium and 0.986, 0.980 
and 0.981 for copper, determmed by SWV, LSV 
and DPP, respectively, but the slopes were lower 
than those obtained m the absence of uranmm. 
The average fractions of M”+ released were 
about 60 and 40% for cadmium and copper, 
respectively Typtcal voltamperograms are 
shown m Fig 4. 

Table 3 shows the detectton hmtts obtained 
for thorium wrth the different techmques, for 
uranium to thormm concentration ratios of 
about 1000. For lower ratios, the detection 
hmits ranged between those m Tables 2 and 3 
for each M”+ and voltammetrlc technique com- 
bmation, and for higher ratios the detectton 
hmits are higher than those m Table 3, bemg 
10-4M or more for 0.1 M uranium. These tables 
indicate that tt is possible to make precise 
measurements of less than micromolar levels of 
thormm m the presence of up to a thousandfold 
molar ratio of uramum compounds by DPP, 
DPV and SWV. CV (the least sensmve tech- 
nique used) also gives good results, although the 
precision is less sattsfactory. 

Table 4 shows typical results for the determt- 
nation of Th4+ m the presence of uranium 
compounds m synthetrc samples. 

If the results m Tables 3 and 4 are considered 
in the context of industrial practice, e.g , for 
finished nuclear-grade uramum products, where 
the recommended*’ maximum thorium impurity 
is 10 pg/g,” the selectivity is inadequate. Never- 
theless the proposed procedure is the best 
amongst those described for evaluatmg thorium 
in presence of a large excess of uranyl ton 4*5 ” 
Hence, a separation step would be required if the 
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Fig 3 Voltamperograms recorded for 0 1M aqueous acetate buffer solutions (a) CV of I 5mM 
UOz(NO,), and 0 1mM Cu(NO,),, scan-rate 100 mV/sec, (b) CV of 1 7mM UO,(NO,), and 0 1mM 
Cd(NO,)*, scan-rate 1 5 V/set, (c) SWV as for (a), step height 3 mV, pulse amphtude 50 mV, frequency 

37 Hz, (d) SWV as for (b), step height 3 mV, pulse amphtude 25 mV, frequency 75 Hz 
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Fig 4 Sequence of voltamperograms for acetate buffer solutions untlally contammg ImM (UO,),NO, 
and 0 OlmM Cd-EDTA (a) DPP four stepwlse addltlons of 10 ~1 of ImMTh(NO,),, scan-rate 5 mV/sec, 
drop-time I set, pulse height 20 mV, (b) SWV stepwlse addltlons of (1,2,4) 10 ~1 and (3) 20 ~1 of ImM 

Th(N01)4, step height 3 mV, pulse amphtude 25 mV, frequency 75 Hz 
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Table 3 DetectIon hmlts (DL) and relatwe standard devlatlons (r s d , 5 rephcates) for Th4+ m 
the presence of ImM uranyl nitrate or for the different techmque and M-EDTA combmatlons 
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Techmques 

Complex 

Cu-EDTA 
Cd-EDTA 

LSV DPP DPV swv 

DL, rsd, DL, rsd, DL, rsd, DL, rsd, 
w % w % WQf % PM % 

60 5 21 4 12 4 23 4 
50 4 09 3 08 2 08 3 

uranmm concentratton 1s more than 1mM 
It must be remarked, however, that such steps 
are common m other methods for determmmg 
thormm ’ 3 

Use of the strlpplng approach 

Anodic stripping has been tried for mom- 
tormg the free M”+ released m reaction (1). This 
technique, m prmctple, gives higher sensitivity 
for electroactive species able to give amalgams, 
whilst excluding interference from those which 
do not. This is lust the case under investigation, 
in that the uramum reduction products are not 
soluble m mercury, whereas the EDTA com- 
plexes used are those of typical heavy metal 
determined by stripping analysts. 

Measurement of solutions containing Pb- 
EDTA or Cd-EDTA but no uranium provided 
poorly reproducible results when Th(N03), was 
added to obtain cahbratton graphs for reac- 
tion (1) For instance, for a solutton containing 
5 x lo-‘M Pb-EDTA, to whtch 2 x lo-‘M 
thormm nitrate was added, which should 
result m a free Pb*+ concentratton of about 
2 x lo-‘M, six replicate DPV stnppmg peaks 
recorded after preconcentratton for 1 mm at 
-0.8 V m stirred solution gave an r.s d. of 
about 16%, which is far higher than the typical 
values of 612% found for ASV at these con- 
centration levels 22 The stripping voltammetrtc 
peaks were less reproducible, the longer the 
preconcentration time, in agreement with the 
concluston drawn about adsorption effects 
caused by thormm hydroxo-complexes. To 
minimize these effects, the measurements were 
made after preconcentratton m quiescent 

solution for almost zero time. These condittons 
were realized by use of cyclic DPV [see Fig. 5(b)], 
so that mass transport during the preconcen- 
tration time occurred only by diffusion to the 
electrode surface and not by convection This 
implies a current decaying as a function of time 
according to the Cottrell equation23 and there- 
fore a high current can be established only for 
a short time 

This procedure was used for preparing cah- 
bratton graphs relevant to reaction (1) The 
correlatton coefficients of the calibration lines 
were 0 921 and 0.910 for cadmium and lead, 
respectively. The detection limits determined 
were about 8 x IO-‘M for Cd2+ and IO-‘it4 for 
Pb2+. The relative standard deviations were 
about 6% for both cations These results are 
quite satisfactory when compared with others,‘* 
the detection hmtts are slightly lower and the 
measurement can be performed m a few minutes 
instead of an hour 

Stnppmg measurements performed on buffer 
solutions containing 10d3M uranyl nitrate or 
ammomum dmranate did not show any oxt- 
dation process occurring m the potential region 
between - 1 .O and -0.3 V, but measurements 
on solutions containing both Cd2+ and either 
of the uranmm compounds showed the peak 
for oxidatton of cadmium metal [Fig. 5(b)]. 
This peak had poor reproducibility, however 
(r.s.d of about 15% for 2 x lo-‘M Cd’+). The 
reproductbihty was even worse when Th4+ 
was added m order to prepare cahbrattons 
for reaction (l), the best results were again 
obtained by using very short preconcentratton 
times 

Table 4 Determmatlon of Th4+ m synthetic samples containing uramum compounds 

Complex 
[M-EDTA], 

PM Techmque 

Uramum Th4+ Th4+ 
compound Correlation found*, taken, Error, 

and concn , mM coefficient PM flM % 

Cd-EDTA 17 15 swv (NH,)IU,D,, 1 10 0 998 231 2 23 37 
Cd-EDTA 4761 LSV UO,(NO,),, 0 98 0999 5 36 5 37 -0 1 
Cu-EDTA 55 II swv UO,(NO,),, 0 89 0 997 8 38 8 39 -02 
Cd-EDTA 25 21 DPP UQ (NO1 )2,0 99 0 989 460 4 75 -32 

*Mean of five rephcate measurements 
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(a) 

2 (b) 

Fig 5 (a) Cychc DPV of acetate buffer solution contammg 0 OImM Pb(NO,), (I) direct scan, (2) reverse 
scan, scan-rate 5 mVjsec, pulse height 25 mV (b) SWASV of acetate buffer solutions contammg 

(-) ImM UQ(N%, ( ) 1mM UO,(NO,), and 0 OOlmM Cd(N0,) Electrolysis for 30 set at 
- 1 00 V, step height 3 mV, pulse amphtude 25 mV, frequency 75 Hz 

The presence of uramum compounds did not 
allow use of the cychc wave-form as above, 
because stirring during the preconcentratton 
step was necessary to enhance the flux of the 
uranium products away from the electrode 
surface, since these would otherwrse have 
severely Interfered with the metal strtppmg pro- 
cess However, Interference still arose to some 
extent when cadmtum concentrattons below 
5 x lo-‘A4 were measured. The detectton limit 
m these condttlons was about lO-~‘M, with an 
r.s.d. of about 15% 

Compartson of these results with those 
reported m the previous section shows that 
the stripping approach Improves the detection 
limits sufficiently for about 100 pg of thorturn 
per g of uramum to be determined, but the 
reproducrbrhty of the measurements is poorer 
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Summary-A method for determmatton of arsemc(V) m the range between 1 x IO-’ and 1 2 x 10m6M 
has been developed These levels are reached by means of the multtphcatton factor ytelded by use of 
12-molybdoarsemc actd and the great senstttvtty of polarographtc determmatton of the MO(W) m the 
heteropoly actd The procedure has been successfully apphed to determmatton of arsemc m copper alloys, 
after selecttve extractton of phosphorus 

The toxic character of arsenic makes its 
determmatlon at trace level important. Many 
procedures have been proposed, but preconcen- 
tration and/or isolation of the arsenic 1s fre- 
quently needed.’ Some polarographic methods 
have been described, but mainly for determining 
As(III), because it 1s difficult to reduce As(V) at 
the mercury electrode.’ 

In the method proposed here, the As(V) is 
electrochemically determined by an indirect 
method m which the 12-fold multiplicative effect 
given by forming arsenomolybdic acid (AMA) 
and determmmg the molybdenum m tt IS 

used, analogously to some spectrophotometnc 
methods.3” The sensittvity is further increased 
by using the polarographic peak resulting from 
the catalytic reduction of H202 m the presence 
of the Mo(V1) arismg from the heteropoly acid.’ 
In this way, a DC-polarography procedure with 
a detection limit of 5.9 pg/l. is obtained. Its 
usefulness has been established by the analysts 
of certified samples, after ehmmation of the 
interference of phosphorus by selective extrac- 
tion of phosphomolybdic acid (PMA) with ethyl 
acetate.8 

EXPERIMENTAL 

Apparatus 

This was described earller.8 

Standard arsenic solution, 0 01 M 

Dissolve 1.895 g of sodmm monohydrogen 
arsenate in 1 litre of demineralized water; pre- 
pare and store the solution in polythene ware. 
Prepare workmg solutions by appropriate 
dilution. 

Procedures 

Determrnatton of arsemc. Transfer 2 ml of 2% 
ammomum paramolybdate solution, 0.75 ml of 
5M sulphuric acid and a known volume of 
sample (or standard) containing arsenic(V) into 
a loo-ml separating funnel, and dilute to 25 ml 
with demineralized water. After 20 min add 10 
ml of n-butanol, shake the mixture for 3 mm 
and then separate the organic phase. Wash this 
with two lo-ml portions of 0.8M sulphuric acid 
to remove the excess of free Mo(V1). Strip the 
arsenomolybdic acid with 25 ml of 1M sodium 
hydroxide Adjust this solutton to pH 4.0 with 
4M sulphuric acid, add 5 ml more of this acid, 
and 10 ml of 0.2M hydrogen peroxide, and 
finally dilute to volume m a lOO-ml standard 
flask with demmerahzed water. Transfer a por- 
tion of this solution mto the polarographic cell 
and run a DC-polarogram between 0.40 and 
0.00 V (us SCE). Deaeration is not required, but 
the temperature must be kept constant 
(25 + 0.1’). Measure the current at 0 20 V, and 
by comparison with a calibration line obtained 
under the same condittons, determme the As(V) 
concentration. 

Analysis of copper-based alloy Weigh accu- 
rately a 0.5-g sample of alloy and dissolve it in 
nitric acid (1 + 1). If dtssolution IS not complete, 
add a few drops of concentrated nitric acid and, 
tf necessary, one or two drops of concentrated 
hydrochloric acid, boil carefully to expel nitrous 
fumes, cool, and dilute to volume m a loo-ml 
standard flask with water Take an ahquot of 
this solution and adjust its pH to about 4 with 
sodium hydroxide solution. Transfer in this 
order, 2 ml of 2% ammonium paramolybdate 
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solution, 1 ml of 5M sulphuric acid and the 
ahquot of sample mto a separating funnel and 
dilute to 25 ml with demmerahzed water After 
20 mm, add 1 ml of 5M sulphuric acid and 10 
ml of ethyl acetate Shake the funnel for 3 mm, 
then let tt stand for 15 mm. Discard the organic 
phase containing the MPA. Neutralize the 
aqueous phase with sodium hydroxide, then add 
enough sulphuric acid to give a concentratton of 
O.l5M, extract the arsenomolybdic acid with 
n-butanol and complete the analysis as de- 
scribed above. 

RESULTS AND DISCUSSION 

The complete procedure mvolves (a) for- 
mation of AMA from arsenic(V) and excess of 
molybdate, (b) selecttve extraction of AMA, (c) 
washing the organic extract to ehmmate the 
co-extracted tsopolymolybdate species, and (d) 
stripping of molybdenum(V1) from the AMA 
for polarographrc determmatton 

Step (d) has already been described and optt- 
mized,’ so the experimental conditions to be 
opttmtzed are those of steps (a), (b) and (c) 
Formation of AMA depends not only on the 
acid concentration but also on the MO/AS ratto 
Figure 1 shows that when the molybdate con- 
centration is increased, the acidity range over 
which the highest current (AZ = l,,,,+ - zblank) is 
obtained is extended to higher acidity. Figure 2 
shows the relative response surface, as a func- 
tion of the molybdenum(V1) concentratton and 
the acidity Al/zbldnk was chosen as the analytical 
response for opttmization because our mam 
purpose was to find a procedure gtvmg both 
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high prectston and low detection hmtt, r.e., Al 
must be large and &lank small Figure 1 shows 
that the molybdenum(V1) and sulphuric acid 
concentrations m the recommended procedure 
are within the opttmum zone, and no further 
optimization is needed 

For the extraction, we have tested the systems 
recommended as most suttable for AMA,45*9*‘0 
ranging from alcohols, such as n-butanol, 
through ketones such as MIBK, to mixtures, 
such as diethyl ether-n-butanol Of those exam- 
ined, n-butanol was chosen because it gives the 
best results under the experimental condittons 
of the proposed method. 

On the other hand, since some free Mo(V1) is 
extracted together with AMA, the organic phase 
must be washed with an appropriate hqutd 
Sulphuric acid was chosen because the hetero- 
poly acid is not stripped by an acidic medium5 
and this acid does not introduce any new ions 
which might interfere m later steps. The results 
show that the efficiency of the washing step IS 
the same over the concentration range 0 l-O.&U 
sulphuric acid To find the optimum number of 
washings, a lo-ml portion of organic phase was 
treated with several lo-ml portions of 0.8M 
sulphurtc acid and the Mo(V1) transferred to the 
aqueous phase was measured polarographically 
The results indicate that the Mo(V1) 1s almost 
completely removed m two washmgs The het- 
eropoly acid 1s decomposed and stripped with 
1M sodium hydroxide, as explained above. 
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Under the optimal condtttons, the linear 
range of cahbratlon IS from 1 x lo-‘M 
(7 5 pg/l.) to 1 20 x 10e6M (90 pg/l ) The sen- 
stttvtty 1s 8 95 A.l.mole-‘, and the detection 
hmtt 6.0 pg/l 

Na, K, Mg, Co, Al, Fe, Zn, Cd, NO; and 
SOi- do not interfere. Sthcon, phosphorus and 
germamum produce a posmve error because of 
co-extraction of the correspondmg heteropoly 
acids The allowed tolerance hmtts, expressed as 
the mterferent/arsemc ratio, are 0 15 for phos- 
phate, 3 for skate and 0.2 for germanate, for 
an As(V) concentratton of 5 0 x IO-‘M 

Analytrcal appllcatlons 

When the recommended procedure was 
applied to copper alloys, some of the results 
obtained were too high. Thts was found to be 
due to phosphorus m the samples This problem 
was eliminated by selective extractton of PMA 
with ethyl acetate * Other possible mterferents 
were present at the level lower than the toler- 
ance hmlts. The certified values of arsenic m the 

samples were 0.0080% and 0.0041%. The 
results obtained were 0.0084 + 0.0004% and 
0 0042 k 0.0007%, respectively (means of 5 
determmatrons, 95% confidence level). 
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SPECTROPHOTOMETRIC DETERMINATION OF 
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Laboratory for Automated Chemical Analysis, Department of Chemistry, Umverslty of Bntlsh Columbia, 
Vancouver, B C , Canada V6T lY6 
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Summary-Sulfochlorophenolazorhodanme (as Its sodmm salt) has been used m the automated develop- 
ment of a sensltlve flowqectlon procedure for the spectrophotometrlc determmatlon of palladium The 
resulting method has high sample throughput, good preclslon, and low consumption of both sample and 
reagents The optimum pH for the reactlon 1s 5 0 and the response 1s constant at pH between 4 7 and 
5 3 The sensltlvlty (cahbratlon slope) of the procedure IS 4 4 x lo3 1 /mole The linear dynamic range IS 
0 045-30 0 pg/ml The sample throughput 1s at least 120/hr An automated procedure for optlmlzatlon 
of analytical variables 1s described and a two-vanable response surface for the system IS given Interference 
studies on 19 metal ions show that the method has good selectlvlty 

Until recently, little attention has been given to 
development of flow-inlection procedures for 
palladium. This 1s somewhat surpr’smg m view 
of the commercial value and wide use of this 
element in catalysts and alloys. Tradmonal 
manual methods for palladium determmat’on 
have used spectrophotometr’c methods with 
hqu’d-liquid extractton,’ prec’pttat’on by 
reagents such as dimethylglyoxlme,s and 
atomic-absorption spectrometry 6 For flow-m- 
jection analysis, direct colorimetr’c methods are 
preferred because of then simplicity Haj- 
Hussein and Chrisnan’ reported a direct colon- 
metric flow-mjection method wh’ch provided 
reasonable selectiv’ty, and Saks’ and Ohno’ 
have recently reported a method with greater 
sensitivity. No other flow-inject’on methods for 
palladium have been found m the literature 

Savvin and Guereva9 reported that a number 
of azo compounds based on rhodanme and 
thiorhodamne may be used as highly sensitive 
and selective reagents for the spectrophotomet- 
ric determination of noble metals The reaction 
times cited for maximum color development 
were typically several hours. It was thought that 
acceptable analytical sens’t’v’ty might be ob- 
tamed with shorter reaction times ‘f the highly 
repeatable timing of flow-mject’on systems 
was employed. Of particular Interest was 

*Author for correspondence 

sulfochlorophenolazorhodanine (SCPAR), the 
structure of which is shown below This was 
reported to form a palladium complex with 
a very high molar absorpt’v’ty (1.2 x 10’ 
1. mole-‘. cm-’ at very high acidity, 5.0 x lo4 m 
1M hydrochloric acid). This paper reports fur- 
ther investigation of this system and develop- 
ment of a flow-mject’on method for palladium, 
based on use of this reagent 

SOS Na OH 

G- 

-NH 

0 N=N’\, 

s NS 

Cl 

Simplex optimization is a useful means of 
rapidly optimlzmg chemical and flow cond’tions 
m flow-mject’on systems.” Though this 
approach rapidly locates an optimum, ‘t gives 
little Information about the nature of the 
response surface.” Mapping response surfaces 
by performing multiple experiments m a regular 
pattern such as a square or triangular lattice 
allows better charactertzatlon of complete 
systems It provides the experimentahst with 
evidence of the stability and therefore expen- 
mental repeatability of the analytical method, 
but at the expense of more experiments and 
perhaps less information about the region of the 
opttmum. This has been discussed elsewhere.” 
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Automated flowqectton analyzers have 
much to offer analytical chemtstry.‘3 In parttcu- 
lar, they facthtate automated development of 
analyttcal methods by approprtate control of 
mJection/stream-switching valves and vartable- 
speed pumps. Such systems achieve their full 
potential only when a high degree of computer 
control IS employed Thts allows for “soft 
automatton” whereby the function of the 
analyzer 1s m part specified through software, 
and thus may be modified m real-ttme Simplex 
opttmtzatton can be Implemented on automated 
hardware to facthtate method development 
wtthout assistance by the operator.” I3 

In this work we have used both automated 
stmplex opttmizatton and automated response- 
surface mapping to help characterize the 
Pd(II)-SCPAR system 

Reagents 
EXPERIMENTAL 

A stock solution of palladmm(I1) 
(1 00 x 10e3M) was prepared by dtssolvmg 
palladmm(I1) chloride (Alfa, Danvers, MA), m 
0.0 1 M hydrochloric acid Sample soluttons were 
prepared by approprtate dilutton. Solutions of 
metal tons for the interference studies were 
made from the nitrates of copper( mckel(II), 
lead(II), alummum(III), mercury(II), bts- 
muth(II), silver(I), cobalt(II), rhodmm(III), the 
chlorides of tron(II), tron(III), platmum(IV), 
ruthenmm(III), zmc(II), irtdtum(III), cad- 
mtum(II), tm(II), gold(III), and manganese(H) 
sulfate. Analyttcal-reagent grade salts were 
used, except for the platmum(IV) solution, 
which was prepared by dtssolutton of platmum 
wire in aqua regra. 

A universal buffer solutton’4 (pH 2 0) was 
prepared for the automated opttmtzatton and 
batch method experiments Buffer solutions at 
various pH values above this were then obtained 
by addttton of approprtate volumes of 0 2M 
sodmm hydroxide. 

Synthesis of SCPAR (sodium salt) 

Synthesis of the sodium salt of SCPAR 
(Na-SCPAR) employed a dtazottzatton step 
followed by a coupling reaction. First, 11 g of 
2-ammo-4-chlorophenolsulfomc acid (ACPS) 
(ATK Inc., Tokyo, Japan) were dtssolved m 100 
ml of distilled water. About 20 ml of concen- 
trated hydrochlortc acid were added and the 
reaction mixture was cooled m an ice-bath 
before addttton of 3.45 g of sodtum nitrite. The 
mixture was then stirred constantly while about 

40 ml of water were gradually added over a 
period of 1 hr. After standing for another hour 
at O”, the mixture was neutralized by addttton of 
2.5 g of sodium acetate. 

The couplmg reaction was then performed by 
addmg a solutton containing 6 7 g of rhodamne 
(Aldrich, Milwaukee, WI) m 150 ml of 1M 
sodium hydroxide to the reactton mixture, 
which was then kept m an ice-bath for 1 hr, wtth 
the pH maintained between 7 and 9 by addttton 
of small amounts of either dilute sodium 
hydroxide solution or hydrochlortc acid. 
Concentrated hydrochlortc acid was then added 
dropwtse until a pH of about 3 was obtained 
The prectpitate formed was filtered off and 
washed with small amounts of cold water, and 
then purified. First, tt was dissolved m about 
200 ml of water and about 3 g of sodium 
carbonate were added. The msoluble residue 
which remained was discarded. The filtrate was 
acidified with a few drops of 6M hydrochlortc 
actd to precipitate the purified product, whtch 
was then filtered off, washed with cold dtsttlled 
water, and dried m an The product was a 
red-orange powder, yield about 10 g (54%) 

A portion of the isolated product was further 
purtfied by preparative column chromatogra- 
phy Na-SCPAR was separated from a mmor 
amount of residual ACPS on a sthca-gel column 
with a mobile phase conststmg of 5% methanol 
and 1% acetic acid m dtethyl ether For this, a 
9 44 x 10e4M Na-SCPAR stock solution was 
prepared by dissolvmg 0 3676 g of the purified 
reagent in 1 htre of 0 01M hydrochlortc actd 
Our own elemental analysts results, and the 
work by Savvm and Guereva,’ indicated some 
dtfficulty m purtfymg the SCPAR reagent 

Apparatus 

A diode-array spectrophotometer (Hewlett 
Packard 8452A) wtth a standard l-cm fused-stl- 
tea cell was used for absorption measurements 
For the flow-mJectton studies, a 30-,ul l-cm 
pathlength fused-sthca flow-cell was used. The 
pH of reaction mixtures was determined wtth a 
laboratory pH meter (Fisher Sctenttfic) and 
a flow-through electrode cell designed m our 
laboratory. 

The automated flow-mjectton analyzer used 
was based on a design reported prevtously,‘3 and 
will be discussed m detail elsewhere Its key 
units include a custom-built 5-channel 
peristaltic pump umt, two high-prectston 
pertstalttc pumps (Ahtea USA, Seattle, WA), 
and an mJectton valve unit mcorporatmg three 
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6-port air-driven solenoid-actuated injection 
valves (Rheodyne 502OP, Cotati, CA) each 
equipped with a 70-~1 sample loop. All umts 
were controlled by a computer compattble with 
an IBM PC-AT. Polytetrafluoroethylene (PTFE) 
tubing (0.5 mm i.d.) was used throughout 

Software 

The Flow Injectton Development and 
Optimizatton (FIDO) software used for the 
opttmtzation and response-surface mapping 
experiments was written m our laboratory m 
Mtcrosoft QuickBASIC” version 4.0, as was the 
code used for nonlinear curve fittmg, factor 
analysis, and other data-processmg tasks. The 
optimization algorithm used was the composite 
modified simplex method Is I6 Response-surface 
plots were generated by a commerctal scientific 
graphics program (SURFER”’ version 3 0, 
Golden Software, Golden, CO) 

Procedures 

Kznetzc studzes. To establish the effect of pH 
on the rate of the Pd(II)/Na-SCPAR reaction, 
both manual and stopped-flow studies were 
made For the mittal manual experiments, a 
5.00-ml ahquot of 1 00 x 10m4M palladium was 
added to a mixture contammg 15.00 ml of buffer 
solutton and 5.00 ml of 9 44 x 10p4A4 Na- 
SCPAR After thorough mixing, an appropriate 
volume was transferred to the cell of the spec- 
trophotometer Absorbance measurements were 
mttiated 30 set after the start of the reaction and 
acquired at 30-set mtervals for a period of 600 
set, over the wavelength range 300-750 nm. The 
pH range 2-l 1 was examined m this manner. 

Once the optimum reaction pH was iden- 
tified, stopped-flow experiments were conducted 
to determine the kmettc parameters Buffered 
streams of Na-SCPAR (3.78 x 10-4M) and pal- 
ladium (10-5-10-4M) were merged at a mtxmg 
T-piece and directed to the flow-cell through a 
4-cm length of tubing Pumps were run at 
maximum speed to transport the reaction mtx- 
ture to the cell and then stopped to allow the 
kinetic measurements Absorbance measure- 
ments at 488 nm were made at I-set mtervals for 
a period of 200 set after the pumps were stopped 

Automated optzmzzatzon. The flow-injection 
configuration used for the automated simplex 
optimization experiments is shown m Fig la. 
The reagent stream, R, consisted of Na-SCPAR 
merged with distilled water to give a total 
flow-rate of 0 50 ml/mm and a maximum 
Na-SCPAR concentration of 9.44 x 10e4M 

The buffer stream, B, was allowed to vary m pH 
during the automated optimization, but was 
kept at a constant flow-rate of 0.50 ml/min. The 
carrier stream was mamtained at a fixed flow- 
rate of 1 ml/min and merged with the other two 
streams to gave a total flow-rate of 2.00 ml/mm 
at the detector. This ensured a constant sample 
residence time in the system. Separate pumps 
were used for each solution The configuration 
chosen merges the sample with the reagent 
stream rather than directly mjectmg the sample 
mto tt This is to preclude prectpitatton within 
the injection valve under adverse experimental 
conditions. During the automated simplex 
optimization process, the flow-rates of the Na- 
SCPAR, sodium hydroxide and buffer streams 
were automatically adjusted so as to attain wade 
vartation m Na-SCPAR concentration and pH. 

For each expenment, the required flow-rates 
were established, and the system was allowed to 
equthbrate. Once a steady basehne was 
obtained, a 70-~1 sample of 1 0 x 10m4M palla- 
dium was inJected mto the carrier stream. 
Absorbances were measured at 488 nm The pH 
of the reaction mixture was measured m a 

(a) 

R 

W 

E 

(b) s 

Fig 1 (a) Flow-mJectlon mamfold used for automated 
optimization and response-surface mappmg studies, 
comprised of aqueous carrier stream (CS), mJect]on valve 
with 70-p] loop (I), sample m ImM HCI (S), 0 2M NaOH 
and umversal buffer at pH 2 0 (B), 0 94mM Na-SCPAR and 
dIstIlled water (R), reactlon cod (RC), spectrophotometer 
(D), and pH-electrode cell (PH) Stream goes to waste (W) 
(b) Flow-InJectIon mamfold used for the cahbratlon and 
Interference studies, compr1se.d of buffer carrier stream (C), 
mjectlon valve wtth 70-~1 loop (I), sample m ImM HCI (S), 
premlxed 9 44 x 10-4MNa-SCPAR reagent stream, buffered 
to pH 5 0 (R), reactlon toll (RC), spectrophotometer (D), 

and pH-electrode cell (PH) Stream goes to waste (W) 
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simple flow-through cell situated after the 
detector 

Several simplex optimizations were per- 
formed to establish the optimum reaction-coil 
length. Coil lengths of 50, 75, 100, 125 and 150 
cm were used. 

Once the optimum conditions were established, 
they were implemented on a simpler flow-injec- 
tion system (Fig. lb) which was used for both 
routme analysis and the interference studies. 
Such routme analyses can be done with a simple 
flow-injection system comprising one pump, 
two pump tubes and a single mjection valve. 

RESULTS AND DISCUSSION 

The reagent is unstable in strong alkali, and 
at above pH 11 decomposition of the reagent 
follows zero-order kinetics, the rate increasing 
with pH. Figure 3 shows the change m 
Na-SCPAR absorbance at pH 12 6, as a func- 
tion of time. 

Eflect of pH on complexation 

The nature of the reagent in solution strongly 
influences its ability to form metal complexes. 
The reaction of Na-SCPAR with some noble 
metals, such as palladium, and some base 
metals, such as copper, zmc and iron, is known 
to be highly pH-dependent.g Experimental 

Eflect of pH on Na-SCPAR results indicate that acidic conditions are opti- 

The absorption spectra of Na-SCPAR at vari- 
mum for palladium, and little reaction occurs 

ous pH values are shown m Fig. 2 In strongly 
under basic conditions. Any products formed 

acidic media, absorption maxima occur at 306 
under alkaline conditions decompose rapidly 

and 420 nm The band at 306 nm undergoes a 
The kmetics of the reaction was investigated 

red-shift and an increase in amplitude as the pH 
at the optimum pH under pseudo-first-order 

increases to -7, and there is a decrease in the 
conditions with Na-SCPAR m excess. If the 

absorbance at 420 nm. Under alkahne condi- 
reaction 1s expressed as 

tions, the absorption band at 420 nm shifts to Pd(I1) + nNa-SCPAR + Pd(II)(Na-SCPAR), 
longer wavelengths with increasing pH, but the 
amplitude does not change appreciably These the reaction rate can be written as 

pH effects may be attributed to protonation of 
basic groups, deprotonation of acidic groups, 

Rate = k’[Pd(II)] (1) 

and/or various tautomeric processes where k’ IS the pseudo-first-order rate constant. 

Wavelength (nml 

Fig 2 Absorption spectra of Na-SCPAR at pH 2 0, 6 8, 7 5, 1 I 0 and 12 6 
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Inltlol 

200 300 400 500 600 700 600 

Wavelength (nm) 

Fig 3 Absorbance of Na-SCPAR at pH 12 6, showmg mstablhty Measurements taken at 30-set Intervals 
from 30 set after mlxmg (“uutlal”) to 300 set c‘final”) The zero-order rate constant for the decomposltlon 

IS I 7 x 10-3sec-’ 

A nonlinear curve-fitting program was used 
to extract the pseudo-first-order rate constant 
from the stopped-flow data. The equation fitted 
to the data was 

A, = A [1 - exp(-k’t)] + Bt + C (2) 

where A, is the absorbance at time t, A is the 
final solution absorbance due to the product, B 
is a linear-drift term, and C is a constant 
background term. The linear-drift term was 
needed to account for thermal effects on the 
solution m the cell, since the cell was not kept 
at constant temperature. This term was gener- 
ally very small. Figure 4 shows a typical fit of 
the model to the data. Good fits were obtained 
for each of the soluttons tested. The pseudo- 
first-order rate constant returned by the fitting 
routine was about 0 11 &- 0.01 set-’ at room 
temperature for 0 378mM Na-SCPAR The 
final equrhbrmm absorbance due to the product 
did not change for Na-SCPAR concentrations 
within the range 0 194).76mM, mdicatmg that 
the equilibrium lies well to the right. 

The reaction rate is much higher under the 
mildly acidic conditions used here than under 
the strongly acidic condittons used previously.9 
Reaction rates measured m this study indicate 

the reaction is essentially finished m less than 60 
sec. The maximum absorbance is found at 488 
nm rather than the 520 nm reported9 earlier. 

The pseudo-first-order rate constant was also 
found to be largely independent of Na-SCPAR 
concentration in the range used, indicating that 
the reaction does not have a simple single-step 
mechanism. Treatment of the kmettc curves by 
factor analysts” indicated that a mnumum of 
two components made sufficient contrtbuttons 
to the observed absorbance-time behavior. It 
may reasonably be presumed that these are the 

0909 0 50 100 150 200 

Tame lsec I 

Fig 4 Fit of a pseudo-first-order reactlon model (sohd hne) 
to data collected for the reaction between Na-SCPAR and 

Pd(I1) at pH 5 0 
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Table I Optlmlzatlon of co11 length for 
Na-SCPAR/Pd(II) reactlon 

co11 Maximum Relative 
length, cm absorbance performance, % 

50 0451 78 6 
75 0 574 1000 

100 0 513 89 4 
125 0448 78 0 
150 0 428 74 6 

Na-SCPAR reagent and the complex However 
it should be noted that this algorithm IS unable 
to differentiate between the effect of a single 
component and a fast equihbrmm 

Automated optlmlzatlon of the flow-mjectlon 
system 

The optimum pH and reagent concentration 
for the flow-mlection determmation of 
palladium with Na-SCPAR were automattcally 
established by simplex optimization and 
response-surface mapping An average of 30 
experiments was performed during the 
automated optimization procedure, with four 
replicate runs for each experiment Optimum 
performance was achieved m lust under 2 hr 
For the automated response-surface mapping, a 
factorial design consistmg of 64 experiments 
with four replicates of each was used. These 
experiments took about 4 hr to complete 

As shown m Fig la, the pumps for all 
streams were arranged to give a fixed total 
flow-rate of 2.00 ml/mm The reagent stream 
consisted of 9.44 x 10e4M Na-SCPAR coupled 
with a distilled-water stream so that while the 
relative flow-rates of the two streams could 
change, the total flow-rate of the reagent stream 
remained at 0 50 ml/mm. In this way, the Na- 

049 

-001 

SCPAR concentration could be changed 
without grossly affecting the total flow-rate. 
Likewise the buffer stream consisted of 0.2M 
sodium hydroxide coupled with the pH-2 
universal buffer stream. The precision with 
whtch the mdividual flow-rates were matched so 
as to mamtam a constant total was good but 
was limited by the pump stepper-motor dnvers.13 
Calibration data for the pump-tube flow-rates, 
obtained at the start of the procedure, were 
assumed to hold throughout its duration. 

The mitral automated simplex optimization 
showed that the optimum Na-SCPAR flow-rate 
was m the range 0 42-0.50 ml/mm This is as 
expected, since the greatest amount of product 
should be formed when the Na-SCPAR concen- 
tratton IS at its maximum value This study 
established that the optimum flow-rate range 
for the sodium hydroxide stream was 
0 125-O 150 ml/mm, which corresponds to pH 
4.70-5.30. This IS consistent with the earlier 
studies of pH effects 

The effect of reaction-coil length on the sensi- 
tivity of the system was determined by perform- 
mg the automated opttmization experiments 
wtth several different coil lengths. Optimum 
performance was observed with a reaction-coil 
length of 75 cm Both longer and shorter coil 
lengths resulted m decreased absorbance, as 
shown m Table 1 This can be readily explained 
by the interaction of reaction kinetics and 
physical dispersion ‘* 

The three-dimensional response-surface plot 
and contour map shown m Fig. 5 mdicates how 
the Na-SCPAR and sodium hydroxide flow- 
rates affect the system performance. The Na- 
SCPAR flow-rates correspond to Na-SCPAR 

030F 

SCPAR flow-rate (ml/mln) 

Fig 5 The Na-SCPAR-Pd(II) response surface shown as a three-dlmenslonal proJectIon and Its 
corresponding contour map Response IS the peak absorbance at 488 nm, and the NaOH and Na-SCPAR 

flow-rates are m ml/mm 
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Table 2 Metal tons mterfenng m the 
determmatron of palladmm 

Ion Sensitivity* 1,,,t nm 

Rh(III) 0 27 482 
Au(II1) 0 25 348,498 
Cu(II) 0245 520 
Pt(IV) 0 22 488 
Ag(I) 0 18 500 
Pb(II) 015 294,412 
Fe(I1) 0 09 474 
Ir(III) 0 08 496 
Al(II1) 007 490 
Zn(II) 005 334, 520 

*Senstttvtty relative to that for an 
equal concentratton of Pd(II) 

tFor reaction mixture at pH 5 
$Can be effecttvely masked wtth 

IO-‘M EDTA 

concentrations of 0 19-0.94mM in the reagent 
stream The sodium hydroxide flow-rates corre- 
spond to a pH range of approximately 3.0-l 1 0. 
The optimum conditions indicated by this plot 
are m good agreement with other results 
obtained m this study The plateau region found 
by the automated response-surface mapping 
mdicated that the method developed was stable 
Experimental conditions m this region of the 
response surface are recommended for routme 
analysis 

Interferences 

The effects of various concentrations of other 
metal ions on the determmatton of 10 pg/ml 
palladium was examined for this system 
Cobalt(II), it-on(III), mckel(II), tm(II), ruthem- 
um(III), manganese(II), cadmtum(I1) and 
mercury(I) did not interfere at the opttmum pH 
even when present at a level of O.OlM, I.e., one 
hundred times the palladium concentration. In- 
teraction of these metal ions with Na-SCPAR 

I I I I I 
0 10 20 30 40 50 

Concentrotmn (pg/ml) 

Ftg 6 Cahbratton curve for palladmm determmatton The 
solid hne represents the linear dynamic range 

under alkaline conditions has been reported 9 
Table 2 lists a number of metal tons that 
interfere Also listed are the sensitivities for 
these tons relative to palladium, and the 
wavelength maxima observed in the spectra of 
their complexes. Most of these ions give 
complexes having maximum absorbance at a 
wavelength different from that for palladium, 
and thus further selectivity should be achievable 
by use of multi-wavelength measurements.’ 

Analytical performance 

For routme analysts, the flow-inJection 
geometry shown m Fig. lb was employed. 
The calibration graph obtamed with this 
apparatus (Fig. 6) was linear up to a palladium 
concentratton of 30 pg/ml with a sensitivity 
(slope) of 0 04 ml/pg. The non-zero intercept 
observed m the cahbratton plot results from 
a refractive index effect due to the mlection of 
the palladium standard mto the buffer stream 
The detection hmtt with this system was 
0 04 pg/ml. 

The apparent molar absorptivity obtained for 
the SCPAR-Pd(I1) complex was 4.28 x lo4 

Table 3 Compartson of detection hmtts, dynamic ranges and Interferences m thts 
work and the other flow-mlectton methods for palladmm determmatton 

Detectton Lmear dynamic 
Method Reference hmtt, pgglml range, pgglml Interferences 

[Os(IV), Ru(III), 
EDTAjPd 7 Not gtven 9-180 Pt(IV). Rh(III), 

Ir(III), Ir(IV)]* 

Cu(II)t, Fe(II)t, 
5-Br-PSAA/Pd 8 0002 0 01-O 10 Co(III)§, Nt(II)& 

Pt(VI)$, Os(VIII~, 
Ru(IU§, W(VI)t§ 

Na-SCPAR/Pd This work 0045 0 045-30 See text 

*0 02-l 5 mg permtsstble wetght gtvmg less than 5% error m determmatton of 1 mg 
of palladmm 

tTolerated up to l-10 mg/l when 10T3M EDTA IS added to carrier stream to mask 
mterferents 

$Tolerated up to 1-5 mg/l m determmatton of 0 1 mg/l palladtum 

I-AL 3713-E 
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I .mole-’ .cm-‘, lower than the values obtained 
by Savvin and Guereva.9 The sample through- 
put rate was 120/hr. In the unlikely event that 
even higher sampling rates are needed, an 
increase in flow rate and/or a decrease in 
reaction coil length would increase this, at the 
expense of sensitivity. 

Table 3 compares the detection limits, linear 
dynamic ranges and interfering metal tons 
cited for the other two flow-mlection methods’** 
for palladium with those of the present 
procedure. 

Conclwon 

Na-SCPAR is a sensitive and moderately 
selective reagent for the spectrophotometnc 
determmatlon of palladmm(I1). The results 
from manual pH studies, and automated 
response-surface mapping and simplex 
optimization experiments, show good agree- 
ment. The apparatus employed is simple and 
allows the rapid determination of palladium 
without an extraction step Additional 
advantages of this analytical method are those 
generic to flow mlection, and mclude relatively 
inexpensive equipment, high preciston, high 
sample throughput, and low sample and reagent 
consumption. 
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DIRECT SPECTROPHOTOMETRIC DETERMINATION 
OF Nd AND Er IN MIXED RARE EARTHS WITH 

8-HYDROXYQUINOLINE-5-SULPHONIC ACID AND 
CETYLPYRIDINIUM CHLORIDE 

SHI-Fu ZHOU and NAI-XING WANG 

Department of Chemistry, Shandong Umverslty, Jman, Shandong, People’s Republtc of Chma 

(Recetued 30 .Iune 1988 Rewed I2 September t989 Accepted 29 September 1989) 

~a~-N~~~urn and erbmm can form stable ternary complexes ulth 8-hydroxyqumohne-%sul- 
phomc acid and ~tylpy~Iniurn chloride, but a photometnc method based on thts does not gave high 
enough senslhvlty and 1s subject to interference by cermm Use of the third derlvatlve spectra, however, 
ehmmates the Interference by oermm and Increases the sensltinty 

Many kmds of ternary rare-earth complexes 
have been reported, but few of them can en- 
hance the amplitude of the absorption bands for 
the 4felectron transitions, and thus be useful for 
the dete~inatlons of mdtvidual rare earth ele- 
ments.‘+ Neodymmm and erbmm have been 
found to form ternary complexes with 8- 
hydroxyqulnollne-5-sulpho~ic acid and cetyl- 
py~dlniurn chloride which have a molar 
absorptivity higher than that of the free tons or 
the binary complexes. On this basis a method 
has been developed for dete~ining these two 
rare-earth elements in mixtures of lanthanides 
by means of the thud derivative spectra. The 
method has good selectivtty and accuracy, but 
the sensmvtty is rather low. 

EXPERIMENTAL 

Apparatus 

A Shimadzu UV-3000 double-beam spectro- 
photometer was used 

Reagents 

Standard solutions of La, Ce, Pr, Nd, Sm, Eu, 
Ho, Er and Y were prepared from the pure 
oxides {Johnson Matthey). 

Solutions of 8-hydroxyquinolln~5-sulphonic 
acid (HQS, 0. lOOM), cetylpyridmmm chloride 
(CPC, 0.200M) and poly(vmy1 alcohol) (PVA, 
2%) were prepared. 

Analytical-reagent grade chemicals were used 
whenever possible. 

Procedure 

Transfer a known volume of lanthamde solu- 

tion to a 25-ml standard flask, add 1.00 ml of 
g-hydroxyqumoline-S-sulphonic acrd solution, 
1.00 ml of cetylpyrldlnium chloride solution, 
1 0 ml of poly(viny1 alcohol) solutron and 8 0 ml 
of IM hexamine buffer solution (pH 6 5), drlute 
to the mark with dlstilled water and mrx. 
Record the third-de~vatlve spectrum against a 
reagent blank as reference, using 4-cm cells 

RESULTS AND DISCUSSION 

The absorption spectra of Nd3+, Er3+ and 
binary and ternary complexes formed with HQS 
and CPC at pH 6.5 are shown in Figs 1 and 2. 

The difference between curves 2 and 3 m the 
spectra shows an increase m sensitivity when the 
binary complex 1s converted mto the ternary 
complex, As the characteristic peaks of the 
binary and ternary complexes are at almost the 
same wavelength as those of the free ions, it can 
be concluded that the sensrttvity 1s increased as 
a result of the hgands affecting the co-ordin- 
atton field. The molar absorptivitres are shown 
m Table 1. 

The experimental condrtlons were optimtzed 
by varying one of them at a time, and the values 
thus selected are those grven in the procedure. 
To allow for consumption of the magents by 
other lanthanides m analysrs of mixtures, the 
amounts recommended in the procedure are 
about 10 trmes that necessary for the sum of the 
lanthanides present, 

Generally, turbidity or even pre~pitation can 
occur to some extent m solutions containing 
cationic surfactants at low temperature. Precipi- 
tatton occurred at temperatures below 15” m the 
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Table I Molar absorptlvltles of the Nd and Er species m the 
different svstems 

System I mpxl nm c, I mole-’ cm-’ 

Nd’+ 515 64 
Nd’+-HQS 581 159 
Nd’+-HQS-CPC 583 40 3 
Er’+ 523 24 
Er3+-HQS 523 145 
Er3+-HOSCPC 520 31 3 

so the addition of PVA appears to have no 
stgmficant effect on the original reaction The 
ternary complexes form rapidly and the ab- 
sorbances are stable for at least 7 hr. 

The interference of the other lanthanides 
tested is shown m Fig 3, only cerium shows 
serious interference. 

I I I 1 I I 

3 560 570 560 590 600 610 620 

X(nm) 

Use of the derivative spectra both eliminates 
the interference of Ce and Ho, and increases the 
sensitivities for Nd and Er (Fig. 4). The oxi- 
dation state of the cerium IS immaterial. In the 
range from 500 to 620 nm, La, Pr, Sm, Ce(II1 
or IV), Eu, Ho and Y produce only a constant 
signal m the third-derivative spectrum, so cause 
no interference. The charactertsttc peaks of Nd 
are free from Interference, and can be used to 
determine Nd directly The difference m ampli- 
tude of the peak at 576.8 nm and the trough at 
573 nm is recommended for the calculation. The 

Fig I Absorption spectra of neodymmm and Its bmary and 
ternary complexes [Nd] = 3 0 x IOm4M, [HQS] = 3 0 x 
IO-‘M, [CPC] = 3 0 x lO-‘,i4 1, Nd3+, 2, Nd3+ + HQS, 3 
Nd’+ +HQS+CPC, 4, HQS+CPC, 1 and 4, water as 

reference, 2 and 3, reagent blank as reference 

reaction mtxtures described here, so PVA was 
added to prevent rt The spectra of the solutions 
with PVA added are almost the same as those 
without PVA except for a slight chromic shift, 

0 05 
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-001 L 
500 510 520 530 540 550 

XfMl) 

Fig 2 Absorption spectra of erbmm and Its bmary and 
ternary complexes [Er] = 3 0 x 10e4M, [HQS] = 3 0 x 
IO-)M, [CPC] = 3 0 x 10-2ici 1, Er’+, 2. Er’+ + HQS, 3, 
Er3+ + HQS + CPC, 4, HQS + CPC 1 and 4, water as 

reference, 2 and 3, reagent blank as reference 

0 070 

0055 

0040 
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-0020 1 I 1 I I I I I 
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Fig 3 Absorption spectra of other lanthamde (Ln) ternary 
complexes (pH 6 5) [HQS] = 3 0 x 10m3M, [CPC] = 3 0 x 
10e2M [Ln] (10e4M) 1, Nd (3 0), 2, Ce (1 0), 3, Er (2 9). 
4, Ho (2 4), 5, Pr (3 0), 6, La (2 7), 7, Eu (2 5), 8, Sm (2 2), 

9, Y (2 5) Reagent blank as reference 
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Rg 4 Denvatwe spectra of the ternary complexes (PH 6 5) (a) [HQS] = 1.5 x 10e3M, [CPC] = 
10 x 10m2M, AI, = 3 5 mm, bandpass = 0 25 nm [Ln] (IO-‘M) 1, Nd (1 5), 2, Er (1 5), 3, Pr (1 2), 4, Ho 
(1 2), 5, Sm (1 1), 6, Eu (1 5), 7, Ce (2 1), reagent blank as reference (b) [HQS] = 1 2 x lo-‘M, 
[CPC] = 1 5 x 10e3M [Ln] (10m4M) 1, Nd (1 0), 2, Nd (1 0) + Ce(II1) (1 0), 3, Nd (1 0) + Ce(IV) (1 0) 

charactertsttc peak of Er 1s subject to slight 
interference from Nd, and when both are 
present, a correction must be apphed by means 
of a factor obtained by measurement of a 
standard neodymium solution at the two wave- 
lengths concerned: 

The calibration graphs are linear over the 
range O-25 pgg/ml for Nd and O-30 pg/ml for Er 
(in the final solution), and the sensitivtty is 7 
times higher for Nd and 9 times for Er than m 
the normal method. 

Because the thud derivative is m direct ratio 
to the concentratton of the ternary complex but 
not of its components, it may be used to deter- 
mine the composttton of the ternary complex. 
The molar ratio method showed the lan- 
thamde : hgand : surfactant ratio to be 1.4 * 5. 
If the lanthanide(II1) ion has a co-ordination 
number of 8, then the fourth hgand is pre- 
sumably bound without loss of a proton from 
the hydroxyl group (pK for loss of this proton 
1s 8.5 at O.lM ionic strength), and in that case 
the ternary species would carry a single positive 
charge (5 positive charges from the cetylpyri- 
dimum ions, 4 negative charges from the 
sulphonate groups) The ternary species was 
found to be retained by a cation-exchange resin 
but not by an amon-exchanger, supporting this 
view 

Table 2 Composltlons of synthetic samples (Ln,O,%) 

Sample La203 CeO, Pr&, NdzO, Sm103 E”203 Ho203 EY@, Y,O, 

1 31 28 20 88 3 77 1184 164 195 1797 673 394 
2 1 85 3 62 10 91 3 43 1 89 1 13 30 58 7 79 38 80 
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Table 3 Results for synthetic samples 

Nd,O, Er,O3 

Sample I Present, % 11 84 6 73 
Found, % II 41 6 68 

Sample 2 Present, % 3 43 7 19 
Found, % 3 55 7 90 

A reference sample* was also analysed for 
Nd, and the three values obtained were 15.94, 
16.05 and 16.08%, which compare reasonably 
well with the certified value (16 75%). 

To test the utlhty of the method, two syn- 
thetic samples were prepared (Table 2) and 
analysed. The results are listed m Table 3. 

*From Baotou Rare Earths Academy, Chma The com- 
posItIon IS CeO, 49 21%. La,O, 27 1 I%, Pr,O,, 5 18%, 
Nd,O, 16 75%. Sm,O, 1 29%. heavier rare-earth and Y 
oxldes I 09% 
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SPECTROPHOTOMETRIC STUDY AND ANALYTICAL 
APPLICATIONS OF LANTHANIDE-KOJIC ACID COMPLEXES 

DIRECT DETERMINATION OF Nd, Ho AND Er IN MIXTURES OF 
RARE EARTHS 

SHI-FU ZHOU and ZHONG LI 

Department of Chemistry, Shandong Umverslty, Jman, Shandong, People’s Repubhc of Chma 

(Receloed 8 Aprd 1987 Rewed 17 August 1949 Accepted 29 September 1989) 

Summary-The complexes of the rare-earth metals with koJic acid m weakly alkahne solution are reported 
The charactenstlc absorbances of neodymmm, holmmm and erbmm can be increased by factors of 4 3, 
11 0 and 6 4 respectively, compared with those of the chlorides The third-denvatlve spectra have been 
used to ehmmate the interference of Ce, La and Y, and the sensltlvltles are again increased, by a factor 
of 69 

There has always been interest m the determi- 
nation of mdividual rare-earth metals m their 
mixtures. In the last two decades, however, 
almost no new reagents for the purpose have 
been reported. Several earlier reagents, such as 
dibenzoylmethane, ‘*’ I-phenyl-3-methyl-4-ben- 
zoylpyrazol-5-one,3*4 thenoyltrifluoroacetone5~6 
and disodium 1,2-dihydroxybenzene-3,5-disul- 
phonate,7.8 are still used. It appears that tri-Z 
ethylhexyl phosphate,g suggested by Zaki et al. 
cannot be used for determining individual rare- 
earth elements. We have discovered that kojic 
acid [5-hydroxy-2-(hydroxymethyl)-4H-pyran- 
4-one] can form stable complexes with rare- 
earth metals m weakly alkaline solution. In the 
absorption spectra, the peaks of Nd, Ho and Er 
m the visible region are enhanced, the ab- 
sorbances at A,,,,, being increased by factors of 
4.3, 11 .O and 6.4 respectively, compared with 
those of the chlorides. However, the sensitivities 
are still rather low for general use. Therefore 
their derivative spectra have been studied and 
use of the third derivative spectra has been 
found to increase the sensitivity considerably 
and ehmmate the interference of Ce, La and Y. 
A new method for Nd, Ho and Er has been 
based on this and used for analysis of two 
synthetic samples and one routine sample. The 
results obtained are quite satisfactory 

EXPERIMENTAL 

Apparatus 

Shimadzu recording spectrophotometers, 

models UV-240 and UV-3000 were used. For 
the thud-derivative spectra the band-pass used 
was 1 nm, AI 0 3 nm, scan speed 50 nm/mm. 

Reagents 

Standard solutions of rare-earth metals. Pre- 
pared from the pure oxides (Johnson Matthey) 
and mixed as required. 

KoJic acid solution, O.lSOM. All other 
reagents used were of analytical grade. 

Procedure 

Transfer the sample solution containing less 
than 0.15 mmole of rare-earth metal ions, to a 
25-ml standard flask, add 10 ml of 0.150M koJic 
acid and 5 ml of O.lM ammonia-ammonium 
chloride buffer (pH 9.2), dilute to the mark with 
water and mix Record the absorption spectrum 
or its derivative with water (or a reagent blank) 
as reference. 

RESULTS AND DISCUSSION 

The absorption spectra of kojic acid at vari- 
ous pH values (Fig. 1) and the kojic acid 
complexes of Nd, Ho and Er (Figs. 2-4) were 
recorded. The variation of the absorbance of the 
complexes as a function of pH is shown in 
Fig. 5. Figure 1 shows that pH has hardly any 
effect on the absorption spectrum of kojic acid 
at wavelengths > 500 nm, whereas Fig. 5 shows 
that pH has a considerable effect on the ab- 
sorbances of the complexes. Since precipitation 
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would occur at pH > 10.5, a pH of 9.2 was 
chosen for measurements The molar absorp- 007 - 
ttvities calculated for the Nd, Ho and Er com- 
plexes were 28.0, 41.5 and 20 8 l.mole-’ .cm-‘, 
respectively, which are 4.3, 11 .O and 6.4 times 006 - 

greater than those for the chlorides. 
Figure 6 shows the effect of the amount of 005 - 

reagent. In view of this, the amount of koJic acid 
used m the determmations was always at least 
10 times that of the lanthamdes. Variation of the 004 - 

amount of buffer solution between 2 and 10 ml a 
had no effect on the absorbance of the com- 003 - 
plexes. The complexes formed qutckly and were 

stable for more than 6 hr. 
From Fig. 7 tt 1s evident that the interference .I 002 - 

of Ce(II1) and Ce(IV) must be eliminated to 
allow the determmation of individual lan- 
thamdes in a mixed system A chemical separ- 
ation 1s tedious, whereas use of the derivative 

001 L C 

0 
350 

Xfnm) 

Rg 1 Absorption spectra of kojlc acid (6 00 x IO-*M) at 
vanous pH values 4-cm cell, water as reference, pH l- 

4 50, 2-6 30, 3-9 20 

005 - 

004 - 

003 - 
a 

-_PpH92 h 
” 

500 700 
X(nm) 

Fig 2 Absorption spectra of Nd-kojlc acid complexes 
(pH 9 2 and 54) Nd 446 x 10w4M, koyc acid 

1 15 x IO-*M, 4-cm cell, reagent blank as reference 

I 
500 700 

X(nm) 

Fig 3 Absorption spectra of Ho-koyc acid complexes at 
pH 9 2 Ho 3 83 x l0-4M, koyc acid 1 15 x 10m2M, 4-cm 

cell, reagent blank as reference 

a 002 

-350 500 700 
Xfnml 

Rg 4 Absorption spectra of Er-koyc acid complexes at 
pH 9 2 Er 4 62 x 10e4M, koyc acid 1 IS x IO-‘M. 4-cm 

cell, reagent blank as reference 
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Er. 520 nm 
.-.-.-. 

0 t ( 
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PH 

Rg 5 Varlatlon of absorbance at I,,, as a function of 
pH Nd 4 4 x 10-4M, Ho 192 x 10-4M, Er 2 31 x 10-4M, 
kopc acid 1 15 x 10M2M, 4-cm cell, reagent blank as 

reference 

Nd, 560 nm 
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HO, 460 nm 
006 - 

.I 
.-.-.-. 

Nd, 660 nm 

Er,SPOnm 

0 2 4 6 6 10 12 14 16 

CKojrc acldl/CLnl 

Fig 6 Effect of the amount of reagent Nd 4 46 x 10e4M, 
Ho 3 83 x 10m4M, Er 4 62 x 10m4M, koyc acid 0 075M, 

4-cm cell, pH 9 2, reagent blank as reference 

spectra is not only simple, but also improves the 
senstttvity. We have mvestigated the lst4th 
derivative spectra, and selected the third-deri- 
vative spectra since they gave the htghest sensi- 
tivities. Figure 8 shows the third derivative 
spectra 

Because the ordinary spectra of Ce(II1) and 
Ce(IV) (Fig 7) are smooth curves, their third 
derivative spectra have no peaks from 400 to 
700 nm, like those of La and Y. Therefore, these 
elements cause no interference The charac- 
teristic peaks of Nd are free from interference 
from the other lanthamdes and can be used to 
determine Nd directly. We use the sum of the 
peak height at 585 nm and the depth of the 
trough at 580 nm for the determmation. The 
characteristic peaks of Ho and Er are subject to 
interference by Pr and Nd respectively. To find 

0 15 

ii\\ 

a::p(\ 
400 500 600 700 

Xtnm) 

Fig 7 Absorption spectra of lanthamde-koyc aad com- 
plexes at pH 9 2 KOJIC acid 1 15 x 10m2M, Nd 
2 229 x 10-4M, Pr 2 35 x 10m4M, Sm 2 08 x 10e4M, Ho 
192 x 10m4M, Er 2 31 x 10e4M, Eu 2 51 x 10V4M, Ce 
165 x 10m4M, Ce(II1) 1 71 x 10m4M, La 3 81 x 10-4M, Y 

4 03 x 10e4M, 4-cm cell, pH 9 2, water as reference 

a means of removing this interference, we have 
measured several sets of spectra of solutions in 
which Ho and Pr, or Er and Nd, were both 
present (Fig. 9). 

As shown in Fig. 9, the Ho peak at 454 nm 
is free from Pr interference, so its height can be 
used to calculate the Ho content. Both charac- 
teristic peaks of Er are subject to interference by 
Nd, but that with the trough at 524 nm is very 
slight, and the height of this peak may be used 
to calculate the Er content when that is greater 
than that of Nd. If the Nd content 1s more than 
that of Er, a correction coefficient (fNd) derived 
from a standard solution of Nd must be applied: 

The calibration graphs are linear up to -0.11 
mg/ml for Ndz03 and w 0.19 mg/ml for Ho,O, 
and Er,O,. The sensttivtes for Nd, Ho and Er 
are 6, 7 and 9 5 times greater than those of the 
ordinary method. 

IOC 

Sm 
” - 

EU 

I I 
1 so0 600 I 

X(nm) 

IO 

Fig 8 Denvatlve spectra of the rare-earth-kqic acid com- 
plexes KOJIC acid 1 40 x 10e2M, pH 9 2, l-cm cell, Nd 
4 46 x 10e4M, Ho 2 88 x 10V4M, Er 5 78 x 10W4M, Pr 

2 35 x 10-4M, Sm 2 08 x 10-4M, Eu 2 51 x 10-4M 
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Fig 9 Interference of Pr Hrlth Ho and Nd with Er KOJIC acid 1 40 x 10e2M, pH 9 2, I-cm cell Curves 

a-Ho (240 x IO-‘M), b-Ho (240 x lo-‘M), Pr (2.35 x lo-‘M), c-Ho (240 x lo-‘M), pr 
(128 x lo-“M), d-Er (2 31 x IO-‘M), e-Er (2.31 x lo-‘M), Nd (2 23 x lo-‘M), f-Er 

(2 31 x IO-‘M), Nd (1 21 x lo-)M) 

Table 1 CornposItIons of synthetic samples (Ln,O,, %) 

Sample La,OJ CeO, Pr,O,, Nd,O, Sm,O, Eu,O, Ho,O, Er,O, Y,O, 

I 2302 5103 493 1440 148 0 21 I 08 2 50 1 35 
II 1 50 842 11 53 205 276 160 3 50 750 61 14 

Table 2 Results for synthetic samples (5 rephcates, 25-mg samples) 

NdD, I-W’, EW3 

Sample I Taken, % 1440 108 2 50 
Found f std devn , % 145&O 1 1 lo+002 256f004* 

Sample II Taken, % 2 05 3 50 7 50 
Found f std devn , % 208&003 347&003 743&005 

The amounts of the two samples weIghed out are 25 mg 
*Corrected for Nd Interference 

In order to test the applicability of the the method are below 3%. In addttion, the 
method, two synthetic samples were prepared amount of Nd in a reference material* was 
(Table 1) and analysed. The results are listed m determined. The value found was 17.06% and 
Table 2, which shows that the relative errors of the certified value was 16.75% (relative error 

*From Baotou Rare Earth Academy, Chma The composl- 
1.8%). The relative standard deviatton (5 deter- 

tlon was CeO, 49 21%, La,O, 27 1 l%, Pr,O,, 5 18%. mmations) was 1.7%. This shows that the accu- 
Nd,OJ 16 75%. Sm,O, 1 29%, heavier rare-earth and Y racy and precision of the method are reasonably 
oxldes 1 09% satisfactory. 
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A NEW SPECTROPHOTOMETRIC METHOD FOR 
QUANTITATIVE MULTICOMPONENT ANALYSIS 

RESOLUTION OF MIXTURES OF SALICYLIC AND 
SALICYLURIC ACIDS 

F SALINAS, J J BERZAS NEVADA and A ESPINOSA MANSILLA 
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Summary-A new spectrophotometrtc method for resolvmg bmary mtxtures IS proposed The method IS 
based on use of the first dertvattve of the rattos of spectra The absorptton spectrum of the mixture IS 
obtamed and the amphtudes at approprtate wavelengths are dtvtded by the correspondmg amplitudes m 
the absorptton spectrum of a standard solutton of one of the components, and the first denvattve of the 
ratto spectrum ts obtained The concentratton of the other component 1s then determmed from a 
cahbratton graph The method has been apphed for resolvmg bmary mtxtures of sahcyhc and sahcylunc 
acids Cahbratton graphs for 2 652 ppm sahcyhc acid and for 2 l-42 ppm sahcylurtc actd were estabhshed 
by measuring the analyttcal signals at the maximum at 241 5 nm (for sahcyhc actd) and from the peak 
at 258 nm to the trough at 247 nm (for sahcylunc acid) m the first dertvattve ratto spectra 

New methods for the simultaneous determi- 
nation of two or more compounds m the same 
sample, without previous chemical separation, 
are always of interest. Derivative spectrophoto- 
metry offers greater selectivity than does normal 
spectrophotometry, ‘J because it decreases spec- 
tral overlap and allows better resolution. Mix- 
tures of compounds with highly overlapped 
spectra have been resolved by using a multicom- 
ponent analysis program.394 Recently, Blanc0 et 
al.‘+6 reported a method for treating the results, 
called multi-wavelength linear regression analy- 
sis (MLRA) and applied it to the determination 
of Fe(I1) and Fe(II1) with a mixture of l,lO- 
phenanthroline and sulphosalicyhc acid as 
reagents, and use of a diode-array detector m 
flow-mlection analysis. In effect, the method 
was based on use of each component m turn as 
a reference standard. The approach taken has 
now been extended. The method has been ap- 
plied to the simultaneous determination of sah- 
cyhc acid and sahcyluric acid, which have 
strongly overlapped spectra. The results ob- 
tained are compared with those obtained by the 
method of Blanc0 et al. 

THEORY 

Consider a mixture of two compounds M and 
N. If Beer’s law is obeyed for both compounds 
over the whole wavelength range used and the 

path-length is 1 cm, the absorption spectrum of 
the mrxture is defined by the equation 

A Ill./, = %,CM + Q&N (1) 

where A,,,,, IS the absorbance of the mixture at 
wavelength il,, cM,, and tN,,, are the molar ab- 
sorptivities of M and N at wavelength 1,, and 
C, and C, are the concentrations of M and N. 

If equation (1) is divided by the correspond- 
mg equation for the spectrum of a standard 
solution of M (concentration Ci), the following 
equation can be written: 

(2) 

which can be simplified to 

(3) 

By plotting A,,,,/c~,,, as a function of 

%, lc M./, 3 a straight hne is obtained. The inter- 
cept of the straight line provides the value of CM 
and the slope of the straight line is CN. 

To obtain the ratio 6&M,,, at each wave- 
length, the absorption spectra of equimolar 
standard solutions of N and M are measured 
and the absorbance ratio at each wavelength is 
calculated. This is the basis of the method of 
Blanc0 et al. 

A new method can be developed from this for 
determining N in the presence of M, by using 
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the first derivative of equation (2) 

&(&J=($@) (4) 

Equation (4) Indicates that the “derivattve 
ratio spectrum” of the mixture is dependent 
only on the values of C, and Cr$ and is indepen- 
dent of the value of C, m the mixture 

A calibration graph 1s obtained by recording 
and storing the spectra of solutions of pure N at 
different concentrations, and the spectrum of a 
solution of pure M, of concentratton Ci The 
amplitudes for N are then divided, wavelength 
by wavelength, by the correspondmg amplitudes 
for M; the program “Data Leader” 1s used for 
this purpose. 

The “ratio spectra” thus obtamed are then 
differentiated with respect to wavelength and 
the derivative values for a given wavelength are 
plotted against C, to give a cahbration graph 
Apphcatton of the method to the sample con- 
taming both M and N, and use of the cah- 
bration graph, will then give the value of C, m 
the mixture. M can be determined by an 
analogous procedure. When molar concentra- 
tions are not used, the molar absorptivity, 6, is 
replaced by a proporttonahty constant K 

If the concentration of the standard (the 
divisor) is increased or decreased, the resulting 
first derivative values are proportionately de- 
creased or increased, respectively, although the 
maxima and mmtma remain at the same wave- 
lengths. In consequence the ratio of the slopes 
of two cahbratton graphs must be equal to 
the inverse of the concentration ratio of the 
divisors. 

Accuracy and precision of the method 
RESULTS AND DISCUSSION 

Accuracy and precision, m the spectrophoto- 
metric resolution of a bmary mixture, depend 
on the spectra of the compounds and the treat- 
ment of the data. In general, when the spectra 
of the two compounds are very different, the 
resolution of the mixture requires only a simple 
mathematical treatment of the data obtained at 
two wavelengths, but mixtures of compounds 
having highly overlapped spectra yield poor 
results and other mathematical treatments are 
required, such as derivative spectrophotometry ’ 

Figure 1 shows the absorption spectra of 
sahcyhc and sahcylurtc acids We selected this 
pan of acids because sahcylates are used for a 
variety of medical applications and because 
sahcylurtc acid 1s the mam metabohte of sah- 
cylic acid’ and a vanety of methods have been 
proposed for resolving their mtxtures.g-‘3 Also, 
the spectra of sahcyhc and sahcyluric acids 
overlap sufficiently to demonstrate the resolving 
power of the proposed methodology 

In the proposed method, overlap of the spec- Figure 2 shows the ratio spectra of different 
tra m a certain region 1s actually desirable, sahcyhc acid standards (spectra divided by the 
because m division of one spectrum by another, spectrum of a 26 ppm sahcyluric acid solution) 
the error increases when one of the absorbances and their first derivattves The first-derivattve 
approaches zero amplitudes at a given wavelength are propor- 

EXPERIMENTAL 

Reagents 

Sahcyhc acid was obtamed from Merck and 
sahcyluric acid from Aldrich Ammoma/ 
ammomum chlonde buffer solution (pH 10) was 
made from analyttcal-reagent grade reagents 

Apparatus 

A Beckman DU-50 spectrophotometer con- 
nected to an IBM PC-XT fitted with Beckman 
Data Leader Software and an Ohvetti DM 282 
printer was used for all the measurements and 
treatment of data. 

Procedure 

Samples were prepared m 25ml standard 
flasks, and contained 2 652 ppm of sahcyhc 
acid and/or 2.1-42 ppm of sahcylurtc acid and 
2 ml of buffer solution, and were diluted wtth 
water to the mark. The absorption spectra were 
recorded and stored m the IBM PC-XT 

For determining sahcyhc acid, the stored 
spectra of the mixtures were divtded by a stan- 
dard spectrum of sahcylurtc acid The ratto 
spectra thus obtained were smoothed through 
the use of 15 experimental pomts and the first 
derivatives calculated with A1 = 8 nm were 
recorded. The concentratton of the sahcyhc actd 
was proportional to the amphtude of the mnn- 
mum at 269 nm or the maximum at 241 5 nm. 

For sahcyluric acid, the correspondmg pro- 
cedure was used. The concentration of the sah- 
cylurtc acid was proporttonal to the amplitude 
from the peak at 345 nm to the trough at 337 
nm or the correspondmg amplitude at wave- 
lengths 258 and 247 nm 
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Ftg 1 Absorptron spectra of sahcyhc acid and sahcylur~c 
actd 

tional to the salicyhc acrd concentratton. The 
concentration of the salicyluric acid (divisor) 
can be increased or decreased in at least the 
range 4-21 ppm. 

For cahbratton graphs, two derivative values 
were selected, at 269 and 241.5 nm, correspond- 
mg to a minimum and a maximum respectively. 
Figure 3 shows the resulting cahbratron graphs 
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Ftg 2 Ratto spectra and first denvattves for different Rg 4 Ratto spectra and first denvattves for different 
concentratrons of sahcyhc acid (SA), when sahcylurtc actd concentrattons of sahcylurtc acid (SU) when sahcyhc acid 
(SU) (dtvtsor) was 26 ppm SA 1 (2 6 ppm), 2 (5 2 ppm), 3 (dtvtsor) was 12 6 ppm SU 1 (2 1 ppm), 2 (4 2 ppm), 3 
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Rg 3 Cahbratton graphs of sahcyhc acid (SA) for different 
sabcylurtc acid (dtvtsor) concentrattons, measured at 241 5 
and 269 nm SU 1 and 1’ (4 2 ppm SU), 2 and 2’ (8 4 ppm), 

3 and 3’ (12 6 ppm); 4 and 4’ (210 ppm) 
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Table 1 StatistIcal data for cabbratlon graphs m the determmatlon of sahcyhc and sal~cylunc acids 

Dwsor, ppm Standard dewatlon 
Range, Regrewon 

SA SU ppm Equations Slope Intercept coefficient 

21 2 6-52 Y=O.O063+0038lX 4 21 x 10-4 00061 0 9998 
- 42 2 6-52 Y=OOO32+00195X 2 16 x lO-4 0 0032 0 9998 
- 84 2 652 Y =00016+00097X 108 x lO-4 00016 0 9998 
- 126 2 6-52 Y =00011+00064X 0 71 x 10-d 00010 0 9998 
- 21 0 2 6-52 Y = 0.0006 + 0 0038X 0 42 x lO-4 00006 0 9998 

26 - 2 l-42 Y =00490+06389X 6 88 x lO-4 00081 10000 
52 - 2 142 Y = 0 0253 + 0 3163X 301 x lo-4 00044 10000 

104 - 2 1-42 Y = 0 0121+ 0 1484X 2 22 x lo-4 0 0026 10000 
156 - 2 l-42 Y=OOO82+01002X 1 51 x 10-a 00018 10000 
260 - 2 l-42 Y = 0 0046 + 0 0573X 0 84 x lO-4 00009 IO000 

obtained for sahcyhc acid, and different sah- tamed by measurmg at 3451331 or 2581247 nm, 
cyluric acid (dlvlsor) concentrations. and gave straight lines for 2.1-42.0 ppm sah- 

For determining the other component (sah- cylurrc acrd 
cylunc acid) an analogous procedure was fol- Table 1 summarizes the statrstical data for the 
lowed. Figure 4 shows the divided spectra of different calibration graphs of salicyhc and sah- 
different standards of sahcylurx acid and their cylurrc acids, obtained by using different divisor 
first dertvatrves. Calibration graphs were ob- concentratrons and by measuring at 241.5 nm 

Table 2 Influence of dlvlsor concentration m the determmatlon of sahcyhc (SA) and sahcylunc (SU) acids 

Mixture 2 1 (SA SU) Mixture 1 2 (SA SU) Mixture 1 4 (SA SU) 
Dwsor 

sabcyhc acid, SU added, SU found, Recovery, SU added, SU found, Recovery, SU added, SU found, Recovery, 

pgglml pgglml pgglml % Pgcglml pgglml % pgglml pgglml % 

26 4 20 400 95 25 20 25 32 loo 42 00 41 39 98 
52 4 20 407 97 25 20 25 19 100 42 00 41 37 98 

104 4 20 402 96 25 20 25 20 100 42 00 41 45 99 
156 4 20 402 96 25 20 25 20 100 42 00 41 45 99 
26 0 4 20 400 95 25 20 25 23 100 42 00 41 25 98 

Dwsor 
sahcylurlc acid, SA added, SA found, Recovery, SA added, SA found, Recovery, SA added, SA found, Recovery, 

ialml pgcglml pgglml % pgglml i4iml % pgglml wglml % 

21 1040 1060 102 1040 11 58 111 1040 1196 115 
4.2 1040 10 53 101 1040 1101 106 1040 1102 106 
84 1040 10 50 101 1040 1074 103 1040 10 57 102 

126 1040 1047 101 1040 10 53 101 1040 1023 98 
21 0 1040 1043 100 1040 1043 100 1040 1004 96 

Table 3 Results obtamed for different mixtures by usmg the proposed method 

12 6 ppm SU (dwsor) 15 6 ppm SA (dwlsor) 
Composltlon of - 

mixture, ppm Measured at 241 5 nm Measured at 2581247 nm 

SA su SA found, ppm Recovery, % SU found, ppm Recovery, % 

10.40 4 20 10 50 101 4 07 97 
1040 840 10 50 101 8 28 98 
1040 1680 10 50 101 16 53 98 
1040 25 20 1074 103 25 19 100 
1040 42 00 10 57 102 41 37 98 
5 20 21 10 4 96 95 2 22 106 
5 20 4 20 4 96 95 4 19 100 
520 840 4 98 96 8 38 100 
5 20 1260 5 05 97 12 59 100 
5 20 2100 5 13 99 21 01 100 

26 00 2 10 25 72 99 2 26 108 
26 00 4 20 25 95 100 4 33 103 
26 00 4 20 25 95 99 851 101 
26 00 1260 25 79 99 12 73 101 
26 00 21 00 25 87 99 21 15 101 
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Table 4 Results obtamed for ddferent mixtures by the Blanco ef al method 

SU (dlvlsor) SA (dnlsor) 
Mixture 

composition, ppm Found+, ppm Recovery, % Found*, ppm Recovery, % 

SA su SA su SA su SA su SA su 

1040 4 20 9 70 4 03 93 96 10 33 4.16 99 99 
1040 840 9 95 8 19 96 97 1008 806 97 96 
1040 1680 10 71 1663 103 99 1046 1613 100 96 
1040 25 20 1260 24 32 121 96 10 33 25 20 99 100 
1040 4200 - - - - 10 33 4196 99 100 

*Data obtamed by usmg IO wavelengths m the range 270-350 nm 

for sahcyhc acid and at 258/247 nm for sali- The method can be developed further for the 
cyluric acid. In all cases, the linear regression resolution of ternary mixtures by use of higher 
coefficients were higher than 0.9998. order derivative equations. 

Several binary mixtures of sahcyhc and sah- 
cylurtc acids were prepared and resolved by the 
proposed method. We first tested the method by 
using different divisor concentrattons, and the 
results are summanzed in Table 2 Similar re- 
sults were obtained for all samples examined 
and in consequence we selected 12.6 ppm sali- 
cylurtc acid and 15.6 ppm sahcyhc acid as 
suitable values of the divisor concentrattons for 
obtammg the ratio spectra. By use of these 
values, different bmary mixtures were resolved 
and the results obtained are summarized in 
Table 3. In all cases recovery values between 95 
and 108% were obtained. 
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Summary-A spectrophotometrlc method for the determmatlon of 25dlchloro-, 2,6-dlchloro- and 
2,3,5,6-tetrachloro-1,4-benzoqumones 1s based on the yellow products of then reaction with morphohne, 
thlomorphohne and plperazme m chloroform 

Chloro-substttuted 1 ,Cbenzoqumones have 
been used as analytical reagents’” and OXI- 

dants.4 Some general methods have been sug- 
gested by Cheroms and Ma’ and Berger and 
Rteker6 for the determinatton of qumones. Cou- 
lometnc titrations with electrogenerated vanadi- 
um(II1)’ and titanmm(III)8 have been applied 
only for the estimation of semimicro quantities 
of tetrachloro- 1 ,Cbenzoqumone. 

Electron donor-acceptor mteractions are 
often used for determmation of the acceptors 
and donors concerned Chloro-1 ,Cbenzo- 
qumones are good n-acceptors because of the 
negative mductive effect of the substltuent and 
can be used for determmation of piperazme’ and 
morphohne,* as donors We have now examined 
the use of these two compounds and 
thiomorphohne for the photometric determma- 
non of three chloro-1,4-benzoquinones 

EXPERIMENTAL 

Reagents 

Morphohne (Fluka) and thlomorpholine 
(EGA, FRG) were purified by dtstillation from 
potassmm hydroxide, and piperazme (Fluka) 
was recrystalhzed from cyclohexane Tetra- 
chloro-1,4-benzoqumone (Merck) and 2,5- and 
2,6-dichloro-1,4-benzoquinones (Bto-orgamcs, 
India) were recrystallized thrice from acetone. 
Chloroform (Glaxo, spectroscopy grade) was 
further purified by a standard method.9 All 
other chemicals used were of sufficient purity 

Apparatus 

A Carl Zeiss Spekol spectrophotometer was 
used with a pair of optically matched stoppered 
fused-silica cells of 1 cm path length 

Procedure 

Stock solutions of the qumones (5 x 10w4M) 
and 0 1 A4 solutions of morphohne, thtomorpho- 
lure and piperazine were prepared m chloro- 
form A volume of quinone solution ranging 
from 0.3 to 1 5 ml was placed m a test-tube 
along with 2 ml of reagent solution and 5-8 ml 
of chloroform, and the mixture was heated at 
about 50” on a water-bath for about 10 mm, 
cooled, transferred to a lo-ml standard flask and 
diluted to the mark with chloroform The 
absorbance of the yellow solution was measured 
against a solvent blank at the wavelength of 
maximum absorption (listed m Table 1). The 
calibration plots thus obtained were used in the 
analysis of unknown samples by the same 
procedure. 

RESULTS AND DISCUSSION 

Chemical reaction 

Morpholme, thtomorphohne and piperazine 
are known to be twin-site n-donors The 
molecular interaction of this type of base with 
quinones leads to the formation of complexes, 
the stability and transformation of which 
generally depend on the reaction condttions 
used and the charactertstics of the donor and 
acceptor. For the systems examined here, the 
molar ratio of the reactants seems to be 
critical 

If the quinone is m excess (acceptor to donor 
ratio > 1) the complex formed IS stable. In spite 
of the presence of two donation sites on the 
donor, the stotchiometry of the complexes is 
found to be 1.1. The complexes are useful for 
determmation of the base l-3 
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Fig 1 Absorption spectra of the products formed by 
tetrachloro-1,4-benzoqumone (6 x lO_jM) with 3 x IOm3M 
plperazme (A), thlomorpholme (B) and morphohne (C) 

In contrast, tf the donor 1s m excess (acceptor 
to donor ratio < 1) the complex IS rapidly 
transformed mto a dtsubstrtuted product” ” 
since the haloqumones are very reacttve” I3 and 
two of the halogen atoms are generally replace- 
able by ammo groups, tf the concentration of 
amme is sufficiently high The final products 
thus formed are now constdered as a means of 
determining quinones. 

Absorption spectra 

1,4-Benzoqumones generally have a very m- 
tense rc--71* absorptron band m the ultravrolet 
reglon.6 A medium n-n* band and a much 
weaker absorption due to the n-rr* transitron 
can also be observed. Table 1 hsts the wave- 

Table I Optical characteristics of benzoqumones and their 
nroducts in chloroform medium 

Absorption maxima, nm (log c *) 

Product Product Product 
I&Benzoqumone Parent with PZ with TML with ML 

2,5-Dlchloro 216 387 381 380 
(4 24) (4 08) (4 07) (4 06) 

2,dDichloro 278 409 387 384 
(4 26) (4 06) (4 05) (4 04) 

Tetrachloro 293 448 445 442 
14411 (4 07) (4 05) (4 04) 

*c = molar absorptlvlty, I mole-’ cm-’ 
PZ, plperazme, TML, thlomorphohne and ML, 

morphohne 

Table 2 Analytical data for the spectrophotometrlc 
determmatlon of benzoqumones 

Coefficient 
Beer’s law of variation, 

range, n =8, 
Reagent pgcglmi % 

2,5-Dtchloro-1,4-benzoquznone 

Piperazme 2-12 10 
Thlomorpholme 2-14 07 
Morphohne 2-l 5 08 

2,6-Dlchloro-1,4-benzoqumone 
Plperazme 2-13 09 
Thlomorphohne 2-15 09 
Morphohne 2-15 06 

Tetrachloro - 1,4-benzoqumone 

Piperazme 2-15 08 
Thlomorphohne 2-17 10 
Morphohne 2-18 08 

lengths of maximal absorption of the quinones 
listed and of their products with the three 
reagents. Replacing the electron-withdrawing 
chloro group with an electron-donating ammo 
group results m a large red-shift mto the visible 
region accompanied by a slight decrease in 
molar absorptlvtty. The absorption spectra of 
the tetrachloro- 1 ,Cbenzoqumone products are 
shown m Fig 1. 

Eflect of reagent concentratron 

The proposed method tolerates a wide 
varlatron m the reagent concentration, from 
4 x 10e4 to 8 x IO-‘M A reagent concentration 
of not less than 10m3M gives rapid converston of 
the dl- or tetrachlorobenzoqumone mto the 
correspondmg dlammobenzoqumone 

Effect of temperature 

With about 50-fold excess of the reagent, the 
reaction is completed m 25-30 mm with tetra- 
chloro- 1 ,Cbenzoqumone and m 60 mm with the 
dichlorobenzoqumones at room temperature. 
Heating accelerates the converston and IS rec- 
ommended for munmlzmg the analysts time 
The determination ranges and sensmvittes are 
not affected by the heating 

Stability of the colour 

Maximum absorbance of the products IS 
reached m less than 10 mm with heating at 50”, 
and the absorbance remains constant for at least 
12 hr If the solutron IS protected from hght and 
kept m a stoppered vessel 
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Analytxal data 

The Beer’s law ranges and the precision are 
listed m Table 2 

Interferences 

1,4-Benzoqumone interferes at all concentra- 
tions, but methyl-, 2,6-dimethyl-, 2-methyl-5 
isopropyl- and tetramethyl- 1 ,Cbenzoqumones 
and benzoqumone-4-chlorimlde do not interfere 
up to 25fold molar ratio to analyte 
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ANALYTICAL DATA 

STUDIES ON HYDROLYTIC POLYMERIZATION OF 
RARE-EARTH METAL IONS-V 

HYDROLYTIC POLYMERIZATION OF Dy3+ 
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Summary-The hydrolytic polymerlzatlon of Dy’+ was determmed by the eqmhbrmm-pH method The 
concentration of Dy3+ was varxd from 0 1 to 0 6M The cornposItion and hydrolysis constants of the Dy’+ 
hydrolysis products were obtained by a graph& method and then refined by computer fit&g and w 
analyszs The results show that the speczes m the Dy’+ solutron are py(OH)12+, [Dyz(OH),y+ and 
[Dy,(OH),]*+, but the last of these 1s a minor species The behavlour of Dy’+ IS the same as that of Er’+ 
and Yb3+ but different from that of the medmm lanthamde ions Sm’+, Euj+ and Gd3+ 

Hydrolyttc polymerization of the lanthamde 
tons 1s closely related to the separation and 
determmatlon of the lanthamde elements, treat- 
ment of nuclear fuel and environmental protec- 
tlon, and has been extensively studted.‘-‘s The 
lanthamde tons have not yet all been studied, so 
the regularity of their hydrolysis IS still not clear 
The light lanthamde tons have been studied 
more than the heavy ones, and although Dy3+ 
IS an Important lanthamde ion, no detailed 
studies on Its state In solution have been re- 
ported. We have tned to study the regularity of 
hydrolysis of the lanthamde tons and have made 
systematic studies of Pr3+,16 Sm3+,” Eu3+,‘* 
Gd3+,” and Yb3+ and Er3+ I9 We discovered 
that the hydrolytic polymertzatron of lanthamde 
ions is not an instantaneous process, so we 
studied It by the equihbrmm-pH method In the 
present paper, we first estimated the hydrolysis 
model of Dy3+ by a graphical method and then 
used computer fitting and pq analysis*’ to screen 
possible species one by one, and thus studied the 
state m solutton m detail and obtained the 
hydrolysis constants. The results showed that 
the mam hydrolysis products of Dy3+ may be 
expressed as [Dy(OH)]$+, with n = 1, 2, 3. 
These are different from the hydrolysis products 
of the medium lanthamde ions Sm3+, Eu3+ and 
Gd3+ which we have studied, but the same as 
~. 
*Author for correspondence 

those of Er3+ and Yb3+, perhaps because the 4>’ 
orbitals of the heavy lanthamde ions are all at 
least smgly occupted. 

EXPERIMENTAL 

Reagents 

Dysprosmm sesquroxtde, purity 99 95%, 
Yaolung Chemtcals Factory, sodium nitrate, 
analytical grade, recrystalhzed twice from re- 
distllled water, sodmm hydroxide, analytical 
grade, treated by the method of Powell et a/.*’ 
All other chemicals used were analyttcal grade. 

A Cornmg pH-meter, equipped with a 
Corning glass-Ag/AgCl combmatlon electrode, 
prectslon +O 1 mV Data were calculated by the 
program LEMITZ2 23 on a Honeywell DPS 8/49 
computer. 

Procedure 

A known wetght of Dy2O3 was dtssolved m 
mtnc acid, and the Dy determined by EDTA 
titration The excess of nitric acid m the solution 
was determmed by titration with CO,-free 
sodium hydroxide solution. Solutions with 
0.100, 0.200, 0.400 and 0.600M Dy(NO,)3 
concentration were prepared, enough sodnun 
nitrate was added to make the nitrate concen- 
tration of all solutions 2.0&f, and the pH 
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Table 1 Typlcal data for log h and Z (NaOH concentration 0 03325M) 

B = 0 200M, V = 50 00 ml, H,, = 2 85 x IO-‘A4 B=O6OOM, V=25OOml, H,=855x lo-‘M 

V NaOH v ml E, mV -log h 10’ x Z VNaOH, ml E, mV -1ogh 10’ x z 

0 100 131 6 5 180 0 223 0 160 137 2 5 086 0 226 

0 200 1184 5404 0 542 0 320 1308 5 194 0 578 

0 400 107 5 5 588 1 20 0600 119 1 5 392 1 19 

0 700 94 8 5 803 2 19 1 100 1106 5 535 2 30 

1000 89 8 5 887 3 19 1600 1044 5640 341 

1 400 84 4 5 978 4 52 2 200 97 5 5 757 4 74 

1 900 80 0 6 053 6 18 2 900 95 1 5 797 6 29 

2 400 78 2 6 083 7 84 3600 92 0 5 850 7 84 

2 800 76 7 6 109 9 17 4 300 904 5 877 9 39 

3 200 75 2 6 134 1050 5 100 87 7 5 923 11 16 

was then adjusted by adding standard sodmm 
hydroxide until precipitation Just began The 
solutions were then diluted to a preselected 
volume and stored m polythene bottles at 25” in 
a nitrogen atmosphere The potential, E, of the 
soluttons (m a nitrogen atmosphere) was mea- 
sured at 25 _t 0 01” at intervals of several hours 
until eqmhbrmm was thought to have been 
established, z.e , when the successrve measure- 
ments of E did not doffer by more than 0 5 mV 
The relattonshrp between the equrhbrium poten- 
tial E (m mV) and the hydrogen-ion molar 
concentratton h can be written m the form24 

E=E0+E,+59.1510gh 

where E, 1s a constant, different for each type of 
cell, and E, is the liquid-Junction potential, 
which IS an approximately linear function of h. 
To determine E, + E,, a 2M sodmm nitrate 
solutton with a known concentratron of mtrtc 
acid was prepared, and titrated with sodium 
hydroxide solutton, and the measured potential 
E was plotted against the hydrogen-ion concen- 
tration calculated from the volume of tttrant 
added and the rntrrc acid concentratton For our 
system, we obtained the emptncal equation 

E=43808+59 16logh (1) 

Determinatron of hydrolysrs products by the 
graphrcal method”” 

The average number (Z) of hydroxyl groups 
bound to each Dy3+ ton was calculated by 
means of equation (2) with h obtained by use 
of equation (1) 

Z = (h + MOH - HJB (2) 

where MO,, denotes the molar concentratton of 
the added sodmm hydroxrde, H,, denotes the 
nitric acid concentratton m the Dy(NO,X solu- 
tion before addltron of the sodmm hydroxide, 
and B denotes the total concentratron of Dy3+. 

Typical data are shown m Table 1. Figure 1 
shows a plot of Z US. -log h for soluttons with 
different Dy3+ concentrations. 

The family of curves m Fig. 1 Implies that 
Dy3+ IS hydrolysed and partly polymerized at a 
given Dy3+ concentratron and acidity according 
to the equation 

qDy3+ +pH,O z$ [Dy,(OH)P](3q-P)+ +pH+ (3) 

The equrhbrmm constant 1s 

BP, = Py,(OW#W’ (4) 

where b denotes the equrhbrmm concentration 
of Dy3+, the charges of species are omitted for 
simplicity. 

From Fig. 1 it IS seen that the Z values are 
small m the experimental pH region but the 
total concentratton of Dy3+ IS comparatrvely 
high, so we have 

BZ = c 1 p& BqIhP = c pK,JhP (5) 
P 4 P 

where 

Kp=CBpqB” 
4 

K, 1s a homo-hgand constant concerned with 

12 

8 

s 
x 6 
4 

4 

0 
50 55 60 65 

-log h 

Fig 1 Plotofzus -1ogh B 1,01~,2,02~,3,04~, 
4,06M 
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Fig 2 Plot of (log K,, - q log B) us B (a) p = 2, (b) p = 3, 

0,4=2,A,q=3,O.q=4 

the concentratron of the metal ion and the 
values of p. 

Experimental curves were obtained by plot- 
ting BZ us. -log h values m Table 1 and were 
fitted with normalized curves for assumed num- 
bers of hydroxyl groups. Species with p = 2 
existed over the widest pH region, so 
[Dy,(OH),](3q-2)+ species are predominant. 
Although species withp = 1 andp = 3 existed m 
a narrower pH region than those with p = 2, 
they also fitted well. Existence of species wrth 
p = 5 could not be confirmed because there were 
not many fitting points. K, values were obtained 
by fitting. 

Only one kmd of species exrsted m certain pH 
regions, because of the low degree of hydrolysis 
of Dy3+, so we have 

log KP - q log B = log &, (7) 

When (log KP - q log B) IS plotted vs. B for 
various q values, only the line with the correct 
q value will be parallel to the absctssa, and thus 
correct q and &, values can be obtained. Very 
good fitting was obtained for p = q = 1, 
p = q = 2 and p = q = 3, but it was drfficult to 
establish a fit for p = 5, q = 3, so the computer 

5- 54+22 40+60 
I-6961 l-13 12) 

4- 43+67 26+36 
l-7 211 (-13 351 

3- 
4 29+90 12+70 

l-7451 l-13 59) 

2- 14+10 0+44 
t-7711 (-13671 

36+04 
(-19 16) 

24+52 
(-19 41) 

6+60 
i-19 66) 

15+70 
l-20 01) 

38+50 40+00 
t-2520) (-31 21) 

24+16 25+77 
l-25 441 f-31 46) 

12+60 3 l+60 
I-25721 l-31 60) 

67+10 133+50 
t-26 231 l-32 63) 

1 

t 

20+00 56+50 124+00 167+00 m4’00 
t-6 05) l-14 361 l-20 821 (-27 36) (-33 90) 

I I I I I 

1 2 3 4 5 

P 

Fig 3 U and log b values for [Dyq(OH),](‘~-P’+ 

was used to screen possible specres. Some of the 
fitting results are presented m Fig 2. 

Because only one kmd of specres predomr- 
nates m solutron, we have Z = pfiwBq- ‘/hp, so 
by plotting Zus. l/P and extrapolatron, rS, 1s 
also obtained The /?, values obtained by the 
two methods are summarized in Table 2. 

Computer JittmgzO*“” 

Each expenmental pomt should satisfy the 
following general equations 

G, = ? p,B,,q,b:+rP + 4 (8) 
/=I 

TM, = “c” q,Bp,q,WW + h (9) 
,=, ” 

where i (I = 1,2, , N) denotes the ordinal 
number of the expenmental points, J 

(I = 132,. , NK) denotes the ordinal number 
of the complexes, TH, and TM, denote respec- 
tively the total acidity and total Dy3+ concentra- 
tion correspondmg to the zth expenmental 
point. First, estimates of the fl values, the 
hydrolysis constants of the complexes, are in- 
put, then equations (8) and (9) are solved rtera- 
trvely by Newton-Raphson successive 
approxrmatton to obtain h, and b,, and next the 
TH, values are calculated by equation (8) to grve 
T$. The error-square sum, U, for a grven /? 
value IS calculated by using Z”$ and the corre- 
sponding experimental value T;;P * 

Table 2 Hydrolysis constants of Dy’+, at 25°C m 2M NO< medmm 
(u = standard dewatlon) 

Method log@,, f 30) log&, f. 30) log@,, f 30) 

(10) 

Homo-hgand constant -8.55&O 11 -1388*008 -1960*035 
Extrapolation -8.48 *O 17 -1390&007 -1954kO38 
Computer-fitting - 8.63 f 0 24 -1388&005 -1953*045 
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Rg 4 Dlstrlbutlon plot (B = 0 4M) for 1, [DY~(OH),]~+, 2, 
[DY(OH)I*+, 3, [Dy@H),16 ’ 

First it is assumed that only one kmd of 
complex exists m the solution, and the U values 
are calculated by equation (lo), with p and q 

changed one by one, and the calculated U and 
log/l values are displayed as a function of p 

and q as shown m Fig. 3, where the values of 
lo6 x U and log j? (m brackets) corresponding to 
given p and q values are displayed for 
[Dy,(OH),]“4-P’+ 

From Fig. 3 it is seen that U is least for @, q) 

equal to (2,2) and (3,3) Combining these species 
one by one with species (l,l), (2,3), (4,3) and 
others with rather small U values gives 
log U = -6 6606 for the species combination 
(l,l), (2,2) and (3,3), and this is the lowest U 
value When (5,3) is added to the combinatton 
system or substituted for (3,3), divergence is 
obtained, so (5,3) is eliminated and the com- 
bination of (l,l), (2,2), (3,3) is the most proba- 
ble model It also has the least Hamilton 
R-factor (0.422 x 10e3), which again implies 
that it is the best model. The log@ f 30) values 
obtained are presented m Table 2 

An F-test showed that the results obtained by 
the three methods are not significantly different 
(90% confidence hmits) and are all acceptable. 
From Table 2 it is seen that log & has the 
lowest value, and from the graphical fitting that 
species (2,2) exists m the widest acidity region 
and is therefore the major species. Species (3,3) 
exists only m a comparatively high basicity 
region and m small amounts, so is the minor 
species. 

A distribution plot of the species m solution 
as a function of -log h is shown m Fig. 4. 

By comparmg the values for Dy3+ species in 
Table 2 and those for Er3+ and Yb3+ reported 

m previous papers ‘o-‘3 it is seen that the three 
representatives of heavy lanthamde ions behave 
m the same way and may be expressed as 
IWOW?+, Ln = Dy3+, Er3+, Yb’+, n = 1, 2. 
3 Earlier papersa*9 reported that the major 
hydrolytic products of Sm3+, Eu3+ and Gd3+ are 
[Ln(OH)]‘+ and (Ln[Ln(OH),],)(3+“)+, n = 1, 2, 
3, which are different from those of the heavy 
lanthamde ions. This may be due to the fact that 
the 4f orbitals of Dy3+, Er3+ and Yb3+, being 
more than half-full, decrease the iomc radu 
still further, so the hydroxylation number and 
degree of polymerization also decrease. 

The values reported are conditional constants, 
since they will be affected by any formation of 
nitrate complexes of Dy3+ 
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MECHANISM IN THE INTERACTION OF AMMONIA 

WITH 2,4-DINITROPHENYLHYDRAZINE IN 
DIMETHYLSULPHOXIDE 
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Summary-Km&c evidence 1s adduced to show that charge-transfer 1s mvolved m the mteration of 
ammonia with 2,4_dmltrophenylhydrazme m dlmethylsulphoxlde The charge-transfer mechanism IS 
further confirmed by the linear relation between the lomzatlon potential and molar absorptlvlty of the 
complex for three ahphatlc ammes 

The colours produced when an aliphatic amme 
is added to a solution of a polynitr+aromatic 
compound have been explained as due to 
various interactions,’ and even to all of them 
occurring almost simultaneously. Orvik and 
Bunnet? supported the view that the colours are 
due to formation of anionic sigma-complexes. 
This view was confirmed by the studies of Fyfe 
et ~1.~7~ Though this interpretation may hold for 
this particular system, it is not necessarily apph- 
cable to all ahphatic amine/polynitro-aromatic 
systems. It is known5 that m non-polar solvents 
such as cyclohexane and m polar aprotic 
solvents such as dimethylsulphoxide (DMSO), 
tertiary ahphatic ammes form charge-transfer 
complexes with 1,3,5trmitrobenzene. Though 
charge-transfer complexes have been postulated 
for the corresponding reactions with other 
aliphatic ammes and ammonia, conclusive 
evidence is largely lacking. Since m the systems 
in question there is an electron donor and an 
electron acceptor, the possibility seems attrac- 
tive. We have scanned a number of polymtro- 
aromatic compounds and found one6 for which 
kinetic and other data showed the presence of 
charge-transfer m its reaction with ahphatic 
amines This reagent (2,4_dimtrophenyl- 
hydrazme) has been used m DMSO for the 
determmation of ahphatic ammes m the ppm 
range, and the product was postulated as an 
anionic sigma-complex formed by deprotona- 

tion of the hydrazine. In retrospect, it seems 
possible that charge-transfer forces might also 
play a role in such reactions. Some of the 
implications are reported in this study, which is 
an extension of the earlier work.6 

We have studied spectrophotometrically the 
reaction of ammonia with 2,4-dinitrophenyl- 
hydrazine (DNPH) to give 6-nitro-l-hydroxy- 
1,2,3benztnazole.’ As far as we are aware 
there has been no previous kinetic or spectro- 
photometric study of this reaction. 

EXPERIMENTAL 

Reagents 

The DNPH was a Merck Guaranteed 
Reagent, the ammonia solution was B.D.H. 
AnalaR quality, the ethylamine and n-butyl- 
amme were B.D.H. Laboratory reagent grade 
and the DMSO was a Baker Analyzed Reagent. 

Procedure 
The rate of colour development was moni- 

tored at 640 nm and constant temperature. 

RESULTS AND DISCUSSION 

Solutions of ammonia and DNPH in DMSO 
immediately generate a green colour (1, 640 
nm) when mixed. The immediate generation of 
colour is indicative of charge-transfer. The 

361 



362 ANNOTATION 

colour IS stable when the reactant ratio [NH,] 
[DNPH] 1s < 1 

A Job plot indicated formation of a 1.1 
complex. Most charge-transfer complexes have 
1.1 stolchiometry, whereas the anionic srgma- 
complexes formed between polymtro-aromatic 
compounds and ahphatrc amines have a stot- 
chtometry of 1.2. However, a Job plot gives 
only the stotchlometry and cannot distinguish 
between charge-transfer, deprotonatron or other 
reaction mechanisms 

When a large excess of ammoma 1s present, 
decomposttlon takes place, as further trrever- 
stble chemical reacttons proceed. The kmetrcs of 
decomposrtton m the presence of a large excess 
of ammonia (to ensure pseudo first-order con- 
dlttons) was determined spectrophotometrically 
by momtormg the coloured product at 640 nm 
Good first-order plots were obtained. However, 
the pseudo first-order rate constant was depen- 
dent on the mitral concentratrons of both reac- 
tants On going from 2 x 10m4M to 4 x 10m4M 
DNPH with the ammonia concentratron held 
constant at O.lM, the pseudo first-order rate 
constant at 50” changed by 28%, and on going 
from 2 x 1O-2 to 8 x IO-‘A4 ammonia the 
pseudo first-order rate constant changed by 
33% These changes are far too great to be 
attributable to experimental error. Stmtlar vari- 
atron of the rate constant with the concentratron 
of the reactants was found by Ross and Kuntz’ 
for the reaction of amlme and 2,4-dimtro- 
chlorobenzene, and was shown to be due to 
charge-transfer. 

When the pseudo first-order rate constants 
were plotted against the mrttal concentration of 
ammonia (present m large excess) a straight hne 
with slope b and a large and reproducible 
posmve intercept a was obtained. The kinetic 
equation thus takes the form 

kobs = a + blNH,l 

This led us to believe that there are two 
mteracttons. We next mvestrgated this be- 
havrour at three different temperatures, and the 
three intercepts were taken as rate constants for 
the first process, and the three slopes as 
rate constants for the second process. We then 
computed the thermodynamic acttvation par- 
ameters. We were surprised to find that -AH* 
for the first process is only 3.17 + 0.30 kcal/mole, 
which IS too low for breakage of a normal 

covalent bond. (The decomposttton of TV-com- 
plexes wtth so low a value of -AH* 1s not 
known). When this value IS taken together wtth 
a -AS* value of 28.5 + 0 9 cal.molee’ deg-’ tt 
can well be accepted that the first mteractton IS 
due to charge-transfer The value of -AH* for 
the second process IS 10.33 f 0 15 kcal/mole, 
and wtth -AS* = 44.8 + 1 4 cal mole-’ deg-’ 
can be attrtbuted to a breakage of a covalent 
bond The validity of these values obtained from 
the intercepts IS supported by the excellent 
linearity of the plot of In a us the inverse of the 
temperature 

The molar absorpttvltres found for the com- 
plexes formed by ammonia and the ammes are 
much lower than those expected for anionic 
sigma-complexes and are much nearer to those 
observed for charge-transfer complexes ’ 

The posstbihty of charge-transfer m such 
systems has often been dtsmtssed on the grounds 
that there IS no linear dependence of the fre- 
quency of the charge-transfer band vcT wtth 
ionization potential of the ahphattc amme. 
There seems no theoretical Justrficatlon for ex- 
pecting such lmeartty,g but there IS a theoretical 
Justrficatton to expect that the molar absorpttv- 
tty (6) decreases with increasing ioruzatton 
potential of the donor.” Hence t should vary 
wtth the donor, whereas for anionic sigma- 
complexes c is effectively constant for inter- 
action of all donors with the same acceptor.’ We 
found a plot of c us. the ionization potentials of 
the donors was linear, with negative slope as 
expected for a charge-transfer system. 
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Summary-The applications of mass spectrometry in the determination of trace elements in some of the 
high-purity solid materials used in modern technology are reviewed. 

One of the areas of current interest in materials 
science is the development of high-purity 
materials; different classes of purity are indi- 
cated by a number of nines (N), e.g., 5 N 
(signifying 99.999%) meaning that the total 
trace element content is about 10 ppm (10 pg/g). 
Even at low levels, impurities perturb the basic 
lattice of a solid: a different oxidation state 
creates a perturbed electrical field, a different 
magnetic moment produces a perturbed mag- 
netic field and a different ionic or atomic radius 
results in a perturbed elastic field. Hence, the 
migration of “particles” (phonons, electrons 
holes, interstitials, vacancies, etc.) through the 
solid will be influenced by scattering or trapping 
phenomena. Trace elements can thus have a 
decisive influence on the physical properties of 
materials, e.g., electrical conductivity, optical 
characteristics, or mechanical strength. One of 
the aims of materials research is to change the 
physical properties either by lowering the trace 
element content in a material, e.g., by refining 
(as in semiconductor production), or doping 
with specific trace elements to achieve certain 
properties. The greatest progress has been made 
in semiconductor technology, where extreme 
purification of silicon down to a total trace 
content of ca. 1 rig/g,, and controlled doping 
with trace elements (e.g., B, P, As, Sb in Si) is 
the basis of the production of electronic devices 
with specific properties. 

In large-scale production of metals, the 
total trace content is usually high and less well 
controlled. With the increasing demands for 
particular mechanical and other properties, 
greater purification and controlled doping 
with trace elements to achieve a specific micro- 
structure will become more important.’ 
Very low contents of alpha-emitters (uranium, 

thorium) are required in the aluminium used 
for metallization of integrated circuits, and 
high-purity metals are obviously required for 
the production of compound semiconductor 
materials, such as gallium arsenide, or cadmium 
mercury telluride. 

Similar developments are taking place for 
ceramic materials, especially in the production 
of wear-resistant coatings on metals by depo- 
sition from the gas phase. In such materials 
nucleation, grain growth, surface morphology 
and the mechanical properties are all strongly 
influenced by trace elements.’ 

This new technology can only be developed 
if suitable means for quality control are 
available, such as methods for trace and ultra- 
trace analysis, both in bulk and with spatial 
resolution (surfaces, interfaces, micro-domains). 
Recent developments in atomic spectrometry 
methods for trace element determination in 
general have been reviewed by Broekaert and 
Tolg.* The present paper will be focused on 
mass spectrometry methods, which have several 
interesting features for inorganic analysis: mass 
spectrometry is the only universal multielement 
method, which allows the determination of 
all elements and their isotopes in both solids 
and liquids; its detection limits for virtually all 
elements are low; it can be more easily applied 
than other spectroscopic techniques as an ab- 
solute method, because the analyte atoms 
produce the analytical signal themselves, and 
their amount is not deduced from emitted or 
absorbed radiation; the spectra are simple 
compared to the line-rich spectra often found in 
optical emission spectrometry. The resolving 
power of conventional mass spectrometers 
is sufficient to separate all isotope signals, 
although expensive instruments are required to 
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eliminate interferences from molecules and 
polyatomic cluster ions. 

For many industrial problems direct analysis 
of the solid is preferred because the problems of 
contamination and losses are much smaller than 
those arising in wet chemical separations or 
enrichment techniques. We will therefore empha- 
size multielement bulk trace analysis of solids by 
mass spectrometry; some attention will also be 
paid to determination of the spatial distri- 
bution of trace elements, since contaminants, 
for instance, often reside at the surface, or are 
segregated at interfaces or in inclusions. Elec- 
tron probe X-ray microanalysis and Auger elec- 
tron spectroscopy are the standard techniques, 
but both are limited by their poor detection 
power. Mass spectrometric techniques are more 
sensitive by several orders of magnitude, and 
SIMS in particular is playing an increasingly 
important role in solving technical problems. 

Mass spectrometric analysis is based on the 
ionization of atoms or molecules in an ion 
source, separation of the ions in a mass analyser 
according to the mass-to-charge ratio (m/z), 
and the detection and recording of the mass 
spectrum. The location of the mass lines pro- 
vides a qualitative analysis, and their intensity, 
mostly measured relative to that of the matrix 
element or a suitable internal standard, gives a 
quantitative analysis. 

SPARK-SOURCE MASS SPECTROMETRY (SSMS) 

Principle 

For determination of the elemental compo- 
sition of a solid by mass spectrometry, its crystal 
and molecular structure must be destroyed, i.e., 
the substance must be atomized, and then its 
atoms ionized. In the spark ion source this is 
achieved by applying in a vacuum, a high- 
frequency (cu. 1 MHz) potential difference of 
20-100 kV between the electrodes, one or both 
of which must be prepared from the sample 
material. The following picture can be presented 
of the phenomena occurring in the spark ion 
source. Breakdown of the vacuum gap takes 
place and a plasma cloud is formed quickly 
(in 5-10 nsec) between the electrodes; it is a 
small (initial radius 15-50 pm), but rather 
dense (initial density 10’8-10’g particles/cm3) 
and hot (initial temperature 5-20 eV, i.e., up 
to 2 x lo5 K) cloud.3 

During expansion of the plasma, extensive 
recombination occurs and more than 99.9% 
of the ions will be transformed into neutral 

particles, which are not detected by the mass 
spectrometer. The remaining ions are acceler- 
ated in the expanding plasma by a hydro- 
dynamic mechanism or in a “self-consistent 
field”3 and acquire such high and dissimilar 
energies that double-focusing mass spec- 
trometers are required. In spite of this recombi- 
nation, the overall degree of ionization of 
the plasma is still sufficiently high (0.1%) for 
absolute detection limits of 10-‘“-10-‘2 g to 
be reached. The analysis is usually based on 
singly charged cations, but multiply charged 
ions can also be detected, especially for the 
matrix elements. Most commercially produced 
instruments contain a Dempster’s spark source 
or a triggered d.c. arc source and a Mattauch- 
Herzog mass analyser. An ion-sensitive 
emulsion (a “photoplate”) serves as a detector 
as well as a recording system. The lay-out of a 
typical instrument is shown in Fig. 1. A compre- 
hensive treatment of the spark-source mass 
spectrometric technique can be found in the 
monograph edited by Ahearn and reviews by 
Bacon and Ure* and Ramendik et aL3 

Spark-source mass spectrometry is one of the 
most efficient methods for multielement analysis 
of solids. It allows simultaneous detection of 
nearly all elements with high specificity, is 
applicable to major, minor and trace elements 
down to concentrations of about 10-7-10-6 
atom%, and requires only simple sample 
preparation, typically without any chemical pre- 
treatment, except for insulators, which must be 
powdered and mixed with a suitable conductor 
such as graphite. Surface contamination, e.g., 
from machining of the electrodes, can largely be 
eliminated by presparking before the actual 
analysis. 

Hannay and Ahearn used SSMS as early as 
the 1950s for the direct “panoramic” analysis 
of semiconductor samples, such as silicon. 
The technology for manufacturing high-purity 
silicon and germanium is now well developed, 
but there is a need for characterizing a variety 
of new materials for the microelectronics indus- 
try, based on high-purity Ga, As, Se, Te, Cd, In 
and their combinations: GaAs, CdHgTe, InP, 
etc. Although other analytical techniques may 
be suitable for determining selected impurities at 
the rig/g level-perhaps with better reproduci- 
bility-SSMS is unsurpassed when it comes to 
obtaining a general view, covering the whole 
periodic table (including elements such as C, N, 
0, Cl and P), at such low levels and without 
previous knowledge of composition. 
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Fig. 1. Double-focusing mass spectrometer with Mattauch-Herzog geometry, used in SSMS. 

Sensitivity and mass resolving power for both photoplate and electron multiplier 

For trace analysis, high sensitivity is a detectors), and by using a spherical instead of a 

primary requirement. Table 1 shows the low cylindrical electrostatic sector (z-focusing). A 

detection limits of SSMS for various materials of high vacuum will reduce spectral background 

interest to the microelectronics industry.’ High and when light elements such as C, 0, N, are 

sensitivity can be obtained by applying high to be determined, cryo-pumping is essential. 
acceleration voltages (higher detection efficiency The instrument should be designed to minimize 

Table 1. Detection limits (10e4 atom %) of SSMS for the analysis of some materials used in 
the microelectronics industry (reprinted from reference 7 by permission of the copyright holders, 

Royal Society of Chemistry) 

Element Ga GaAs Ge Si Element Ga GaAs Ge Si 

Li 
Be 
B 
F 
Na 
Mg 
Al 
Si 

: 
Cl 
K 
Ca 
Se 
Ti 
V 
Cr 
Mn 
Fe 
co 
Ni 
cu 
Zn 
Ga 
Ge 
As 
Se 
Br 
Rb 
Sr 
Y 

0.001 
0.001 
0.001 
0.002 
0.02 
0.002 
0.002 
0.002 
0.002 
0.002 
0.003 
0.002 
0.002 
0.002 
0.003 
0.003 
0.003 
0.003 
0.003 
0.002 
0.004 
0.004 
0.006 

On& 
0.003 
0.006 
0.006 
0.02 
0.01 
0.003 

0.005 0.01 
0.01 0.01 
0.001 0.002 
0.003 0.003 
1 0.01 
0.03 0.2 
0.003 0.01 
0.01 0.01 
0.003 0.01 
0.05 0.05 
0.003 - 
0.01 0.01 
0.01 0.01 
0.003 0.01 
0.005 0.02 
0.003 0.01 
0.01 0.002 
0.003 0.1 
0.002 0.1 
0.001 0.1 
0.01 0.1 
0.002 0.2 
0.002 0.2 
n.a. 1 

0.3 n.a. 
na. 1 

0.2 1 
0.06 - 
0.05 0.01 
0.01 0.01 
0.003 0.01 

0.003 
0.01 
0.003 
0.003 
0.01 
0.01 
0.01 
na. 
- 

0.05 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
1 
0.03 
0.1 
0.05 
0.005 
0.005 
0.006 
0.01 
0.003 
0.006 
0.006 

0.3 
0.02 

Zr 
Nb 
MO 
Ru 
Rh 
Pd 
Ag 
Cd 
In 
Sn 
Sb 
Te 
I 
cs 
Ba 
La 
Hf 
Ta 
W 
Re 
OS 
Ir 
Pt 
Au 
Hg 
Tl 
Pb 
Bi 
Th 
U 

0.007 
0.004 
0.02 
0.01 
0.003 
0.01 
0.007 
0.01 
0.004 
0.01 
0.007 
0.01 
0.004 
0.004 
0.04 
0.04 
0.02 

- 
0.03 
0.008 
0.01 
0.008 
0.02 
0.02 
0.02 
0.007 
0.01 
0.02 
0.006 
0.006 

0.01 0.02 0.006 
0.003 0.01 0.003 
0.02 0.03 0.01 
0.02 0.01 0.01 
0.03 0.005 0.003 
0.02 0.01 0.01 
0.006 0.01 0.006 
0.02 0.003 0.03 
0.005 0.001 0.03 
0.01 0.003 0.003 
0.006 0.002 0.002 
0.01 0.003 0.003 
0.003 0.001 0.001 
0.003 0.001 0.001 
0.02 - 0.002 
0.003 0.1 0.001 
0.01 - 0.003 
0.3 0.03 0.03 
0.004 0.003 0.003 
0.002 0.002 0.002 
0.003 0.002 0.002 
0.002 - 0.002 
0.003 0.003 0.003 
0.001 0.001 0.01 
0.004 0.003 0.01 
0.005 0.003 0.001 
0.002 0.01 0.002 
0.003 0.01 0.001 
0.001 0.001 0.001 
0.001 0.001 0.001 

na. = not applicable. 
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Fig. 2. Spark-source mass spectrum of a high-purity tellurium sample (exposure 545 nC), recorded on 

a photoplate. (a) Mass range m/z S148. (b) Mass range m/z 43545.5 (detail). Note the fogging 

(enhanced background) at the high mass side of the matrix lines, due to the emission of secondary ions 

from the emulsion, which are reflected back to the plate by the magnetic analyser (cj Fig. I). 

photoplate fogging (alternatively the plate can misinterpretation of the spectrum because of 
be cut out at the matrix line) or electron multi- spectral interference from multiply charged ions 
plier background current. At the same time, (especially matrix ions), charge-exchange ions, 
high mass resolution must be available to avoid molecular (polymer and compound) ions, and 
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background (hydrocarbon and residual gas) 
ions, with the lines for the atomic impurity ions 
(usually singly charged) normally used for 
analysis. This requirement means that electrical 
detection cannot be used. However, by 
computer-controlled magnetic step-scanning, 
Dales was able to reach a resolving power of 
3000 and a detection limit of 5 x lo-’ atom%. 

The lines due to hydrocarbons are usually 
well resolved from those of analytical interest 
(e.g., Fig. 2b), but in a tellurium matrix elements 
such as Mg, P, Cu, and I are completely lost 
because of interference by multiply and singly 
charged matrix ions (Fig. 2a); the ““Ca+ and 
4’K+ lines are completely obscured by “‘Te’+ 
and ‘23Te3+, but those for the isotopes 39K+ and 
44Ca+ are free from interference (Fig. 2b). Other 
elements detected in the tellurium sample were: 
N, 0, Na, Al, Si, S, Cl, Cr, Mn, Fe, Ni, Zn, Ga, 
Ge, As, Se; the In and C were due to memory 
effects from previous analyses. The following 
elements were below the limit of detection: Li, 
Be, B, F, SC, Ti, V, Co, Br, Rb (l-5 ng/g), P, Rh 
(5-10 ng/g), Mg, Nb, MO, Pd, Ag, Cd, Sn, Sb, 
La, Pr, ELI, Tb, Ho, Er, Tm, Lu, W, Re, OS, Pt, 
Hg, Tl, Pb, Bi, Th, U (lo-50 ng/g), Ba, Ce, Sm, 
Gd, Dy, Yb, Hf, Au (50-100 ng/g). 

QuantiJication 

For quantitative analysis, the photoplate 
blackenings must be converted into ion intensi- 
ties, and the characteristics of the emulsion 
taken into account. If comparison with a similar 
sample of known composition is possible, rela- 
tively accurate concentrations can be obtained. 
Such standards are, however, seldom available 
for high-purity materials; sometimes a 4 N 
sample, which has been characterized by AAS, 
for instance, can be used as a standard for its 5 
or 6 N analogue. 

If such a standard is not available, it is still 
useful if at least one element in the unknown 
sample can be determined by an independent 
method. All other impurities can then be related 
to this “internal standard”, by using appropri- 
ate relative sensitivity factors (RSF); if the latter 
are not known, they are usually set equal to 1, 
which makes the analytical results uncertain by 
a factor of about 3 (except for the alkali and 
alkaline-earth metals, for which the sensitivity is 
usually significantly higher), as is known from 
experience with many types of matrices. 

The impurities can also be related to the 
matrix element, but because of the limited 
dynamic range of the ion-sensitive emulsion, 

graded exposures are normally applied to cover 
major, minor, trace and ultratrace elements 
(15 exposures in steps of a factor of 10 cover 7 
orders of magnitude, e.g., from lo6 to 0.1 pg/g). 

Relative sensitivity factors 

Many efforts have been devoted to predicting 
RSFs from various physicochemical properties 
of the elements and the matrix element of 
interest, e.g., the melting or boiling point, heat 
of sublimation, ionization potential or cross 
section, etc. Some recent proposals were 
made by Opausky, ‘O Vieth” and Ramendik.‘* 
According to Verlinden et aZ.13 RSFs of metals 
are related to modifications in the surface 
composition of the electrodes during sparking. 
The spatial distributions of a number of ele- 
ments in the sparked surface of some metals 
(iron, copper and aluminium) were measured by 
secondary-ion mass spectrometry (Fig. 3). The 
surface composition of the sparked electrodes is 
seen to differ from that of the bulk. The ratio Fx 
of the secondary ion intensities in the sparked 
surface and in the bulk of the electrodes, both 
normalized to the corresponding signal of 
Fe+, agreed quite well with RSFs which were 
experimentally determined by SSMS with Fe as 
the internal standard, for using well-known 
standard reference materials.13 

This observation suggests that differences in 
RSFs are, at least to some extent, caused by 
various processes which occur in the electrode 
surface during sparking (melting, oxidation, 
segregation, selective vaporization, fractional 
condensation). In the case of iron and copper 
matrices, the data suggest that the redistribution 
of impurities is related to the solid-liquid 
phase change at the electrode surface during 
sparking. I4 

Precision and accuracy 

If reliable and homogeneous standard 
reference materials are available, quantitative 
analysis with an error of less than lo-20% is 
possible: deviations of less than 5% from 
independent analyses were observed in the 
concentration range 10-‘-l% in the case of 
metals and alloys. I5 Even for a completely error- 
free analytical method, the relative standard 
deviation R(%) of an analysis will not be zero, 
because of sample heterogeneity: R is inversely 
proportional to the square root of the analytical 
sample weight w : 

R(%) = 100 & 
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Fig. 3. In-depth distribution of some elements at the surface of sparked Cu and CuBe electrodes, measured 
by SIMS. (Reproduced by permission, from J. Verlinden, K. Swenters and R. Gijbels, Anal. Chem., 1985, 

57, 131. Copyright 1985, American Chemical Society.) 

where K, is the “sampling constant”.16 This for localized analysis, although this is a less 
effect is illustrated in Fig. 4 for the determina- frequently used application. The lateral reso- 
tion of Mn in gold at the 40 rig/g level by SSMS, lution, with a sharp counter-electrode, is ca. 
with electrical detection.” 10-100 pm (single shot). Multielement analysis 

of surface contaminants (information depth 

Localized analysis < 1 pm) is possible by scanning the sample 

Since the spark transfers energy to a small 
under a counter-electrode, and integrating the 

volume of the specimen, SSMS can be used 
whole mass spectrum with a photoplate. For 
more details, see Gijbels et aZ.,l’ Ramendik et 
al3 and Verlinden et al.’ 

/ GLOW DISCHARGE MASS 
(GDMS) 

Principle 

I I l I I I I 

0 12345676 

l/G (103 g-% 

Fig. 4. Sampling error R (i.e., total error minus analytical 
error) for determination of manganese in gold wire at the 
40 rig/g level, by SSMS with electrical detection in the 
magnetic peak-switching mode. The analytical sample 
weight w was varied over more than 2 orders of magnitude, 
mainly by selecting different spark parameters (breakdown 
voltage). (Reproduced from reference 17 by courtesy of the 

copyright holders, JEOL). 

As shown above, the high-voltage vacuum 
spark exhibits high sensitivity, broad applica- 
bility and relatively few interferences, but its ion 
yield is erratic and has a wide energy spread. 
In recent years, the glow discharge (GD) has 
been developed as a more stable, low-energy 
alternative ion source. The GD is a simple 
two-electrode device filled with a noble gas to 
a pressure of about 0.1-10 mmHg.‘* A few 
hundred volts applied across the electrodes 
causes breakdown of the gas and formation of 
ions, electrons and other species that make the 
GD useful in analytical chemistry. Only two 
plasma zones need concern us here: the cathode 
dark space over which nearly all of the discharge 

SPECTROMETRY 
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voltage drop takes place, and the negative glow, 
which is an essentially field-free region and 
tends to fill much of the remaining discharge 
volume in the case of small analytical sources. 
Positive gas ions (e.g., Ar+) are accelerated 
across the field established in the cathode dark 
space and collide with the cathode surface 
(sample), releasing a variety of secondary 
particles required to maintain the discharge.” 
The sample is thus atomized by a process called 
sputtering; positive ions are returned to the 
surface by the cathode dark space field, but the 
neutral species diffuse into the negative glow 
region. Glow discharge analytical methods are 
based on the utilization of this large sputtered 
neutral population. The glow discharge is a 
collision-rich environment: the sputtered atoms 
can be ionized by electron and Penning 
(metastable impact) ionization:” 

M +e-+M+ +2e- 

and 

M+Ar*+M++Ar+e- 

The ions formed can be extracted into a mass 
spectrometer, by a differential pumping system 
to eliminate the argon gas of the discharge. It 
is conceivable that some mass fractionation 
occurs at this stage. The GD mass spectra arise 
primarily from singly charged atomic ions, 
although certain molecular ions do appear in 
lower abundances, e.g., MAr+, M:, MO+. 
Glow discharge sputter yields and ionization 
efficiencies are rather uniform, producing 
generally similar relative sensitivity factors (see 
below), which is a desirable feature for quanti- 
tative analysis without standard reference 
materials, and comparable with other forms 
of “sputtered neutral mass spectrometry” (see 
below) and also with SSMS. 

The most versatile source configuration is 
probably the pin source, which uses a spring clip 
or pin-vice type mount adaptable to samples 
ranging from thin wires to rods. The disc ion 
source may be preferable for materials that are 
easily cut into discs, and for insulators after 
pelleting with a conducting powder.20 

Most of the reported work on GDMS has 
been done with quadrupoleszO~*’ which make it 
possible to design simple inexpensive instru- 
ments with low sampling voltages and high ion 
transmission, particularly in the lower mass 
ranges: the weakness of the quadrupoles is their 
low mass resolution. When suitable interfacing 

Glow discharge 
ion source 

02 

Fig. 5. Schematic diagram of a double-focusing mass 
spectrometer with inverse Nier-Johnson geometry, used in 

the VG 9000 GDMS. 

is employed, the mass spectra obtained have a 
low background signal from clusters,2’ and the 
detection limits appear to be in the pg/g range. 
The only commercial instrument (VG 9000) has 
a double-focusing (inverse Nier-Johnson) mass 
spectrometer (see Fig. 5), allowing high mass 
resolution, typically cu. 4000, but at additional 
expense, of course, which we feel is justified 
when analysing high-purity materials. The 
manufacturer” claims detection limits in the 
rig/g range, which is similar to that for SSMS. 
The mass spectrometer design does not allow 
simultaneous detection of all elements; data 
accumulation has to be done sequentially, for 
preselected m/z values; a high dynamic range 
detection system (I-109) is available which 
allows measurement of major and ultratrace 
components in a single measuring sequence. 

Applications, sensitivity and mass resolving power 

GDMS appears to be a useful technique for 
elemental analysis of solids. Studies to date 
show the following useful features:20 direct 
analysis of metals and alloys; analysis of insu- 
lators after compacting with a graphite or metal 
matrix; response to both metallic and non- 
metallic elements; minimal matrix effects; 
rig/g detection limits obtainable; sensitivities 
generally similar for most elements; isotopic 
information is obtained; the mass spectra are 
much simpler than optical emission spectra; the 
sample can be cleaned by sputtering before the 
actual analysis. 

SSMS also has most of these features, but 
there are some differences: the spark source 
gives a higher abundance of multiply charged 
ions, which precludes the determination of some 
elements, even if a high mass resolving power is 
available, e.g., Mg, P and Cu in tellurium (see 
above); on the other hand, glow discharge mass 
spectra contain large peaks from the discharge 
gas, such as Ar+ and MAr+ (argides), an 
example being 56Fe““Ar+, which interferes with 
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9aMo+ in the case of a steel matrix. The glow 
discharge is more stable, however, and requires 
less attention than the spark. 

Most applications reported to date deal with 
the analysis of metals and alloys, semiconductor 
materials and oxides (after mixing and pelleting 
with a conducting powder). Some examples23 
will be discussed below. Ultrapure aluminium is 
used extensively in the semiconductor industry 
for connections and contact pads in integrated 
circuits, and in the manufacture of multi- 
component semiconductors such as GaAlAs. 
Typical impurities of interest include high- 
mobility elements (Li, Na, K), first row 
transition metals (Ti, V, Cr, Cu, Co, Ni, Zn), 
alloying components (Si and Cu), radioactive 
elements (alpha-emitters U and Th) and any 
potential contaminants arising from the pro- 
duction process. High mass resolution ( > 5000) 
is required in the dete~ination of potassium, to 
separate 39K+ from 38ArH+ (40K+ and 4’K+ are 
swamped by the @Ar+ and 40ArH + signals), 
see Fig. 6. Detection limits in the rig/g range 
have been achieved for uranium and thorium. 
Figure 7 shows the mass spectrum at m/z = 238; 
the result (17 rig/g U) was in agreement with 
that obtained by neutron activation anaiysis. 
For the analysis of low-melting materials, such 
as gallium, cooling of the cell with liquid 
nitrogen has been used. A similar approach 
is customary in SSMS7 and has also been 
described for SIMS.24 

Its stability makes the glow discharge useful 
for precise determination of major components. 
Table 2 shows concentrations of Si in an Al-l % 
Si alloy. 

Potassium 39 Uultiplisr 40 msec/chunnei 
fSD: 3.551E-14 amps f 2 scans) 

18866 Counts) 

Fig. 6. High-resolution (M/A,+4 _ 6000) GD mass 
spectrum of aluminium at nominal m/z 39, showing the 
“ArH+ peak to the right of the ‘sK+ peak. (Reproduced 
from reference 23 by courtesy of VG Isotopes Ltd., 

Winsford, U.K.) 

Doto analysis display 

Uranium 236 Multiplier 
Abundance : 99.20 */. 2000 msoc/chonm?l 
FSD - 2.2OOE-18 amps (27 countsL 120 SCOcmS~ 

1 
I 

23?!95 23tJ:OO 236105 23&O 236fl5 
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Fig. 7. GD mass spectrum of aluminium at m/z 238. The 
238U concentration is 17 rig/g.. (Reproduced from reference 

23 by courtesy of VG Isotopes Ltd., Winsford, U.K.) 

~~ant~cation and relative sensitivity factors 

The concentration of an element can be 
directly derived from the ratio of the ion-beam 
current to that for a matrix isotope. More 
accurate results are obviously obtained by using 
relative sensitivity factors, usually defined as the 
number by which the raw data must be divided 
to obtain the correct concentration. These 
appear to vary over a range of about 0.2-3 (e.g., 
- 2-3 for Ti, Zr, Nb; - I for Fe, MO, Co; 
- 0.6 for Pb, Si; - 0.2 for Cu, Zn, C, P, S), but 
systematic data for different matrices are not yet 
readily available. So far, no pronounced matrix 
effects are apparent. It is also to be expected that 
the RSF values will depend on the instrument 
used. Some data reported at a recent “Open 
forum discussion” in Antwerp are shown in 
Table 3. The situation is reminiscent of that in 
SSMS,“’ but no rationalization of the data has 
yet been reported. 

Precision and accuracy 

Because of the stable nature of the glow 
discharge, the precision is quite good, at least 
for homogeneous samples. For heterogeneously 
distributed elements, the same remark holds 
as for SSMS: the sampling error should be 
inversely proportional to the square root of the 
analytical sample weight (see above). There do 

Table 2. Major component analysis of Al-l % Si 
alloy by GDMS (reproduced from reference 23 
by courtesy of VG Isotopes Ltd., Winsford, 

U.K.) 

isotope Run I 2 3 4 Mean 

2xSi 1.15 1.16 1.20 1.16 1.168 
PSi 1.16 1.26 1.20 1.19 1.20 
3OSi 1.27 1.35 1.22 1.23 1.26 
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Table 3. Relative sensitivity factors, obtained by analysing 
NBS SRM 1261A steel with different glow discharge mass 

spectrometers” 

Certified 
concentration, 

Element A B C D unin 

B 
C 
Al 
Si 
P 
s 
Ti 
V 
Cr 
Mn 
Fe 

R 
cu 
As 
Se 
Zr 
Nb 
MO 

Ag 
Sn 
Sb 
Te 
La 
Ce 
Ta 
W 
Pb 
Bi 

1.72 0.19 0.64 3.8 
0.21 0.13 0.16 0.21 
1.21 0.42 0.62 0.80 
0.51 0.34 0.96 0.42 
0.09 0.26 0.19 0.23 
0.13 0.29 0.19 0.35 
1.58 1.30 2.43 2.41 
1.47 1.20 1.90 1.84 
1.11 0.53 0.52 0.37 
1.29 0.73 0.76 0.57 

= 1.00 = 1.00 = 1.00 = 1.00 
0.77 0.87 0.84 0.82 
0.69 0.95 0.43 0.48 
0.76 0.35 0.18 0.13 
0.18 0.58 0.12 0.16 
0.64 0.61 0.17 0.30 
0.54 1.59 1.55 1.56 
I .72 I .84 1.41 1.35 
1.67 1.52 0.97 I .02 

0.48 0.22 0.17 
1.44 0.74 0.39 0.30 
0.95 0.42 0.19 0.15 
1.03 0.74 0.20 0.20 
1.33 0.79 1.17 1.75 
1.66 0.64 1.43 2.29 
1.56 1.20 - 0.70 
1.31 1.11 0.75 0.54 
- - 0.28 0.25 

0.87 0.35 0.17 0.13 

5 
3900 

200 
2280 

160 
150 
200 
110 

6900 
6700 

320 
20000 

420 
170 
40 
90 

220 
1900 

4 
100 
42 

:.2 
14 

210 
170 

0.25 
4 

A: quadrupole mass analyser (University of Virginia). 
B: quadrupole mass analyser (ISAS, Dortmund). 
C: double-focusing GDMS, VG 9000 (C. Evans & Associ- 

ates, Redwood City). 

D: double-focusing GDMS, VG 9000 (VG Isotopes, Ltd, 
Winsford). 

not seem to have been any systematic studies on 
sample consumption in the GD ion source, so 
no further comment can be made. 

Localized analysis 

In contrast to the spark ion source, in GD the 
energy transfer to the sample is not localized, so 
lateral element distribution cannot be studied. It 
appears from some preliminary studies, how- 
ever, that depth profiling and thin layer analysis 
are both possible if a flat cell geometry is 
used.26.27 

SPUTTERED NEUTRALS MASS 
SPECTROMETRY (SNMS) 

There have been several attempts to use post- 
ionized sputtered particles in mass spec- 
trometry.” The sputtering has been achieved by 
means of ion beams and also by ions originating 
from a plasma in front of the sample (see also 

GDMS, above) and the post-ionization has 
been realized by interaction of the sputtered 
neutral species with excited atoms (as in 
GDMS), electrons or photons. 

Hot electron-gas SNMS was developed by 
Oechsner29 in an experimental arrangement ap- 
plying the same low-pressure high-frequency 
plasma (10-5-10-3 mbar noble gas) to generate 
energetic ions for sample surface sputtering as 
well as low-energy electrons for post-ionization 
of the sputtered neutral species. Electron-beam 
post-ionization of sputtered particles has been 
reported, and high sensitivities have been 
obtained.30 

Post-ionization of sputtered particles by a laser 
beam can be realized either by single-photon 
resonance ionization3’ or by multiphoton non- 
resonance ionization. 32 If it is assumed that most 
of the particles emitted from the sample surface 
are neutral, the calibration of SNMS is much 
simpler than SIMS (see below). If the cross 
sections for the post-ionization process are rela- 
tively uniform, any sample can be analysed 
quantitatively by SNMS, provided the emitted 
secondary ions, the distribution of sputtered 
atoms between different molecular species, and 
changes in energy and angular distribution of 
the neutral species emitted when different 
matrices are used, and so on, are neglected.28 

SNMS is a rapidly developing technique. 
One commercial instrument (INA 3, Leybold- 
Heraeus GmbH, Koln) has three operating 
modes: direct bombardment (the same low- 
pressure high-frequency noble-gas plasma is 
used to sputter the sample and to provide 
electrons for post-ionization of the sputtered 
neutral species); separate bombardment (an ion 
gun is used to bombard the sample with primary 
ions, and the neutral species released are ionized 
in the surrounding plasma). The ion gun and 
quadrupole detection system used in SNMS 
can also be used for SIMS analysis (without 
plasma). 

SNMS can be used for quantitative depth 
profiling, with good resolution, of metals, alloys 
and semiconductors, but also for quantitative 
bulk analysis of metals and alloys, without 
significant matrix effects. Detection limits in the 
pg/g range have been reported.33 Some relative 
sensitivity factors for a standard reference 
material (stainless steel) are shown in Table 4;” 
they appear to be rather similar, the highest 
being less than 5 times the lowest. 

One of the unique features of SNMS is the 
ease of analysis of insulators. Whereas SSMS, 
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Table 4. Relative sensitivity factors, obtained 
by analysing a standard reference stainless- 
steel sample by SNMS (reproduced from ref- 
erence 33, by courtesy of Leybold-Heraeus 

GmbH) 

Bulk concentration, RSF, 
Element atom % &ID, 

Fe 69.08 1 
C 0.206 2.64 
Si 1.37 0.60 
Mn 1.82 1.18 
P 0.058 0.92 
S 0.005 1.25 
Cr 18.71 1.11 

!io 
0.11 1.76 
8.54 1.71 

N 0.098 2.28 
Al 0.006 0.5 

GDMS and SIMS are handicapped by electrical 
charging effects, which have to be overcome by 
special electron-flooding devices (in SIMS) 
or by mixing the sample with a conductor, 
SNMS makes use of the self-compensating 
plasma/sample interaction. This feature is of 
considerable interest in the study of ceramics, 
for instance. 

SECONDARY ION MASS 
SPECTROMETRY (SIMS) 

Principle 

SIMS is based on the ejection of charged 
atomic and molecular species (secondary ions) 
from the surface of a solid under heavy-particle 
bombardment (usually with primary ions, some- 
times neutral atoms). Most of the secondary 
ions originate from the uppermost atomic layers 
of the bombarded surface, so that SIMS is very 
often used for surface analysis. The secondary 
ions can be separated by different types of mass 
analysers: quadrupole, magnetic, time-of-flight, 
etc. The mass spectra contain not only atomic 
ions, but also many polyatomic cluster ions, 
e.g., for an aluminium sample under Ar+ bom- 
bardment Na+, K+, Al+, Al:, Al:, AlO+, 
AIOH+, but multiply charged ions such as Al’+, 
Al-‘+ are not very abundant. Ions of electro- 
negative elements can more easily be observed 
in the negative ion spectrum, e.g., O-, 0;) 
AlO-, AlO;, Cl-, OH-. 

By scanning of a finely focused primary ion 
beam over the sample surface, information 
about the lateral surface distribution of the 
secondary ion emission can be obtained, which 
can in principle be converted into a lateral 
element distribution. 

The ion bombardment results in erosion of 
the surface. In so-called dynamic SIMS con- 
ditions, the removal rate is of the order of a 
monolayer per second, and depth profiling of 
element concentration can be achieved with 
high sensitivity (in favourable cases down to the 
rig/g range). Dynamic SIMS with a focused 
scanning ion-beam allows a three-dimensional 
analysis of the sample. 

The possibility of performing localized 
microanalysis with SIMS in its various forms is 
of course very important, but this aspect will not 
be further discussed here. Reference may be 
made to the very comprehensive monograph by 
Benninghoven et al. ** The possibility of using 
SIMS for quantitative bulk analysis will, how- 
ever, briefly be dealt with. 

Sensitivity 

SIMS is a very sensitive technique (lo-‘-lo-* 
atom %) and can thus be used for ultratrace and 
trace analysis. As an example, some typical 
detection limits are given in Table 5. It can be 
seen that the sensitivities vary widely from 
element to element (by 5 orders of magnitude). 
It is clear that for the highest sensitivities to 
be obtained, a mass spectrometer with high 
transmission should be used. Comparative 
studies have shown that a magnetic instrument, 
such as the Cameca IMS-3f/4f, is the most 
suitable for the purpose. 

QuantiJication 

Even if mass spectral interferences, from 
polyatomic cluster ions for instance, can be 
excluded, quantitative elemental analysis by 
SIMS is not an easy task, because of the depen- 
dence of the relative and absolute secondary ion 

Table 5. Detection limits in GaAs for SIMS (reproduced 
from reference 28, p. 792, by permission of the copyright 

holders, John Wiley & Sons, Inc.) 

Element 

H 
Be 
B 
Al 
Si 
S 
Cr 
Mn 
Fe 
cu 
Zn 
Ge 
Sn 

Ion 
detected 

‘Hf 
‘Be+ 

“B+ 
?,Al+ 
ZSSi+ 
32s - 

s2Cr+ 
ssMn+ 
*‘Fe+ 
UCu+ 

@Zn+ 
74Ge + 
lxJSnf 

Detection limit 

10m4 atom % atoms /cm’ 

102 5 x lOI 
0.002 8 x 10” 
0.01 5 x lOi 
0.008 4 x lOi 
0.008 4 x lOI 
1 5 x IO” 
0.001 4 x 10” 
0.001 4 x IO” 
0.002 7 x 10’3 
0.02 I x 10’5 
0.1 5 x 10’5 
0.2 I x IO’” 
0.1 5 x 10’5 
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yields on matrix effects, surface coverage with 
reactive elements (e.g., oxygen), background 
pressure in the sample environment, effect of 
the crystallographic orientation relative to the 
primary and secondary ion beams, angular 
effects, mass-dependent transmission of the 
mass spectrometer, energy band-pass of the 
mass spectrometer, etc2’ 

Calibration curves are sometimes used for 
quantitative analysis, but then the standards 
should differ as little as possible in composition 
from the sample to be analysed, and the ion 
intensities should be measured under identical 
experimental conditions. 

Methods have been described for the con- 
struction of a calibration curve by use of 
ion-implanted samples, e.g., by Leta and 
Morrison,34 but this approach requires the 
availability of an ion implanter and is not 
applicable to all elements of interest. 

Another approach is to work with relative 
sensitivity factors, and standard reference 
materials. However, such materials are not easy 
to come by, or, in the case of high-purity 
materials, are not available at all. In addition, it 
is not straightforward to transfer experimental 
RSFs obtained for one instrument to use with 
another, although progress is being made in 
this area, and a prescribed procedure for 
“tuning” the SIMS instruments must be strictly 
followed.35.36 The RSFs for different elements 
usually depend in a different way on the state of 
the sample surface during ion bombardment, 
e.g., they change as a function of partial oxygen 
pressure. It is comparatively easy to determine 
experimentally the dependence of a set of RSFs 
on a particular internal indicator which is 
representative of the oxidation state of the 
analysed surface (see Fig. 8) and can be derived 
from the mass spectrum of the unknown 
sample; for example, the matrix ion species ratio 
(MISR) “2Fe:/54Fe+ for steel, decreases with 
the partial oxygen pressure in the ion source. 
The MISR approach has been shown to yield 
lower analytical errors (5520% relative) than 
either the straightforward RSF method, or the 
different versions of LTE models (see below). 

In the absence of any standard reference 
materials, quantification algorithms based on 
physical models of the ion emission process can 
be utilized,28 The empirically observed expo- 
nential dependence of positive secondary ion 
yields on the first ionization potential (E,) of 
the corresponding element has led to the 
assumption of some type of thermodynamic 

3- 

2- 

l- 

SC0 
“%Aa, 

0.1 L I I 
0.001 0.01 0.1 

Fe;/Fe+ 

0.00 1 0.0 1 

Fe,+/Fe+ 

0.1 

Fig. 8. Relative sensitivity factors for SIMS analysis of Co 
and MO in steel as a function of the matrix-ion species ratio 

Fez+/Fe+. 

equilibrium (complete, local or partial) of the 
sputtered ions with their surroundings. For the 
reaction 

MeM+ +e- 

the equilibrium volume concentrations n, (for 
M+), n, (for e -) and n (for M) are given by the 
Saha-Eggert equation3’ 

where 2, (T) and Z(T) are the partition 
functions for M+ and M respectively, Ei is 
the first ionization potential of M and AE is 
the decrease in ionization potential caused by 
Coulombic interaction between the particles. 
This implies that the n+/n ratios for different 
elements depend on the “ionization tempera- 
ture” Ti and the electron density n,. A semilog 
plot of normalized secondary ion intensities vs. 
E, is then a straight line, the slope of which 
mainly depends on Ti. If two elements with 
known atomic concentrations and sufficiently 
different ionization potentials can be found in 
the sample (e.g., major or minor elements, 
which can be determined by a reliable analytical 
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technique, e.g., electron probe X-ray micro- 
analysis), values for the fitting parameters Ti 
and n,, can be obtained from the Saha-Eggert 
equation and used to estimate the relative sensi- 
tivities for other elements from their ionization 
energies. For a more detailed discussion, refer- 
ence may be made to the monograph on SIMS 
by Benninghoven et ~1.~’ 

As already mentioned, even for an error-free 
method the relative standard deviation of an 
analysis will not be zero, because of sample 
heterogeneity. In the case of SIMS, Scilla and 
Morrison3’ have derived an expression for the 
sampling error Es for a particular element in a 
given matrix: 

Es = K/a”’ 

where K (pm) is the sampling constant, which is 
determined solely by the heterogeneity of the 
sample with respect to the element of interest, 
and a (pm’) is the area sampled. In some cases, 
an element can be so heterogeneously distri- 
buted in a sample, that results from as many as 
100 different sampling areas might have to be 
averaged in order to reduce the sampling error 
to an acceptable level. It is clear that this 
sampling problem is more severe for SIMS than 
for SSMS analysis, for instance, because of the 
much lower sample consumption in the former 
case. In fact, SIMS, especially in the ion micro- 
probe version, is mostly applied just to reveal 
differences in concentration between different 
positions on or in a solid sample. 

LASER MASS SPECTROMETRY 

A laser pulse (usually from an Nd: YAG 
laser) can be used to evaporate and ionize 
material from a solid, for subsequent mass analy- 
sis. There are two commercial instruments- 
LAMMA (Leybold-Heraeus, GmbH, Koln) 
and LIMA (Cambridge Mass Spectrometers 
Ltd.)---that emphasize the microprobe aspect; 
they are equipped with time-of-flight mass 
spectrometers for obtaining a complete mass 
spectrum from a single shot, and can work in 
either the transmission or reflection mode. A 
good idea of the range of applications of these 
laser microprobe mass spectrometers can be 
obtained from the proceedings of the 3rd Laser 
Microprobe Mass Spectrometer Workshop at 
the University of Antwerp (August 1986) or 
from some recent reviews,40.4’ This type of 
equipment is useful for particle characterization 
and sensitive local microanalysis in a more 

general sense, but is not used for bulk trace 
element analysis of high-purity solids. 

The double-focusing laser mass spectrometer 
(Mattauch-Herzog geometry) described by 
Jansen and Witmer42 can be used for the semi- 
quantitative bulk analysis of solids and powders 
without the aid of standards. The samples may 
be either conductive or insulating, but should 
not be completely transparent to the laser 
radiation (1060 nm wavelength). The detection 
limit is about 10 rig/g for bulk analysis, with a 
consumption of about 100 pg of material, and 
about 0.1% for microanalysis. The relative 
standard deviation is about 20% and the result 
of a single analysis may range from half to twice 
the true value if no standards are used, and be 
within + 20% of the true value when standards 
are employed. Microanalysis is possible with a 
crater diameter of -20 pm and a depth of 
N 0.1 pm. The system can perform thin-film and 
profile analysis with a depth resolution of 
-0.1 pm. 

It is of interest to note that the intensity ratio 
of singly-charged to multiply-charged ions can 
be influenced by varying the energy of the laser 

Table 6. Analysis of NBS SRM 1235 zirconium by 
laser mass spectrometry (Nd:YAG laser, power 
density cu. IO9 W/cm2, pulse repetition rate 10 kHz) 
(reprinted from Dietze and Becker>’ by permission 
of the copyright holders, Springer Verlag, 

Heidelberg) 

Concentration,* NBS value, 
Element !-%g/g 1glg RSFt 

Na 270 - 

Mg 8 - - 
Ali (810)§ 105 (7.7) 
Si 96 95 1.01 
P 
S 
Cl 
K 

:: 
V 
Cr 
Mn 
CU 
Fe 
co 

42 
46 

(loo& 
70 

230 
90 

340 
26 
44 

930 
20 

- 
- - 
90 2.55 
10 9.0 
60 5.66 
25 1.04 
80 0.55 

850 1.09 
20 1.00 

0.95 
- 

Ni 70 65 1.08 
Nb 210 200 1.05 
MO 38 40 0.95 
Sn 25 25 1.00 
Hf 52 95 0.55 
Ta 70 280 0.25 
W 14 50 0.28 

*The element concentrations, except Hf, are not yet 
certified by the National Bureau of Standards, 
Washington D.C. 

tRe)ative sensitivity factor. 
§Contamination possible. 
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Table 7. Comparison of mass spectrometry methods for elemental analysis of solids with some commercially available 
instruments 

SSMS GDMS SNMS SIMS 

Ion source 

Mass 
spectrometer 
(mass resoln.) 

Manufacturer 

Detector 

Quantity of 
sample 

Sample form 

Metals and 
semiconductors 

Insulators 

Cryo-cooling 
of sample 

Information on 
bulk-analysis 

Surface 
layer/depth 
profiling 

Lateral 
resolution 

Elemental 
coverage 
and relative 
sensitivity 
factors 

Dynamic 
range 

Sensitivity 
Sneed of analvsis* 
Main M.S. 

interference 
Ease of 

analysis 

RF vacuum spark 
(triggered dc arc) 

double-focusing 
Mattauch-Herzog 
geometry (_ 4000) 
Jeol (JMS OI-BM2) 

electron multiplier; 
ion-sensitive emulsion 
(whole spectrum 
simultaneously) 

triggered dc 
discharge in 
Ar, Ne, etc. 
double-focusing 
inverse Nier-Johnson 
geometry (5 4000) 
VG (VG-9000) 

Daly and 
Faraday cup 
(masses sequentially) 

0.5 g 0.5 g 

bar or flat pin or flat 
(with counter-electrode) 
yes yes 

after mixing after mixing 
with conductor with conductor 
and pelleting and pelleting 
possible possible 

yes 
difficult 

yes 
yes in 
principle 

_ 100 pm - 
(with counter-electrode) 
large coverage, large coverage, 
small range of small range of 
RSFs RSFs 

limited by photoplates 

interpretanon 

(graded exposures) 
_ ngig 
slow 
multiply charged ions 

requires skilled 

very wide 

_ nglg 
fast 
“argides”, dimers 

good 

HF low-pressure 
plasma in Ar, etc. 

quadrupole (1 amu) 

Leybold-Heraeus 
(INA-3) 
electron multiplier 
(mass scan) 

0.5 g 

flat 

yes 

directly 

- 

yes 
yes 

- 

large coverage, 
small range of 
RSFs 

wide 

<P8/8 rig/g (not all elements) 
fast moderate 
“argides”, dimers polyatomic ions 

good requires skilled 

ion bombardment 
(Ar+, O$, Cs+) 

double-focusing 
(50&10000) 

Cameca (3f/4f) 

electron multiplier and 
Faraday cup; 
microchannel plate 
(ion image) 
(masses sequentially) 
0.5 g 

flat 

yes 

charge compensation 
(electron gun) 

possible 

(yes) 
yes 

0.2-100 pm 

large coverage, 
wide range of 
RSFs 

wide 

operatton 

*Speed of analysis is also influenced by memory effects from previous analyses. 

beam and the repetition frequency of the laser 
pulses. The intensity ratio of atomic to cluster 
ions is reported to be higher than with the 
radiofrequency spark source. These attractive 
features have led several other laboratories to 
mount a laser on existing double-focusing 
instruments, but it appears not always to be 
easy to realize a straightforward ion-optical 
coupling of the ionization chamber to the mass 
spectrometer.43 

This problem has been tackled and the litera- 
ture reviewed by Dietze and Becker.44 Table 6 
gives some analytical results obtained for a 
zirconium sample by the same authors.45 For 
exposures of 100 nC, detection limits of ca. 10 
rig/g were obtained. The authors developed an 
TAL 374-B 

ion-optical system with excellent character- 
istics, as appears from the reported quality of 
the mass lines; a mass resolution of * lo4 
was reached and there was no problem in 
determining Nb (m/z = 93) in the middle of the 
Zr matrix lines. 

CONCLUSION 

Although there are other mass spectrometric 
techniques for the analysis of solid samples, 
such as laser ablation coupled to inductively- 
coupled plasma mass spectrometry, we have 
limited ourselves here to surveying those which 
are now well developed. A comparison of some 
characteristics of a few commercially available 
systems is presented in Table 7. 
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DETECTION AND CONDUCTIVITY DETECTION 

OF UNDERIVATIZED AMINO-ACIDS IN 
LIQUID CHROMATOGRAPHY 
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Summary-Pulsed amperometric detection (PAD) in tandem with conductivity detection (CD) has been 
applied to the direct detection of amino-acids by liquid chromatography. Although sensitive, PAD has 
a limited linear range of response. Sequential use of conductimetric detection and then PAD extends the 
dynamic range of amino-acid determination, 

Recent progress in amino-acid determination 
can be attributed to technological advances in 
liquid chromatography (LC) and chromato- 
graphic detectors. Cation-exchange stationary 
phases’ have long been the standard for LC 
separations of amino-acids, and the use of 
anion-exchange separations* is more recent. 
Numerous pre-column derivatization schemes 
produce adducts that can be separated by 
reversed-phase stationary phases.3 Post-column 
derivatization is employed in most ion-exchange 
methods to overcome the lack of response of 
traditional LC detectors towards amino-acids. 
Alternatively, “indirect” methods can be used.4 
Direct and sensitive amino-acid detection with- 
out a derivatization step is a desirable further 
alternative to traditional methods. 

Pulsed amperometric detections,6 uses a triple- 
step potential waveform to combine ampero- 
metric detection with alternating anodic and 
cathodic polarizations to clean and reactivate 
the electrode surface. This waveform exploits 
the surface-catalyzed oxidation of the amine 
group, activated by the transient formation 
of surface oxides on noble metals. Use of 
pulsed amperometric detection following liquid 
chromatography has gained prominence as 
a selective and sensitive technique for the 
determination of alcohols, polyalcohols, carbo- 
- 
*Author for correspondence. 
?Commonwealth Edison, Maywood, IL 66046, U.S.A. 

hydrates,‘-” amino-alkanols,” many inorganic 
and organic sulfur-containing compounds’* and 
amino-acids.13 Although sensitive, amino-acid 
determinations by use of PAD exhibit a limited 
linear response range. 

Conductimetric detection has been utilized 
successfully in ion-chromatography for the de- 
termination of inorganic and organic ions.‘“‘6 
Suppressed CD of amino-acids has been shown 
to be feasible in work on alternative ion- 
chromatographic eluents,” but no amino-acid 
separations were attempted. Recently, Johnson 
ef al. applied unsuppressed CD in tandem with 
PAD for carbohydrate determinations.” The 
dual detection provided linear calibration over 
a wide dynamic range. 

This paper compares the application of PAD 
and CD to the simple, direct determination of 
amino-acids by isocratic chromatography. No 
suppressor columns were used with the CD 
system. In addition, CD was applied before 
PAD, to provide a non-destructive method 
of extending the linear range of amino-acid 
determination. 

EXPERIMENTAL 

Reagents 

All solutions were prepared from reagent 
grade chemicals. Amino-acid standards were 
obtained from Aldrich Co. (Milwaukee, WI), 
Fisher Scientific Co. (Springfield, NJ), and 
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Pierce (Rockford, IL). L-Lysine and Amino 
Acid Complex dietary supplements were ob- 
tained from American Dietary Laboratories 
(Pasadena, CA). Water was purified either in a 
MILLI-Q system (Millipore Corp., Milford, 
MA) or a Barnstead NANOpure II system 
(Newton, MA), followed by filtration (0.2 pm). 

Apparatus 

Chromatographic separations were per- 
formed with an AS-6 anion-exchange column 
preceded by an AG-6 guard column in an 
isocratic liquid chromatography system (Dionex 
Corp., Sunnyvale, CA). All mobile phases were 
filtered with 0.45 pm Nylon-66 filters (Rainin 
Corp., Woburn, MA) and a solvent filtration kit 
(Millipore) before use. The injection volume was 
50 /ll. 

PAD was performed with the Model PAD-2 
electrochemical detector (Dionex) with home- 
made gold and platinum flow-through cells.19 
A saturated calomel reference electrode and a 
platinum wire counter-electrode were used. 
Conductimetric detection was done with the CD 
module from a Model-10 Ion Chromatograph 
(Dionex). For tandem CD and PAD exper- 
iments, the detector cells were placed in series, 
with the conductivity detector cell first. 

Procedure 

Calibration data were plotted as log[(A, - a)/ 
bC] t’s. log concentration,20 where A, is the peak 
area, C the analyte concentration and a and b 
are the intercept and slope obtained from 
modified regression analysis2’ of the linear 
region of a plot of A,, us. C. Accordingly, for 
data which fall exactly on the regression line, 
log[(A, - a)/bC] = 0.0. This plotting scheme 
has several advantages over the traditional plot- 
ting of A, us. C, as follows: relative deviations 
from the regression line are quantitatively de- 
picted throughout the concentration range, the 
upper (and lower) limits of linearity are readily 
apparent, and calibration data for two or more 
detection techniques can be compared easily on 
the same relative scale. 

RESULTS AND DISCUSSION 

Pulsed amperometric detection 

Pulsed amperometric detection for amino- 
acids at gold electrodes in basic solutions was 
successful when a three-step potential waveform 
was used. The anodic current was sampled for 
16.7 msec following a 540 msec delay at 0.5 V. 

This detection step was followed by an anodic 
potential pulse to 1.05 V for 180 msec and then 
a cathodic pulse to -0.55 V for 240 msec. The 
anodic detection mechanism for lysine is be- 
lieved to be electrocatalytic, requiring simul- 
taneous formation of a surface oxide.13 All other 
essential amino-acids display electrochemical 
behavior nearly identical to that of lysine. 

Chromatography 

For glycine, pK, of the carboxyl group is 2.35 
and pK, of the amine group is 9.778.*’ Other 
amino-acid pK, values are similar to these.23 The 
traditional zwitterion form of glycine observed 
under neutral conditions is not present in the 
basic chromatographic eluents used in this 
work. At high pH the amine group is deproto- 
nated, resulting in an anionic form suitable for 
separation by anion-exchange chromatography. 
Sodium hydroxide solution was used as an 
eluent since it provided the necessary high pH as 
well as serving as an excellent electrolyte for the 
electrochemical detector. 

Two dietary supplement pills were analyzed 
to illustrate the application of PAD to amino- 
acids. The contents of an L-lysine capsule were 
dissolved, and the solution was diluted and an 
aliquot injected without further pretreatment, 
along with a series of standards. The lysine 
content was found to be within 6% of the 
nominal value (625 mg). The contents of a 
capsule of Amino Acid Complex were analyzed 
in a similar manner: the chromatogram (with 
PAD) is shown in Fig. 1. No sample pretreat- 
ment was applied other than dissolution. 

The dissolution of atmospheric carbon di- 
oxide in the sodium hydroxide eluent proved 
problematic when CD was used. A similar prob- 
lem was encountered during CD of carbo- 
hydrates,‘* which was solved by using barium 
hydroxide instead of sodium hydroxide. Barium 
hydroxide proved to be the eluent of choice for 
amino-acids as well, and concentrations of 
I-5mM gave the best results. 

Conductimetric detection 

The applicability of CD for amino-acids is 
due to the difference between the limiting equiv- 
alent ionic conductances (LEIC) of the eluting 
anion and the analyte anion. Hydroxide ions 
have a very high LEIC (198 phmo .cm2),24 
whereas the values for amino-acid anions are 
much lower.” The elution of the anion of 
an amino-acid, with simultaneous sorption of 
OH-, results in a decrease in CD response to 
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a 

Time- 

Fig. 1. Chromatogram for Amino Acid Complex. Con- 
ditions: contents of a single capsule diluted to 5 I., 50-p] 
injection, eluent 50mM NaOH at 1.0 ml/min, pulsed 
amperometric detection. Peaks: (a) arginine, (b) lysine, 

(c) leucine, (d) phenylalanine. 

give a “negative” peak. The separation of a 
mixture of lysine, methionine, asparagine and 
glycine is shown in Fig. 2. 

Analytical response 

The calibration data for lysine obtained by 
PAD and CD are shown in Fig. 3. The 
PAD response for lysine was linear (intercept 
1.77 PC, slope =’ 6.79 x IO4 pC.l.mole-I, 
S,, = 1.6 x 10e3) over nearly one decade, with 
significant deviation from linearity for con- 
centrations greater than 0.1 1OmM. The CD 
response was linear (intercept = -0.872 

A 

T t; 
.L 
.E 

t 

a 

T 

Time - 

pmho.sec, slope 2.71 x lo5 ~mho.sec.l.mole-‘, 
S, = 0.0002 x 105) throughout the range 
O.l-1OmM studied, with a higher limit of linear- 
ity (LOL) but a poorer limit of detection (LOD), 
compared to PAD. The two detectors used in 
tandem offer linear detection over more than 
three decades of concentration. 

The estimated limit of detection (S/N = 3) for 
lysine by PAD at a gold electrode was 200 ng/ml 
(10 ng, 70 pmole). Response for other primary 
amino-acids was between 0.3 and 3 times that 
for lysine. The secondary amino-acids, hydroxy- 
proline and proline, also gave reasonable PAD 
detection limits (3 and 4@t4 respectively). The 
limit of detection for lysine by CD was 2 pg/ml 
(100 ng, 700 pmole). The coupling of PAD at a 
platinum electrode and CD has been shown to 
work satisfactorily as well, but this system was 
not studied extensively. 

The long-term stability of the PAD response 
was confirmed by injecting a lysine solution 
every hour for 6 hr. The responses showed only 
a 1.3% relative standard deviation over this 
time span. 

CONCLUSION 

The determination of underivatized amino- 
acids by anion-exchange separation with pulsed 
amperometric detection is direct, sensitive and 
simple, with detection limits superior to those 
obtained by spectrophotometric detection of 
ninhydrin adducts. PAD is much more sensitive 
than CD but has a response which deviates from 
linearity for concentrations above ca. O.lmM. 
Use of the two detectors in tandem can give a 

e 

I 
Time - 

Fig. 2. Sequential chromatograms obtained by CD and PAD. Conditions: eluent 2.0mM Ba(OH), at 
1.0 ml/min. Detection: (A) conductivity, (B) pulsed amperometry. Peaks: (a) sample matrix, (b) 2.2 pg 

of lysine, (c) 2.8 ng of methionine, (d) 2.5 pg of asparagine, (e) 2.9 pg of glycine. 



380 LAWRENCE E. WELCH et al. 

i? -0.5 - (PAD) LOD LOD 
(CD) 

I 1 0 
-0.7 L ' I I I 

-6 -5 -4 -3 -2 
log (concentration, Ml 

Fig. 3. Calibration plots for lysine. Conditions: eluent 2.OmM Ba(OH), at 1.0 ml/mitt. + Conductivity 
detection, l pulsed amperomettic detection. The solid horizontal line represents log[(A, - a)/bC] = 0. 

The parallel dashed lines delineate relative errors (A) of 10, 30 and 50%. 

combined linear dynamic range of cu. three 11. 
decades for lysine. 

12. 
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LIQUID CHROMATOGRAPHY OF LANTHANIDE CHELATES 
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Summary-Preparation of the chelating agent, l-(p-nitrophenyI)ethylenediamine-N,N,N’,N’-tetra-acetic 
acid (p-nitrophenylEDTA), is described in detail. Separation of p-nitrophenylEDTA chelates of 
ytterbium(III), erbium(III), dysprosium(II1) and europium(II1) has been achieved by reversed-phase 
ion-pair liquid chromatography. With spectrophotometric detection at 254 nm, linear responses over 
about four orders of magnitude were achieved with detection limits (S/N = 2) of about 0.5 pmole. 

During the past decade, a number of investi- 
gators have applied modern liquid chromato- 
graphic methods to the separation of ionic metal 
chelates. Much of this work involved appli- 
cation of the ion-chromatographic technique 
proposed by Small et al.’ Sevenich and Fritz2 
used ion-chromatography, with a conductivity 
detector, to separate a number of bivalent metal 
ions and tervalent lanthanide cations. Their 
method required the use of various complexing 
eluents. Gjerde and Fritz3 have reviewed the 
field of ion-chromatography in a recent mono- 
graph. An extensive review of the L>plication 
of high-performance liquid chromatography 
(HPLC) to metal chelate separations has been 
published by 0’Laughlin.4 

Trace metal determinations with HPLC have 
often depended on the utilization of chelating 
agents with strongly absorbing chromophores 
for spectrophotometric detection. Roston5 has 
used 4-(2-pyridylazo)resorcinol (PAR) as a pre- 
column chelating agent for the determination of 
Cu2+, Co*+, Ni*+ and Fez+ by reversed-phase 
liquid chromatography (RPLC) with both fixed- 
wavelength (254 nm) ultraviolet absorption and 
oxidative thin-layer amperometric detection. 
Knight er ale6 have utilized post-column chela- 
tion with PAR or 3,6-bis[(o-arsenophenyl)azo]- 
4,5-dihydroxy-2,7_naphthalenedisulfonic acid 
(Arsenazo III) for the spectrophotometric detec- 
tion of the lanthanides after separation by 
dynamic ion-exchange chromatography. Gotze 

*Author for correspondence. 

and Bialkowski’ have described the preliminary 
separation of the EDTA chelates of erbium, 
dysprosium and europium by ion-pair chro- 
matography. 

The chelating agent l-(p-nitrophenyl)- 
ethylenediamine-N,N,N’,N’-tetra-acetic acid (p- 
nitrophenylEDTA) forms complexes with a 
wide variety of metal ions of interest in trace 
analysis.8*9 These chelates absorb strongly in the 
ultraviolet region, with molar absorptivities 
~8000 l.mole-‘.cm-’ at 254 nm, the wave- 
length used in many fixed-wavelength liquid- 
chromatography detectors. The desirable spec- 
troscopic properties of these chelates, combined 
with their high stabilities, make p-nitro- 
phenylEDTA an excellent pre-column chelating 
agent for HPLC separation and determination 
of metal ions. In this paper, we describe the 
preparation of this reagent and the preparation 
and separation of some representative lan- 
thanide chelates by reversed-phase ion-pair 
liquid chromatography (RPIPC). The separ- 
ation and highly sensitive detection of these four 
chemically similar chelates serves as a model to 
illustrate the utility of this analytical reagent. 

EXPERIMENTAL 

Apparatus 

Liquid chromatographic separations were 
performed with a Waters Associates Model 
ALC 204 liquid chromatograph equipped with 
a Model 6000A liquid-chromatography pump, a 
Rheodyne Model 7125 sample injection valve 
with a 20+1 injection loop, and a Model 440 
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UV detector (254 nm). The detector output was 
monitored by use of a strip-chart recorder at a 
chart speed of 30 cm/hr. 

Ultraviolet spectra were obtained with a Cary 
2300 spectrophotometer. Nuclear magnetic res- 
onance spectra were obtained for DzO solutions 
with tert-butyl deutero-alcohol as the internal 
reference, with a Jeol FX270 FT-NMR spec- 
trometer. 

Reagents 

The solvents used for chromatography were 
J. T. Baker HPLC-grade water and methanol. 
Rare-earth metal oxides with the purities indi- 
cated in brackets were obtained from Research 
Chemicals, Phoenix, Arizona: Yb203 (99.99%), 
ErzOJ (99.999%), Dy,O, (99.999%) and Eu,O, 
(99.99%). 

The ion-pairing reagent used was Waters 
Associates PIC-A@ (Regular), which provided 
tetrabutylammonium ion at specified concentra- 
tions when appropriately diluted with HPLC- 
grade water. 

Other chemicals used were of ACS reagent- 
grade purity. 

Preparation of p-nitrophenylEDTA 

Nitric acid (90%, 50 ml) was transferred into 
a loo-ml 3-necked flask fitted with an overhead 
stirrer. This was cooled in a salt-ice bath and 
maintained at a temperature between 0 and 
- 5°C. A thermometer was placed inside the 
flask to monitor the temperature of the nitration 
mixture. Phenylethylenediaminetetra-acetic acid 
(phenylEDTA) (10.0 g, 0.03 mole) was added in 
small portions over a period of -2 hr so that 
the temperature did not rise above 0”. After 
addition of all the phenylEDTA, the reaction 
mixture was stirred for 5 hr at o”, and then 
poured over 250 g of ice. The reaction mixture 
was adjusted to pH 1.3 by addition of 50% 
aqueous sodium hydroxide solution and al- 
lowed to stand for 24 hr in a refrigerator at 10”. 
A light yellow product crystallized and was 
collected by filtration with a sintered-glass 
funnel. The mother liquor from this filtration 
was concentrated on a rotary evaporator to 
N 100 ml. The pH of this concentrate was 2.4. 
On standing for 24 hr at 10” some sodium 
nitrate crystals separated and were removed by 
filtration. The pH of the filtrate was adjusted to 
1.2 with 6M hydrochloric acid. After standing 
for 24 hr at lo”, crystals of p-nitrophenylEDTA 
formed and were collected by filtration (0.90 g). 
The filtrate was reduced to 50 ml, adjusted to 

pH 1.2, and cooled for 24 hr at lo”, and another 
crop of product (1.30 g) was collected. The 
original light yellow product was suspended in 
100 ml of water and 50% sodium hydroxide 
solution was added dropwise until dissolution 
was complete. The solution was then adjusted to 
pH 1.2 with 6M hydrochloric acid and allowed 
to stand for 24 hr at lo”, then the precipitated 
product (1.4 g) was collected. Concentration of 
the mother liquor to 50 ml, adjustment to pH 
1.2 and cooling as described above yielded an 
additional 1 .O g of product. The yield ofp-nitro- 
phenylEDTA at this point was 4.6 g. The melt- 
ing point (uncorrected) of p-nitrophenylEDTA 
was 174-176”. Nuclear magnetic resonance was 
used to confirm the absence of the meta-isomer. 

Preparation of lanthanide chelates of p-nitro- 
phenylED TA 

Lanthanide perchlorate stock solutions 
(0.20M) were prepared by dissolving 0.010 mole 
of high-purity rare-earth metal oxide (M,O,) in 
20 ml of 9.1M perchloric acid and diluting to 
100 ml. About 0.51 g (!.l mmole) of p-nitro- 
phenylEDTA dihydrate was mixed with a slight 
excess of the lanthanide perchlorate stock solu- 
tion and 10 ml of demineralized water. After 
adjustment of the pH of the mixture to about 7 
with 7M sodium hydroxide, the volume was 
reduced to about 5 ml by heating on a hotwater- 
bath, and absolute ethanol was added until 
the solution became cloudy. After standing 
overnight in a refrigerator at lo”, the precipitate 
was removed by filtration. The product was 
recrystallized from aqueous ethanol, dried for 
two days at room temperature in the air, and 
subsequently dried and stored in a desiccator 
over anhydrous calcium sulfate. 

Ytterbium(ZZZ) chelate. Ytterbium(II1) per- 
chlorate solution (1.29 mmoles) and 1.15 
mmoles of p-nitrophenylEDTA dihydrate were 
used. The yield was 0.766 g (98%) of the sodium 
salt. Nawb(C,6H,S0,0N3)]. 4H,O requires C 
28.36%; H 3.42%. Analysis gave: C 28.3%; H 
3.5%. 

Erbium(ZZZ) chelate. Erbium(II1) perchlorate 
solution (1.12 mmoles) and 1.12 mmoles of 
p-nitrophenylEDTA dihydrate were used. The 
yield was 0.654 g (99O/,) of the sodium salt. 
Na[Er(C,,H,,O,ON,)]. 3H20 requires C 29.40%; 
H 3.24%. Analysis gave: C 29.2%; H 3.2%. 

Dy.sprosium(ZZZ) chelate. Dysprosium(II1) 
perchlorate solution (1.24 mmoles) and 1.12 
mmoles of p-nitrophenylEDTA dihydrate were 
used. The yield was 0.744 g (97%) of the sodium 
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Fig. 1. HPLC chromatogram of p-nitrophenylEDTA 
chelates with ultraviolet detection at 254 nm: peaks for 
ytterbium(II1) chelate (A), erbium(II1) chelate (B), dyspro- 
sium(II1) chelate (C) and europium(II1) chelate (D). A 
0.6-p] aliquot of an aqueous solution containing each 
chelate at 3 x 10e3M concentration was injected. Mobile 
phase: methanol-water (21: 79 v/v), 0.0025M PIC-A” 
(Regular), pH 6.5 at a flow-rate of 1 .O ml/min. Column: 
IBM Instruments Octadecyl (C18) column (4.5 x 150 mm, 

5 pm particle size). 

salt. Na[Dy(C,,H,,O,,N,)J. 5Hz0 requires C 
28.06%, H 3.68%. Analysis gave C 28.0%; H 
3.3%. 

Europium(ZZZ) chelute. Europium(III) per- 
chlorate solution (1.24 mmoles) and 1.12 
mmoles of p-nitrophenylEDTA dihydrate were 
used. The yield was 0.726 g (99%) of the sodium 
salt. Na[Eu(C,,H,,O,,N,)] .4Hz0 requires C 
29.28%; H 3.53%, Analysis gave C 28.9%; H 
3.4%. 

Liquid chromatography 

Stock solutions of the chelates (3 x 10-3M 
and 5 x 10e3M) were prepared in HPLC-grade 
water. These solutions were stable indefinitely 
when stored in the dark. The stock solutions 
were further diluted with HPLC-grade water as 
required. 

The mobile phase used was prepared by dilut- 
ing 790 ml of 0.0025M PlC-A@ (adjusted to 

TAL X71_ 

pH 6.5 with 85% phosphoric acid) to 1000 ml 
with HPLC-grade methanol. Separations were 
achieved with an IBM Instruments Octadecyl 
(C 18) column (4.6 x 150 mm, 5 pm particle size) 
with a mobile phase flow-rate of 1.0 ml/min. 

RESULTS AND DISCUSSION 

The p-nitrophenylEDTA was prepared by 
nitration of phenylEDTA with 90% nitric acid 
at 0”. The phenylEDTA was prepared by the 
method of Okaku et al.” as modified by Beck- 
ett.’ Nitration of phenylEDTA is a more direct 
procedure than the previous synthesis of p- 
nitrophenylEDTA described by Sundberg” 
and modified by Beckett,* and gives a higher 
yield. Some mera-isomer is formed during the 
nitration. Fortunately, under the conditions de- 
scribed for the preparation, the puru-isomer 
crytallizes in preference to the meta-isomer. The 
para-isomer is reasonably soluble at pH above 
2.4, but begins to separate from aqueous solu- 
tion at pH below 1.5. The procedure given 
allows the isolation of a good yield of p-nitro- 
phenylEDTA. In all cases, the purity of the 
product was monitored by proton nuclear 
magnetic resonance spectrometry. The para- 
isomer shows an aromatic AA’BB’ pattern cen- 
tered at 6 = 7.8 ppm. The presence of the 
meta-isomer is shown by the appearance of a 
complex peak at 6 = -7.4 ppm. Pure m-nitro- 
phenylEDTA was not isolated. 

Figure 1 shows the HPLC separation 
achieved under the conditions described, with 
injection of 0.6 ,nl of a solution containing 
3.0 x 10m3M ytterbium(II1) chelate, 3.1 x 
10-3M erbium(II1) chelate, 2.9 x 10-3M dys- 
prosium(II1) chelate and 3.0 x 10m3M euro- 
pium(II1) chelate. This chromatogram shows 
that these four very similar anionic chelates are 
easily separated under isocratic conditions with 
tetrabutylammonium ion as the ion-pairing 
reagent. Chromatograms of mixtures prepared 
from 5-month old stock solutions (stored in the 
dark) of the chelates were essentially equivalent 
to those obtained by using freshly prepared 

Table 1. Ultraviolet spectral data for aqueous p-nitro- 
phenylEDTA chelates solutions 

1 maxi Molar absorptivity, 
nm I.mole-‘.cm-’ 

Ytterbium(II1) 270 9.72 x 10) 
Erbium(II1) 270 9.67 x 10’ 
Dysprosium(I11) 268 1.27 x lo4 
Europium(II1) 269 9.42 x 10) 
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stock solutions. This indicates that these 
chelates are highly stable in aqueous solution. 

The p-nitrophenylEDTA chelates gave detec- 
tor responses at 254 nm that were linear over 
about four orders of magnitude, viz. from 1 
to 2 x lo4 pmole or about 0.2-4000 ng of the 
rare-earth metal. The detection limit (S/N = 2) 
for the ytterbium chelate was -0.5 pmole when 
the mobile phase was adjusted to give a reten- 
tion time of 10 min. The mobile phase was 
5 x 10-4M tetrabutylammonium ion in a water- 
methanol mixture (72: 28 v/v, pH 6.4). All the 
chelates exhibited very similar ultraviolet spec- 
tra, with absorption maxima at about 270 nm 
and molar absorptivities of about lo4 
1 .mole-’ .cm-’ (Table 1). The detector signal 
would therefore be enhanced somewhat if a 
variable-wavelength detector set at 270 nm 
rather than 254 nm were used. 

The chromatographic separation of the four 
rare-earth chelates prepared in this study illus- 
trates the potential utility of p-nitro- 
phenylEDTA as a pre-column derivatizing 
agent for lanthanide determination by HPLC. 
Although Knight et aL6 achieved very good 
separations of the lanthanides, our preliminary 
results indicate detection limits about an order 
of magnitude lower than theirs. In addition, our 
separation does not involve the relative com- 
plexity of a post-column reaction detection 
system. The ion-pair chromatographic separa- 
tion of EDTA chelates of three lanthanides 

reported by G&e and Bialkowski’ gives less 
complete resolution than that obtained by our 
procedure. 

In conclusion, p-nitrophenylEDTA appears 
to have great potential as a pre-column chelat- 
ing agent for liquid chromatography of a wide 
variety of different metal ions. The high stabili- 
ties and molar absorptivities of these complexes, 
in combination with the high resolution of 
modern reversed-phase columns, make trace 
metal determinations by HPLC an attractive 
alternative to many of the spectroscopic 
methods commonly used. 
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Summary-The simultaneous determination of gallium and aluminium by using conventional fluorimetry 
and derivative synchronous fluorescence spectrometry has been studied. These determinations are based 
on the formation of fluorescent complexes of gallium and aluminium with salicylaldehyde carbohydrazone 
(SACH). In the conventional method, two samples are analysed under different analytical conditions, and 
the results are evaluated by solving a system of two simultaneous equations. In the derivative synchronous 
method (at pH = 2.6, in an ethanol-water medium containing 72% of ethanol), the following conditions 
are used: a constant wavelength difference of 20 nm between the monochromator settings, a time-constant 
of 1.5 set, a scan-speed of 120 nm/min, and a derivative wavelength difference of 10 nm; gallium can be 
determined in the range 7-38 ng/ml, and aluminium between 6 and 45 ng/ml. The synchronous method 
shows more advantages, and has been used in the determination of both metal ions in diverse biological 
samples (animal tissues and human serum) with good results. 

In recent years, determination of gallium and 
aluminium at ng/ml levels in water, biological 
fluids and other materials has aroused consider- 
able interest, though for different reasons. 
Analysis for traces of gallium is required for 
studying the physiological distribution of this 
element in biological systems; such studies are 
becoming interesting because some gallium 
compounds have exhibited antitumour activ- 
ity,lm3 but at certain levels gallium shows 
appreciable toxicity. Several methods for 
determination of gallium, involving the use of 
neutron-activation analysis,4 atomic-absorption 
spectrometry,5 atomic-emission spectrometry6 
and fluorimetry’-” have been described. 

On the other hand, although aluminium was 
considered in the past to be a non-toxic element, 
in recent years the aetiology of various clinical 
disorders manifest in patients with renal failure 
has been attributed to aluminium intoxication. 
The adverse effects of aluminium were most 
dramatically demonstrated in patients suffering 
dialysis dementia. “.‘* Aluminium toxicity is also 
associated with osteodistrophy,‘3 anaemia,14 
gastrointestinal symptoms’5 and possibly car- 
dio-toxicity;‘6 the most important source of 
aluminium in the patients appears to be the 

*Author for correspondence. 

water used for dilution of the dialysis solution.” 
In general, graphite-furnace atomic-absorption 
spectrometry has been used for the determi- 
nation of aluminium in waters.“-*’ 

Synchronous fluorimetry has been described 
as a method of improving the selectivity of 
conventional luminescence spectrometry by 
taking full advantage of the ability to vary both 
the excitation and emission wavelengths during 
an analysis. In this method, the excitation and 
emission monochromators are scanned simul- 
taneously and synchronously so that a constant 
wavelength difference is maintained between 
them.** The use of derivative synchronous 
fluorescence spectrometry was first applied pri- 
marily in the analysis of organic compounds,23 
although it can also be used for inorganic 
mixtures. 

This paper describes the use of conventional 
fluorimetry and second-derivative synchronous 
fluorescence spectrometry for the simultaneous 
determination of gallium and aluminium. This 
determination is based on the fluorogenic reac- 
tions of gallium and aluminium with salicylalde- 
hyde carbohydrazone (SACH). The results 
obtained show that both methods can be used 
for the simple, rapid, sensitive and selective 
determination of both elements in a wide variety 
of samples. 
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EXPERIMENTAL 

Apparatus 

This work was performed on a Perkin-Elmer 
fluorescence spectrophotometer, model MPF-43 
A, equipped with a xenon lamp, excitation 
and emission monochromators, R-777 photo- 
multiplier, Perkin-Elmer 023 recorder, and a 
differential corrected-spectra unit (Perkin-Elmer 
DSCV-2) between the signal output and the 
record input (by means of this unit, it is possible 
to generate second-derivative spectra at differ- 
ent wavelength increments). 

A Crison Digit-501 pH-meter was used for 
the pH measurements (throughout this paper 
pH is used to denote the pH-meter reading and 
not the negative logarithm of the actual concen- 
tration of hydrogen ions in the solution). 

Reagents 

Materials of analytical-reagent grade or bet- 
ter were used whenever available, and distilled 
and demineralized water was used throughout. 

Solutions of gallium (0.997 g/l.) and alu- 
minium (0.665 g/l.) were standardized by EDTA 
titration. Working solutions were prepared by 
suitable dilution. 

A lo- ‘M solution of salicylaldehyde carbohy- 
drazone (SACH) in ethanol was used (prepared 
daily); the reagent was synthesized as previously 
describedz4 and characterized by elemental 
analysis and infrared and NMR spectroscopy. 

Hydrochloric acid-potassium chloride 
“buffer” solution of pH 1.9 was prepared by 
mixing 50 ml of 0.2M potassium chloride and 
13.3 ml of 0.2M hydrochloric acid and diluting 
to 200 ml with demineralized water. 

Buffer of pH 2.6 was prepared by mixing 33 
ml of 0.2M hydrochloric acid with 50 ml of 
0.2M potassium hydrogen phthalate and dilut- 
ing to 200 ml with demineralized water. 

Determination of gallium and aluminium by con- 
ventional fluorimetry 

An aliquot containing 156-950 ng of gallium 
and 250-1500 ng of aluminium was placed in a 
25-ml standard flask, 7 ml of 1 x lo-‘M SACH, 
7 ml of ethanol and 4 ml of the pH 1.9 solution 
were added and the solution was made up to the 
mark with distilled water. The fluorescence in- 
tensity (IA) was measured with an excitation 
wavelength of 360 nm and an emission wave- 
length of 450 nm. 

A similar aliquot was placed in a 25-ml 
standard flask, and the same volumes of SACH 

solution and ethanol as before were added, and 
4 ml of pH 2.6 buffer solution. The mixture was 
diluted to the mark with demineralized water, 
and the fluorescence intensity (Is) was measured 
with excitation and emission wavelengths of 360 
and 440 nm, respectively. 

With the Z, and Z, values two simultaneous 
equations can be established (as described under 
Results and Discussion). It is necessary to con- 
struct calibration graphs for gallium and alu- 
minium separately under each set of fluorimetric 
conditions (450 and 440 nm emission wave- 
lengths) and to calculate the four slopes. 

Determination of gallium and aluminium by sec- 
ond-derivative synchronous Jluorimetry 

A sample containing 190-950 ng of gallium 
and 150-l 125 ng of aluminium was placed in a 
25-ml standard flask, 10 ml of 1 x 10-3M 
SACH, 8 ml of ethanol and 5 ml of pH 1.9 
solution were added, and the solution was made 
up to the mark with demineralized water. The 
second-derivative synchronous fluorescence 
spectrum was recorded by scanning both 
monochromators together, with a 20 nm con- 
stant difference between their wavelengths, a 
time-constant of 1.5 set, a scan-speed of 120 
nm/min, and a derivative wavelength interval 
of 10 nm. The excitation monochromator was 
scanned from 300 to 500 nm, and the emission 
monochromator from 320 to 520 nm. Peak-to- 
trough measurements were made in the range 
445-470 nm for Al(II1) and 405-425 nm for the 
sum of Al(II1) and Ga(II1) (the peak-to-trough 
distances were measured in arbitrary units on 
the recorder chart) as shown in Fig. 3. The 
concentration of gallium was obtained by differ- 
ence. 

The fluorescence intensities of these derivative 
signals are directly related to the concentration 
of each ion, the concentration of which is 
determined from the calibration graphs. 

Determination of gallium and aluminium in bio- 
logical samples 

Biological samples (0.01-l g) were digested 
with a mixture of concentrated nitric acid (10 
ml) and 30% hydrogen peroxide (3 ml) in a 
reflux apparatus. If the material was incom- 
pletely decomposed, more nitric acid and hydro- 
gen peroxide were added and the mixture was 
reheated until a clear solution was obtained. 
After digestion, samples were evaporated to 
small volume, neutralized with sodium hydrox- 
ide, and finally diluted with demineralized water 
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to volume in a lo-50 ml standard flask. A 
suitable aliquot of this sample solution was 
pipetted and the gallium and aluminium were 
determined by the procedure above. 

For gallium and aluminium in blood serum a 
3-ml portion of the serum was placed in a lo-ml 
conical centrifuge tube and, with mixing after 
each addition, 3 ml of 2M hydrochloric acid and 
0.8-l ml of 40% trichloroacetic acid solution 
were added. The mixture was stirred vigorously 
with a glass rod for about 45 set and then 
centrifuged for 10-20 min at 3000 rpm. A 
suitable aliquot of the supernatant fluid was 
pipetted, and the aluminium and gallium con- 
tent was determined by the procedure above by 
the method of standard additions or by use of 
calibration graphs and the two simultaneous 
equations. 

RESULTS AND DISCUSSION 

Gallium forms a colourless complex with 
SACH; the complex exhibits weak absorption in 
the same region as the reagent alone, but has an 
intense blue fluorescence, with maximal emis- 
sion at 450 nm (excitation at 360 nm) (Fig. 1). 
The reaction is performed at pH 2.4-3.1, in 
aqueous ethanol medium (60% v/v ethanol). 
The detection limit is 0.5 ng/ml and the range of 
application is 1.5-60 ng/ml. 

70 - 

so - 

SACH also reacts instantaneously with alu- 
minium to form a complex which has intense 
fluorescence, with maximum emission at 440 nm 
(excitation at 362 nm) (Fig. 1). The reaction 
is done at pH 3.3-3.8 in aqueous ethanol 
medium (60% v/v ethanol). The detection limit 
is 1 ng/ml, and the range of application 3- 
90 ng/ml. 

Simultaneous determination by conventional 
jluorimetry 

The simultaneous determination of Ga(III) 
and AI(II1) with SACH by the classical fluores- 
cence technique can be achieved by measure- 
ments of the fluorescence due to both complexes 
under the optimal experimental conditions for 
each. Thus, two series of samples (A,, AJ are 
prepared at pH 2.6, and another two (B,, BJ at 
pH 3.5. In series A, and B, (both without 
aluminium), the concentration of gallium is 
varied over the range 1.560 ng/ml, and in series 
A, and B, (both without gallium) the concentra- 
tion of aluminium is varied in the range 3-90 
ng/ml. In the four series, 7 ml of 1 x 10e3A4 
SACH 7 ml of ethanol and 4 ml of the appropri- 
ate buffer solution are added to each sample, 
and the solutions are diluted to volume in 25-ml 
standard flasks. The fluorescence intensities are 
directly related to the concentration of the 
corresponding metal ion; calibration graphs are 

420 440 460 480 420 440 460 480 

Wavelength (nm) 

Fig. 1. Emission spectra of the gallium (A at pH 2.6, C at pH 3.7) and aluminium (B at pH 2.6, D at 
pH 3.7) complexes. Concentration of each ion is 30 ng/ml. 
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Table 1. Simultaneous determination of gallium 
and aluminium by conventional fluorimetry 

Taken, ng/ml 
Ga:Al, Ga found, Al found, 

Sample w/w Ga Al nglml nglml 

1 I:1 6.3 6.4 6.1 7.0 
2 I:2 6.3 13.0 6.4 14.0 
3 I:3 6.3 19.0 6.3 20.0 
4 1:4 6.3 25.5 6.0 25.5 
5 I:5 6.3 32.0 5.8 33.3 
6 I:6 6.3 38.0 5.6 40.0 
I 1:l 10.0 10.0 9.0 12.0 
8 2:1 20.0 10.0 20.1 9.0 
9 3:1 30.0 10.0 28.0 9.7 

10 4:1 40.0 10.0 36.0 12.0 
11 5:l 50.0 10.0 47.0 9.3 
12 6:1 60.0 10.0 - - 

constructed from the results, and the slopes 
of the four graphs are calculated. From these 
results, two simultaneous equations are estab- 
lished; in our work these were: 

IA = 0.897 [Ga(III)] + 0.610 [Al(III)] 

ZB = 0.880 [Ga(III)] + 0.720 [Al(III)] 

IA and Ze being the fluorescence intensities 
measured at 450 and 440 nm, respectively (A,, 
360 nm in both cases), and [Gal and [Al] the 
unknown concentrations. Obviously, these 
equations, as well as those obtained by use of 

the synchronous technique, depend on the in- 
strument used and the experimental variables, 
and must be established in each case, according 
to the procedure described. The concentrations 
of gallium and aluminium can be obtained by 
solving both equations. These equations are 
valid because the fluorescence intensities of the 
complexes are additive for the stated ranges. 

Results obtained for the determination of 
gallium and aluminium in samples with Ga : Al 
ratios from l/6 to 6 are shown in Table 1. They 
indicate that the method is satisfactory. The 
relative standard deviations found were 5.4% 
for gallium and 4.0% for aluminium. 

Simultaneous determination by second-derivative 
synchronous fluorimetry 

Figure 2 shows the individual second-deriva- 
tive synchronous fluorescence spectra of the 
gallium and aluminium complexes and their 
mixtures (the concentrations were 7.5 ng/ml for 
gallium and 20 ng/ml for aluminium in all 
cases). The distance ab between the maximum at 
445 nm and the minimum at 470 nm is propor- 
tional to the concentration of aluminium and 
independent of gallium concentration. The dis- 
tance cd between the maximum at 400 nm and 
the minimum at 420 nm is proportional to the 

30- 

Wavelength (nm) 

Fig. 2. Second-derivative synchronous fluorescence spectra for the gallium (A) and aluminium (B) 
complexes and for their mixture (C) at Arl = 20 nm, A1’ = 10 nm, time-constant 1.5 set, scan speed 120 

nm/min, and pH 2.6. Concentrations are 7.5 ng/ml for gallium and 20 ng/ml for aluminium. 



Determination of gallium and aluminium 389 
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WaveLength (nm) 

Fig. 3. Second-derivative fluorescence spectra of gallium and aluminium. (1) Ga, 10 ng/ml; Al, 10 ng/ml. 
(2) Ga, 20 ng/ml; Al, 25 ng/ml. (3) Ga, 5 ng/ml; Al, 30 ng/ml. (4) Ga, 20 ng/ml; Al, 30 ng/ml. 

sum of the concentrations of both metal ions. 
As a general example, Fig. 3 shows the second- 
derivative synchronous fluorescence spectra of a 
series of mixtures containing different concen- 
trations of gallium and aluminium. 

The most important parameter in the simulta- 
neous analysis of mixtures by this technique is 
the selection of the optimum wavelength differ- 
ence between the monochromator settings (An). 
For selection of the appropriate value, various 
second-derivative synchronous fluorescence 
spectra at different Al values between 10 and 60 
nm were recorded. AA = 20 nm was selected 
as the optimum value. The optimal bandpass 
was found to be 10 nm for both slits. 

For recording the second-derivative spectra, 
three derivative wavelength intervals (2, 5 and 
10 nm) were employed. The maximum response 
was obtained with the 10 nm interval. 

Time-constants of 0.3, 1.5 and 3.0 set were 
used in order to study the effect of the spec- 
trofluorimeter response; a value of 1.5 set was 
selected. A scan-speed of 120 nm/min was found 
to be convenient. 

The optimum pH range is slightly different 
for each ion; however, the response function for 
the resolution of a gallium-aluminium mixture 
is maximum at an apparent pH of 2.6. A 
hydrochloric acid-potassium chloride mixture 

(pH 1.9) was selected, since the volume of 
ethanol added in the preparation of the solu- 
tions increased the pH by 0.7. 

Increasing the ionic strength produced no 
significant changes in the fluorescence. The re- 
sponse function remained constant when there 
was more than a 36-fold molar excess of SACH. 
Therefore, 10 ml of 1 x 10e3M SACH in a final 
volume of 25 ml is sufficient. 

The optimum amount of ethanol in the final 
solution was found to be 60-80% v/v; a medium 
containing 72% ethanol was selected. In this 
medium the response remains constant for at 
least 2 hr. There is no temperature effect in the 
range 10-50”. All measurements were made at 
25”. 

Several procedures are available for quanti- 
tative evaluation of second-derivative syn- 
chronous spectra, and a detailed survey of these 
procedures, including a description of possible 
errors, has been given by O’Haver and Green.” 
In the present work, for the determination of 
aluminium the amplitude between the maxi- 
mum centred at 445 nm and the shoulder at 
470 nm was selected because the experimental 
values obtained in this way are related to the 
aluminium concentration more linearly than 
those obtained from other possible construc- 
tions. The calibration graph prepared by plot- 
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Table 2. Determination of aluminium and gallium in 
synthetic mixtures 

Ga Al Distance Distance Ga Al 
taken, taken, ab, cd, found, found, 
ng/ml nglml mm mm ngjml nglml 

3 25 13 55 4 25 
5 30 14 61 6 28 
4 20 I1 49 3 20 

10 10 8 49 12 11 
20 30 14 76 20 28 
20 4 5 52 22 4 
30 5 5 58 28 4 
35 4 5 62 32 4 
40 5 6 12 38 7 

ting the derivative signal against the aluminium 
concentration gives a straight line. The equation 
obtained for this graph in our work was 

M, = 0.380 [Al(III)] + 3.4 

where M, is the derivative signal height, in mm, 
and the aluminium concentration is in pg/ml. A 
negative deviation from linearity was observed 
at higher aluminium concentrations. 

Gallium cannot be determined directly be- 
cause the presence of aluminium modifies the 
derivative signals corresponding to gallium. For 
this reason, the gallium has to be determined by 
difference. For this purpose we use the distance 
cd (Fig. 3). From our calibration graphs ob- 
tained for both metal ions, the following equa- 
tion was deduced for the signal height M2 (in 
mm) and the concentrations in pg/ml: 

A4 z = 1.050 [Ga(III)] + l.O74[Al(III)] + 24.5 

The analysis of samples containing various 
concentrations of the two ions is feasible over 
the concentration ranges 7-38 ng/ml Ga(II1) 
(relative standard deviation 2.8%) and (95 
ng/ml Al(II1) (relative standard deviation 
3.5%). The detection limit is 1 ng/ml for gallium 
and 2 ng/ml for aluminium. 

Some results obtained for analysis of various 
mixtures are shown in Table 2. 

Interferences 

The selectivity of the derivative synchronous 
method was investigated by determination of 
gallium and aluminium at the 20 ng/ml level in 
the presence of various amounts of other ions. 
The tolerance limits, defined as the concentra- 
tion causing a deviation of less than + 5% in the 
analytical response, are listed in Table 3. The 
tolerance level for certain metal ions can be 
increased by addition of iodide, citrate, thiosul- 
phate and ascorbic acid. 

Applications 

To evaluate its effectiveness, the recom- 
mended synchronous derivative procedure for 
the simultaneous determination of gallium and 
aluminium was applied to a variety of samples, 
including aquatic plants, aquatic moss, olive 
leaves, human blood serum, bovine liver, kidney 
and brain. 

In the analysis of the biological samples (ex- 
cept blood serum), a preliminary step is the 
destruction of the organic matter. Of the various 
methods tested, the most adequate is the proce- 

Table 3. Tolerance ratios for various ions in the simultaneous determination of gallium 
(20 ng/ml) and aluminium (20 ng/ml) 

Foreign Masking 
Tolerance Foreign ion ion with agent, 

ratios without masking agent masking agent flgglml 

5000 Na(I), K(I), Pb(II), Cd(I1) 
Sr(II), Ca(II), Ba(II), Mg(II), 
Cr(III), Tl(I), Cl-, NO;, I- 
NO;, Br-, dimethylglyoxime, 
phthalate, ascorbic acid 

4000 Se(IV), W(VI) 
3000 co:- 
2500 BrO;, IO;, CIO;, IO; 
2000 Bi(III), Co(II), Sb(III), V(V), 

thiourea, S,O:- 
1500 Ag(I) I-, 100 
1200 As(V) Zn(I1) Citrate, 0.4 
1000 Tartrate, arsenite, Ni(I1) Fe(II1) Ascorbic acid, 100 

Hg(II) I-, 100 
500 Cu(I1) s,o:-, 40 
60 Zn(I1) 
25 Y(II1) 
20 Citrate 

5 PO! - 
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Table 4. Determination of gallium and aluminium in 
biological samples 

Ga, ng/ml Al, ng/ml 

Sample Added Found Added Found 

Aquatic plant 10.4 9.4 - 42.0 
20.0 19.0 10.0 51.0 

Aquatic moss 10.0 10.0 - 15.0 
8.0 8.0 15.0 30.0 

Olive leaves 10.0 10.0 - 10.0 
20.0 22.0 10.0 21.0 

Blood serum 1 5.0 5.4 5.0 
5.0 4.0 10.0 14.0 

Blood serum 2 5.0 5.0 - 2.5 
5.0 4.0 5.8 8.0 

Blood serum 3 5.0 5.0 - 
10.0 10.0 5.0 70 

Blood serum 4 10.0 10.0 - - 
5.0 5.4 5.0 5.0 

Blood serum 5 10.0 9.5 11.0 10.0 
Blood serum 6 15.0 14.0 20.0 19.0 
Blood serum 7 10.0 9.0 10.0 9.2 
Blood serum 8 20.0 18.0 12.0 11.4 
Bovine liver 10.0 11.0 12.5 

10.0 9.5 15.0 27.0 
Kidney 10.0 11.0 - 15.0 

15.0 18.0 - 18.0 
Brains 15.0 15.4 17.6 

10.0 11.0 5.0 23.0 

dure described by Bajo et a1.,26 in which a 
mixture of concentrated nitric acid and hydro- 
gen peroxide is used. Blood serum can be 
analysed without mineralization; protein is re- 
moved by means of trichloroacetic acid and 
centrifugation; gallium and aluminium are mea- 
sured in the supernatant liquid. 

Results obtained in these analyses are given in 
Table 4. 
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Summary-The chemiluminescence of the reaction of tartaric acid with hydrogen peroxide in the presence 
of Co(H) in alkaline buffer media has been examined. The maximum emission wavelength is 460 nm. The 
kinetic curve of the chemiluminescence system has been modelled with a computer, and the reaction 
conditions have been optimized. Foreign ions, such as Fe(II), Cr(II1) and Mn(II), interfere when present 
in more than IO-fold ratio to Co(II), but several ions can be tolerated when present in higher ratios to 
Co(I1). The concentration range of linear response is from 3.5 x 10e9 to 2.0 x 10T6 g/ml, and the detection 
limit is 4 x 10-r’ g/ml. The procedure has been satisfactorily applied to determine trace cobalt in human 
blood serum. 

In comparison with other kinetic determination reaction cell, and a flat-bed recorder. The reac- 
methods, chemiluminescence. (CL) analysis is tion cell is cylindrical with inlet tubes at oppo- 
rapid, sensitive and does not require expensive site sides. The bottom of the cell (diameter 2.2 
instruments. Some CL methods for cobalt deter- cm) faces the photomultiplier tube. A model wp4 
mination have been reported, but many metals optical spectrum analyser (made in Hefei) was 
interfere (Table 1). also used. 

Marino et al. have reported a determination 
of cobalt with the lopine CL system after ion- 
exchange separation of the cobalt,’ but the CL 
system itself has poor selectivity. In recent years, 
therefore, a search has been made for more 
selective CL system.+’ 

Reagents 

Tartaric acid has been observed to give 
chemiluminescence when treated with hydrogen 
peroxide in alkaline medium. Several metal ions 
were found to enhance the reaction, Co(I1) 
giving by far the largest effect. The reaction has 
now been adopted for determination of trace 
cobalt. 

Standard cobalt solution, 1.0 mglml. Prepared 
by dissolving the required weight of analytical 
grade Co(NO,), in the requisite volume of 
redistilled water, and diluted further as 
required. 

Tartaric acid solution, I.OM. 
Hydrogen peroxide solution, 0.097M. Further 

diluted as required. 
Buffer solution 0. I M NaHCO+_I. I M 

Na,CO,. Adjusted to pH 10.4. 

EXPERIMENTAL 

Apparatus 

CL meter, Model YHF-1 (made in China), 
including photomultiplier tube, fused-silica 

Procedure 

Clean and dry the reaction cell, then inject 
2 ml of l.OM tartaric acid, 1 ml of 0.097M 
hydrogen peroxide and 1 ml of Co(I1) test 
solution through one side-tube, start recording 

Table 1. Reported CL methods for Co(I1) determination 

Detection limit, 
System nglml Interferences Reference 

Lucigenin + H,O, + KOH + Co 1.4 Tl, Fe, Ni, Ag, Bi, Cu, 1 
Cr, Os, Ce, Mn, Pb 

Luminol + H,O, + KOH + Co 0.01 Al, Sn, Pb, Bi, Cr, Fe, 2 
Cu, Zn, Ag, Mn, Ce 

Gallic acid + H,Or + NaOH + Co 0.4 Pb, Cu, Ag, Mn 3 
Pyrogallol + NaHCO, + Co 0.5 Ca, Mg, Mn, Fe 4 
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the signal, and 30 set later inject 1 ml of buffer 
solution through the other side-tube. Measure 
the peak height of the recorded kinetic curve of 
the CL reaction. Drain the cell through a side- 
tube. 

RESULTS AND DISCUSSION 

The CL reaction 

A mixture of tartaric acid and hydrogen 
peroxide in alkaline solution, with Co(I1) as 
catalyst, emits light, which reaches maximum 
intensity 2 set after injection of the alkaline 
buffer. In a further 3 set the light intensity falls 
to 50% of the maximum. Various buffer sol- 
utions such as O.lM NaHCO,-O.lM Na,CO, 
(pH 10.4), O.lM NH&l-O.lM NH3 (pH lO.l), 
and O.lM H3B03-0.1M KOH (pH 10.3) were 
tested, and the first of these gave the highest 
emission intensity. 

The decay curve (Fig. 1) of the CL system was 
analysed by computer, and corresponded to 
Z(t) = Aewk’ where k is the decay constant 
(set-‘), t is time (set) and A is a constant related 
to the quantum efficiency, concentration of 
Co(II), and the apparatus parameters. The 
value of k was found to be 0.38 set-I. 

Optimization of conditions 

Figure 2 illustrates the results from the study 
of optimization of the tartaric acid and hydro- 
gen peroxide concentrations. The tartaric acid 
and peroxide concentrations selected were 
1.0 x 10e3M and 1.9 x 10e3M respectively. 
Figure 3 illustrates the effect of the acidity of the 
Co(I1) solution; pH 6 was chosen as optimal. 
The chemiluminescence spectrum of the tartaric 

- Paper rpnd JOmm/min 

+kk-- 0 
Time (secl 

Fig. 1. Kinetic curve of tartaric acid CL light emission. 

acid-H,O,-Co(I1) system obtained under the 
selected conditions is shown in Fig. 4. 

Calibration and detection limit 

Figure 5 shows that the light intensity 
is directly proportional to Co(I1) concen- 
tration from 3.5 x lop9 to 2.0 x 10e6 g/ml. 
The detection limit is 4 x lo-” g/ml, defined 
as the concentration corresponding to the 
mean background signal plus twice its standard 
deviation. 

Interferences 

An extensive interference study gave the 
results shown in Table 2. Although Fe(II), 
Fe(III), Cr(II1) and Mn(I1) interfere when 
present at greater than lo-fold w/w ratio to 
Co(II), they can be screened with 1.0 x 10m3M 
sodium citrate, which does not affect the CL 
intensity. 

Determination of cobalt in human serum 

Of the elements present in human blood 

c 

g -4 -3 -2 -1 
-I 

Log C (M) 

Fig. 2. Tartaric acid optimization ( x ). Initial conditions: 
[H202] = 2.0 x lOA’M, [Co(H)] = 2.0 x lo-’ g/ml, O.lM 
NaHCO,-O.lM Na,CO,, pH = 10.4. HzO, concentration 
optimization (a). Initial conditions: [tartaric acid] = 
1.0 x lo-‘M, [Co(H)] = 2.0 x IO-’ g/ml, O.lM NaHCO,- 
O.lM Na,CO,, pH = 10.4. No blank signal was detected. 

: 1.0 e 

Ef 
3 5 r 9 

-I 
PH 

Fig. 3. Chemiluminescence intensity as a function of pH of 
the Co(H) solution. Initial conditions: [tartaric acid] = 
1.0 x lo-‘M, [H202] = 1.9 x 10-3M, Co(H) = 2.0 x lo-’ 

g/ml, O.lM NaHCO,-O.lM NazCO,, pH = 10.4. 



Chemiluminescence determination of cobalt 
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Fig. 4. Chemiluminescence spectrum. Log Co HI) concentration (initial, g/ml1 

Fig. 5. Calibration curve for Co(H). 

Table 2. Effect of foreign ions on the determinations of 10.0 ng of cobalt 

Foreign 
ion 

Cd(H) 
Hg(II) 
Ni(I1) 
Zn(I1) 
Au(II1) 
Ag(I) 
Al(II1) 
Pb(II) 
Fe(B)* 
ClO; 
so:- 
Cl- 
I- 

Added, Co found, 
trg “g 

5.0 9.9 
5.0 10.5 
4.0 10.6 
5.0 10.5 
2.0 9.0 
5.0 9.5 

10.0 10.5 
6.0 10.7 
1.0 10.4 

10.0 10.4 
25 10.8 

180 10.1 
130 10.2 

Foreign 
ion 

Cu(I1) 
Pt(IV) 
Ba(I1) 
Mg(II) 
Ca(I1) 
Mo(V1) 
Mn(I1) 
Fe(II1) 
Cr(II1) 
PO]- 
F- 
Br- 
Citrate 

Added, 
“g 

0.6 
1.0 
1.0 
5.0 
1.0 
1.0 
0.10 
1.0 
0.40 

10.0 
9.5 

100 
1 x lo-‘M 

Co found, 
ng 

10.7 
11.0 
9.7 
9.1 

10.0 
8.9 
9.4 
9.8 

10.5 
8.9 

10.5 
10.4 
9.7 

*In presence of 1.0 x lo-‘M sodium citrate as masking reagent. 

Table 3. Determination of cobalt in human serum (mean of five determi- 
nations) 

[Co] found, 
pgglml 

Coefficient of co Co recovered, 
This variation, added, 

Sample method AAS % pgglml pglml % 

A 0.53 0.52 5.1 0.50 0.46 92 
B 1.03 0.98 2.3 0.50 0.53 106 
C 0.51 0.51 8.5 0.50 0.47 94 

serum, iron and copper may interfere in the 
determination of cobalt, so sodium citrate 
should be used to screen them. The sample is 
wet-ashed by heating 0.5 ml of serum with 5 ml 
of concentrated nitric acid in a beaker on a 
controlled hot-plate until nearly dry, then 
adding 5 ml of concentrated perchloric acid, 
heating until all white fumes have disappeared, 
and then making up to volume in a 50-ml 
standard flask. A known volume of this solution 
is pipetted into a lo-ml standard flask, 1 ml of 
1.0 x IO-‘M sodium citrate is added, the pH is 
adjusted to 6 with sulphuric acid, and the 
solution is diluted to volume with redistilled 

water, and analysed as already described. Typi- 
cal results are shown in Table 3. 
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Summary-The labile metal content of sediments can be evaluated by equilibrating sediment suspensions 
with ion-exchange resins. By use of a sequence of strong-acid and weak-acid cation-exchangers (H+- and 
Na+-form) and chelating resins, extraction can be performed at pH values ranging from 2 to 10. The 
results allow the total metal content to be subdivided into seven categories designated as (i) low-pH labile, 
(ii) weak-acid labile, (iii) exchangeable and readily desorbed at sediment-suspension pH, (iv) weak-base 
labile, (v) high-pH labile, (vi) non-labile soluble forms and (vii) detrital metal content. The sediment 
suspensions are mixed overnight with the different types of exchanger (held in porous containers) and the 
cations transferred from the sediment are subsequently back-extracted from the resins into 0.05M EDTA 
@H 7.5). The EDTA extracts are analysed for Cu, Pb, Zn, Cd, Ca, Mg, Fe and Al. Analysis of the aqueous 
phase left in contact with the sediment residue gives the amount of non-labile species released. Eighteen 
sediments, containing various levels of metal contamination, and an effluent dam sludge have been 
examined by this technique. All the exchangers released Ca and Mg from the sediments, and the H+-form 
exchangers also released Fe and Al. Some of the Fe, Al and to a lesser extent Zn released by the 
sediment/exchanger interactions was present as non-labile “soluble” species. The advantages and 
limitations of this “labile metal” fractionation scheme have been considered. 

As indicated in review articles,lA3 in the past two 
decades many research groups have proposed 
schemes for division of the total metal content 
of soils or sediments into fractions which may 
reflect the “availability”, “bonding mode” or 
“matrix component association pattern” of 
an element of interest. The major analytical 
approach has involved judicious use of chemical 
extraction solutions, applied in sequence. How- 
ever, views still differ on the most appropriate 
reagents and sequencing pattern. 

In one proposal4 the fractionation scheme 
included metal distribution into a strong-acid 
cation-exchanger and in a later study’ agitation 
of lacustrine sediments with an excess of 
H+-form exchanger was used to remove the 
carbonate-phase fractions. The possibility of 
using different types of exchanger in metal 
lability studies has been investigated more 
recently.‘j.’ The favourable aspects of such a 
scheme include: (i) the ability of the exchange 
process to distinguish between labile and non- 
labile forms of the metal content, (ii) mini- 
mization of re-adsorption of displaced metal 
ions on the matrix, because the equilibrium 
levels of metal ion are low, and (iii) transfer to 
exchange resins may simulate natural processes 

(e.g., uptake by roots) more closely than does 
direct chemical attack. On the other hand, 
agitation of a sparingly soluble compound with 
exchanger materials can lead to total dis- 
solution8.9 of the compound, and dissolution of 
the more soluble components of sediments by 
this process may saturate so many exchange 
sites that total transfer of labile metal may not 
occur. Metal ion transfer requires release of 
soluble metal species from the soil or sediment, 
diffusion of this species to the exchanger and 
finally uptake of the cation at the functional- 
group sites. 

The degree of bi- or tervalent cation release 
from sediments can be strongly influenced by 
the system-pH. For example, the H+ present in 
low-pH systems can promote displacement of 
loosely sorbed surface species, cause dis- 
sociation of weak complexes and aid release of 
chemisorbed material by attacking matrix com- 
ponents such as carbonate minerals. At higher 
pH, in the presence of particulate matter, the 
released metal ion can be re-sorbed as a hydroxy 
species” unless present as stable complex ion. 
The equilibrium pH of exchanger/sediment sys- 
tems is determined by the nature of the func- 
tional group and the counter-ion (which can be 
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modified by interaction with the base content of these categories may be present in a given 
the sediment). With sulphonate exchange-group sample. Preliminary studies6~’ indicated that 
resins, the affinity of metal ions for the group a fractionation scheme of this type could be 
sites is nominally independent of pH, but with developed by refinement of the experimental 
weak-acid exchangers (e.g., with -COOH func- approach initially tested. These predictions have 
tional groups) the relative affinity of cations for now been examined, by use of sediments drawn 
exchange sites is pH-dependent. Weak-acid ex- from a polluted tidal creek and a contaminated 
changers also preferentially sorb cations present estuary, and the results are given here. To test 
as salts of weak acids, because proton-displace- the wider applicability of the technique, an 
ment from the functional group is promoted effluent-dam sludge has also been analysed. 
by interaction with the basic anion, e.g., 
2RCOOH + MgCO, + (RCOO)*Mg + H,CO, . EXPERIMENTAL 

Theory suggests that the introduction of 
different types of exchanger material (to yield Ana*Y**cal techniques 
a different system pH and/or cation affinity) A Varian@ AA 875 atomic-absorption spec- 
should allow sub-division of the total metal trometer was used to determine the heavy metal 
content of a sediment/soil into a number of and matrix element contents of the various test 
categories, as outlined in Fig. 1. Not all of solutions, with an air-acetylene flame for the 

1 SEDIMENT SAMPLE 1 

Equilibrated with water and ion-exchange resins 

Sedimelt phase 

I 
(Total content minus 

"labile" and "non-labile 

soluble" fractions) 

Aqueouk phase 

(Analysis values 

dependent on pH and 

functional group) 

DETRITAL 

or 

INSOLUBLE 

(non-extractable) 

FRACTION 

f-l NON-LABILE 

SOLUBLE 

FRACTION 

"LABILE" 

ELEMENT 

FRACTION 

I I 

H+-form resins Na+-form resins 

RS03H RCOOH RS03Na 

Low-pH Weak-acid Exchangeable, 

labile labile readily desorbed 

(pH-2) (pH 4-5) (sediment pH) 

Resin.phase 

I 
(EDTA back- extraction 

values dependent 

on pH and resin type) 
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Pb, Cu, Cd, Zn, Mg and Fe measurements and 
a nitrous oxide-acetylene flame for Ca and Al 
measurements. The calibration solutions (pre- 
pared by dilution of B.D.H. AAS standards) 
were made 0.05M in EDTA (pH 7.5) when 
appropriate. A Hanna Instruments digital meter 
(model 8521) was used for pH measurements. 

Sediment samples 

Most of the waterway sediments used in the 
investigation were drawn from a local tidal 
creek fed by an urban wastewater system. These 
accumulated muds are contaminated by 
industrial run-off and dumped rubbish (e.g., 
galvanized sheeting and old lead batteries). Five 
sites were sampled by an independent group, at 
three different positions in the profile. Three 
mildly polluted samples, drawn from a polluted 
estuary in another state, yielded results similar 
to those for the local sediments. The total levels 
of Cu, Pb and Zn present (listed in Tables 2 and 
3) ranged from 20 to 150 pg/g (Cu), 60 to 750 
pgg/g (Pb) and 0.13 to 2.4 mg/g (Zn). Fe contents 
varied between 10 and 40 mg/g; Ca between 3 
and 14 mg/g; Mg between 2 and 8 mg/g and Mn 
between 150 and 550 pgg/g. Cd (10 pg/g) was 
found in only two samples. Although eighteen 
sediment samples were studied, only a represen- 
tative group of ten is included in Tables 2 and 3. 

For comparison, a metal-rich sludge was 
included in the study. This sludge was drawn 
from an acid/smelter waste entrapment dam. 
The total element analysis for this material was 
Mg (5.8%) Ca (4.1%) Fe (3.7%) Zn (2.9%), 
Pb (2.5%) Al (1.3%), Cu (2.8 mg/g) and 
Cd (1.5 mg/g). All samples were kindly made 
available by the Sulfide Corporation, Boolaroo. 

Cation-exchange materials 

Two sulphonated-polystyrene cation-exchanger 
resins (Amberlite-IR 120 and Zerolit 225) and 
two carboxylated polymer materials (Amberlite 
IRC-50 and Zerolit 236) were prepared in both 
H+- and Na+-forms. Two chelating resins, 
possessing either iminodiacetate (Chelex 100) or 
aminophosphonate (Duolite C46) functional 
groups, were used in the Na+-form supplied. 

For the fractionation tests, a fixed weight of 
resin (500 mg) was weighed into “cages” made 
from 2-3 cm lengths of thin rigid plastic tubing 
(w 1 cm i.d.) enclosed at both ends by N lOO- 
mesh polyester cloth, which was held in place 
with plastic rings. (Earlier studie#.’ demon- 
strated that the weight of resin taken should at 
least equal the weight of sediment used.) 

Back-extraction of multivalent cations held on 
resins 

A range of chemical solutions was tested for 
extracting the metal ions sorbed on the 
exchanger resins. The most satisfactory proved 
to be 0.05M EDTA (pH 7.5), which consistently 
retrieved > 95% of exchanger-bound heavy 
metal in a single back-extraction step. The 
distribution ratios for Ca and Mg were not 
so favourable and at high alkaline-earth 
metal levels a minimum of two extractions was 
required. 

Other reagents worked well in restricted 
conditions. For example, Zn, Cu, Pb and Cd 
were quantitatively displaced from sulphonated 
resins by an acetate buffer solution and by a 
sodium citrate solution. Oxalate buffer effec- 
tively displaced Zn and Cu from the strong-acid 
exchangers. None of these reagents, however, 
proved capable of retrieving high proportions of 
the metal ion held by carboxylated polymer 
resins (in a single extraction step). Retrieval of 
metal ions by use of mineral acids in batch 
operations was not quantitative. 

“Labile metal” exchange studies 

The experimental approach was a refined 
version of that proposed previously.6 Sediment 
samples (0.5 g) were placed in 30-ml plastic vials 
together with 25 ml of water and in each 
sediment suspension was placed a resin cage 
containing 0.5 g of air-dried exchanger. Each 
vial was capped and its contents equilibrated 
overnight in an end-over-end mixer. The cage 
was then raised (with tweezers) to allow the 
internal aqueous phase to drain back into the 
sediment vial, and was then removed and 
washed with a stream of water to displace any 
adhering solids. The washed cages were placed 
in fresh vials, together with 25 ml of 0.05M 
EDTA (pH 7.5). Overnight mixing (to extract 
cations sorbed on the resin) was followed by 
analysis of the EDTA extract by AAS for Pb, 
Cu, Cd, Zn, Ca, Mg, Fe and Al content. After 
draining, the resins in the cages were extracted 
with a second 25-ml portion of the EDTA 
solution in order to assess the effectiveness of 
the first extraction. 

The sediment suspensions left in the original 
vials were centrifuged and the supernatant 
liquids analysed for the same group of elements. 
The AAS technique measured the total element 
content left in the aqeous solution phase, i.e., 
the sum of all unsorbed metal species, such 
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as non-labile metal complexes and metal- 
rich colloidal particles. The EDTA-extract 
values, on the other hand, reflected the labile 
content (under specified conditions) since only 
hydrated cations (derived from soluble salts or 
labile complexes) were taken up by the resin 
exchangers. 

The pH of each resin/sediment suspension 
was measured after removal of the cage. 

Precision of measurement 

The analytical technique involves many stages 
and is prone to error at each, yet the reproduci- 
bility of the results equalled that found in earlier 
selective chemical extraction studies. Each sedi- 
ment/exchanger system was analysed in tripli- 
cate and for most combinations the spread of 
results was normally within + 10% of the mean. 
Repeat studies generally yielded similar mean 
values. The mean values obtained with different 
brands of exchanger with the same functional 
groups were often quite close (within lo%), but 
there were exceptions (noted in Tables 2 and 3). 
Such differences were most marked in the 
matrix element determinations and in many 
studies on Ca, Mg, Fe and Al the means 
obtained with Amberlite and Zerolit materials 
differed considerably from the overall average 
(e.g., by 25%). In recognition of this high degree 
of variability, matrix element results are 
reported only as ranges (Table 4). Contributing 
to this variance were experimental factors such 
as migration of fine sediment particles through 
the resin cage mesh and entrapment of particles 
in the mesh or under the plastic rings. Migration 
through the mesh was only visibly detectable for 
non-sediment samples (e.g., calcine and dam 
sludge), but effective washing of the cloth 

membranes proved difficult with a number of 
sediment samples. In such cases replacement 
with a fresh cloth disc eliminated any error 
resulting from entrapped particles. Moving the 
plastic rings to a new position facilitated 
removal of particles trapped under them. The 
heterogeneity of the samples also contributed 
to the variance, as shown by an occasional 
“wild” result attributable to inclusion of an 
element-rich fragment in the particular sub- 
sample. Blank studies with sediment absent 
failed to detect any errors attributable to metal 
contamination from the reagents, resins or 
cages. 

RESULTS AND DISCUSSION 

pH of exchanger /sediment suspensions 

Aqueous suspensions of the various sedi- 
ments were all alkaline (Table 1) and the 
pH values altered very little when Na+-form 
sulphonate exchangers (RSO,Na) were added. 
The introduction of Na+-form carboxylate ex- 
changers (RCOONa) tended to increase the 
system pH. The addition of H+-form weak-acid 
exchanger (RCOOH) reduced the system pH to 
4-5.5, reflecting the buffering effect of partial 
proton removal by salts of weak acids and other 
basic sediment components. The two brands of 
weak-acid exchanger interacted to different ex- 
tents with the sediments (see the RCOOH and 
RCOONa columns in Table 1). When H+-form 
sulphonate resins (RSOjH) were added, the 
equilibrium pH ranged from 2.2 to 3.0. The 
addition of the very basic Na+-form chelating 
resins raised the pH of all sediment suspensions 
to around 10.0 and at this pH most systems 
developed a tan to brown colour (attributed to 

Table 1. System pH in exchange resin/sediment suspensions (0.5 g of sediment, 0.5 g of resin, 25 ml 
of water) 

Sediment RSO,H* RCOOH* 
No. A/Z A/Z 

I 
2 
3 
4 
5 
6 
7 
8 
9 

IO 

Exchanger type 

2.212.7 
is 
2.4 
2.3 
2.4 
2.9 
2.2 
2.4 

2512.2 
2.7j3.0 

5.4j5.0 
4.914.3 
5.314.6 
5.415.5 
5.2146 
4.814.5 
5.2145 
4.6/4.0 
4.6/4.0 
4.514. I 

RSO,Nat 

7.6 
7.4 
8.1 
7.2 
7.9 
7.4 
7.8 
8.1 
7.2 
7.4 

RCOONa* 
AIZ Chelex 100 

Duolite 
C46 

7.8/8.8 10.3 10.1 
7.719.2 10.1 9.9 
7.818.7 10.2 10.1 

7.1 9.9 9.8 
7.719.2 10.3 10.2 
7.619.2 10.6 10.4 
7.519.3 10.3 10.2 
7.419.6 10.6 10.2 
7.418.9 10.0 9.8 
7.719.6 10.8 10.5 

*When the mean values obtained with the Amberlite (A) and Zerolit (AZ) brands of exchanger were 
significantly different, both are given; otherwise a composite mean is quoted. 

tThese values were similar to those for the suspension alone. 
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organic matter). By using resins of different 
types it was thus possible to examine “lability” 
over the pH range 2-10. 

Trefry and Me&’ used chemical buffer 
systems to examine metal-ion release within 
different pH ranges and in some respects the 
ion-exchange study may be regarded as a 
modification of their fractionation scheme. The 
exchanger approach has the advantage, how- 
ever, of allowing distinction between labile and 
non-labile released forms. 

As shown in Tables 2 and 3, metal-ion release 
was greatest at low pH (as expected) and passed 
through a minimum at normal suspension pH 
(i.e., that when RSO,Na was used). The amount 
transferred to the chelating resins (pH 10) was 
sometimes greater, though generally less, 
than the intermediate values found in pH 4-5 
systems (interpretation is complicated by the 
lower affinity of some metal ions, e.g., Pb 
and Zn, for the aminophosphonate functional 
groups). A pH < 7 was required for release of 
labile Fe and Al (Table 4), but transfer of Ca 
and Mg was little affected by system pH. Non- 
labile forms of Fe, Al and Zn were released 
from the sediment over a wide range of pH 
(Tables 2 and 5). 

The results shown in Tables 2-5 arose from a 
combination of pH and exchanger dissolution 
effects, modified by cation affinity for different 
functional groups, specific chemical behaviour 
(e.g., formation of oxyanions of Zn and Al at 
high pH) and the relative stability of any 
organometallic complexes present. 

retribution patterns of metals in ~e~irnent~ 

Zinc. The distribution of Zn between the 
various categories, for ten of the sediments 
tested, is summarized in Table 2 (the values 
obtained with different brands of exchanger 
have been averaged, even though in many cases 
the means differed by more than 10%). 

The “low-pH labile” Zn contents for the 
sediments were relatively high (3~14~ ,ug/g) 
and represented 55-85% of the total zinc. 
With many sediments, over a fifth of this 
“low-pH labile” value could be assigned as 
“exchangeable and/or readily desorbed” (see 
RSO,Na values); with the other sediments the 
exchangeable fraction was > 10% of the RS03H 
value. The weak-acid resins (RCOOH) also 
extracted significant amounts (~20%) of the 
total zinc content, which suggests that much of 
the zinc in the sediment was present as the salt 
of a weak acid. 
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Table 3. Distribution of lead and copper in sediment samples @g/g), based on transfer to ion-exchange resins (n.d. = not 
detected, tr = trace) 

Labile Non-labile 

Sediment Total RSO,Ht RCOOHt RSO,Nat RCOONat Chel Nag 
No. content A/Z A/Z A/Z A/Z C/D RCOONa Chel Na 

Lead 
1 750 340 2401295 30 45 115/113 20 25 
2 405 205 115/175 tr n.d. 40130 tr 

3 440 175 80/165 :‘2 n.d. 25/tr 4 650 445 195/300 25/tr 77135 20 :‘7 
5 530 125 I IO/l55 32/tr 40/20 55/tr tr 

6 130 75 50 tr n.d. 38/tr 7 250 125 37160 
:: 

n.d. 32/tr 15 1’8 
8 300 155 100/68 25 60/tr 35 30 
9 65 55 tr/30 tr nd. 25in.d. tr 

10 60 20 32125 tr n.d. 25ln.d. 

Copper 
1 150 75155 25 n.d. n.d. 30 17 
2 135 65 17 n.d. n.d. 20 12 
3 103 35 tr n.d. n.d. 20 12 
4 125 65 n.d. n.d. n.d. 25 15 
5 125 50137 20 n.d. n.d. 30/12 10 
6 55 45137 nd. n.d. n.d. 20/10 10 
7 145 82197 17 n.d. n.d. 40120 25 
8 75 70157 :‘o nd. nd. 30/15 15 
9 95 62152 n.d. n.d. 30/15 21 

10 20 20 n.d. n.d. n.d. 17/tr tr 

*Detrital values can be obtained by subtracting the RSO,H values from the total content. 
tMeans of triplicate results obtained with Amberlite (A) and Zerolit (Z) exchangers; the overall mean is quoted when the 

A and Z means differ by < 10%. 
§Means for Chelex 100 (C) and Duolite C46 (D); overall mean when C and D values differ by < 10%. 

The differences in labile contents found by with the “high-pH labile” content (-30% of 
using the RSO,Na and RCOONa exchangers the total) found with the chelating resins. Tetra- 
can be attributed in most cases (i.e., where the hydroxozincate ion formation and dissolution 
values obtained with RCOONa were higher) to of zinc humates would have contributed to the 
the formation at the higher pH of a more labile pH-10 labile values. Three sediments, however, 
complex ion. This interpretation is consistent released more Zn into the RSO,Na resin than 

Table 4. Matrix dissolution: transfer of elements from sediments to exchangers after overnight mixing of 
equal quantities of resin and sediment 

Sediment Nos. 
Range, 

Element Wig RSO,H RCOOH RSO,Na RCOONa Chel Na 

Al o-o.5 - 8 I-10 l-10 I-10 
0.6-I .5 2,3,5-7,9, IO - - - 
1.6-2.5 I, 3, 5, 6,8, 10 1, 4 - - - 
2.6-4.0 7,9,2 - - - 
5.060 4 - - 

Fe (M.5 - I, 2,6,8-10 I-10 l-10 I-10 
0.6-l .5 46 3-5,7 - - - 
I .6-3.0 1, 3, 7-9 - - - - 

Mg 0.5-1.5 2,6, IO 2,6, 8-10 6, 10 2,6, IO 2,6, 10 
I .6-2.5 1,3, 5,7-9 1,3-5, 7 l-3,5,8 I ) 3-5,7-9 133, 598 
2.6-3.5 - - 4,739 - 4,7,9 
3.64.5 4 - - - 

Ca 1.0-1.9 - 6-10 8 - - 
2.0-2.9 7-9 2, 5 6, 10 6,8, 10 - 
3.0-3.9 10 l-3 1,2,4, 5, 7,9 I, 4,5, 7,9 1,8, 10 
4.0-5.5 273, 536 4 3 2,3 2,3, 5-7,9 
6.0-7.4 1 - - - 4 
7.5-9.5 4 - - - 
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was found with the RCOONa materials, a result 
which implies that these samples contained 
more simple zinc salts. 

The existence of a soluble non-labile fraction 
supports the idea of the formation of soluble 
zinc complexes, but detection of zinc ions in the 
aqueous phase can also be attributed to incom- 
plete cation-exchange, i.e., cations released from 
the matrix may have successfully competed for 
exchange sites. An interference study recently 
completed’ has shown that this is most likely 
to occur with weak-acid resins, since these 
materials take up Ca more readily than Zn. 
With sulphonated resins, it was found that 
solution Ca levels had to exceed 300 mg/l. 
before Zn uptake was significantly affected. 
In the current sediment study, Ca solution 
levels were well below this limit and compe- 
tition for RSO; sites was discarded as an 
explanation for the observed aqueous phase 
Zn levels. To support this view, it was noted 
that though matrix dissolution was greatest at 
low pH, the amount of “non-labile” Zn was 
least in the low-pH systems (in fact, half of 
the RSOjH values were below the detection 
limit). 

Up to 10% of the total zinc was found in the 
aqueous phase, the highest values usually being 
detected when the sediments were equilibrated 
with the weak-acid resins (RCOOH). This zinc 
may be a mixture of species, some soluble (e.g., 
zinc humate and tetrahydroxozincate ion) and 
some insoluble but of very small particle size 
(e.g., basic zinc carbonate). 

Lead. The Pb distribution pattern for ten of 
the sediments tested is shown in Table 3. A third 
of the samples contained small amounts ( < 8% 
of total content) of Pb which was labile at near 
the suspension pH (i.e., when the RSO,Na and 
RCOONa resins were used). This fraction 
may be described as “exchangeable or readily 
desorbed” lead ion, or it can be attributed to 
dissolution of a sparingly soluble salt (e.g., 
PbSO,). The marginally higher values observed 
by use of RCOONa exchangers and the signifi- 
cant amounts of labile (and non-labile) Pb 
found at pH 10 suggests that some Pb present 
can react to form the plumbite ion, while an- 
other portion is probably associated with or- 
ganic matter. About 25-35% of the total Pb 
content was transferred to the RCOOH resins, 
which suggests that all the sediments contained 
this proportion of “weak-acid” lead salts. 
Around half of the total Pb was transferred to 
the strong-acid resins (RSO,H) and this “low- 

pH labile” fraction is considered to contain Pb 
released during dissolution of sparingly soluble 
salts (e.g., PbS04, PbCOj) in addition to dis- 
placed chemisorbed Pb (e.g., that associated 
with hydrous oxide surfaces). The affinity of Pb 
for the amorphous hydrous oxide of Fe has been 
reportedI to exceed that of other metal ions and 
alkaline-earth metal cations. 

Copper. Distribution of the total Cu content 
of the sediments between fraction types is also 
shown in Table 3. No labile copper was detected 
at suspension pH (i.e., with RSO,Na and 
RCOONa resins) and no non-sorbed/non-labile 
Cu was detected at pH < 9. At pH 10, signifi- 
cant amounts of Cu became labile and this has 
been attributed to Cu initially associated with 
organic matter. It has been notedI that humic 
substances contain a sizeable portion of the Cu, 
MO and Zn found in sediments. Only half the 
samples transferred Cu at pH 45 (i.e., to 
RCOOH resins) but it can be proposed that 
when this did occur, the Cu was initially present 
as the salt of a weak acid (e.g., CuCO,, Cu 
humate). Most of the copper present, however, 
appears to be chemisorbed and thus dis- 
placeable by proton attack (e.g., it is associated 
with carbonate minerals or hydrous oxides of Fe 
and Al). The RS03H values indicate that the 
“low-pH labile” fraction varied from 30 to 
100% of the total, while 20-35% was “high-pH 
labile” (Chel Na resin). 

Cadmium. Cd was not detected in most 
of the sediments tested, partly because of the 
low total level of Cd present (10 pg/g or less). 
With the high-pH chelating resins, 5 pg/g 
labile Cd was found in sediments 2 and 5, 
and also in four samples not reported in the 
tables. 

Matrix dissolution-release of Ca, Mg, Fe and Al 

The degree of matrix dissolution induced by 
the introduction of ion-exchangers is indicated 
in Table 4. The matrix cations were released 
from the sediment particles through proton 
attack (low-pH systems) and through distur- 
bance of solubility equilibria arising from the 
withdrawal of cations from the aqueous phase. 
For the release of Fe and Al the presence of free 
protons was required, but for Ca and Mg 
cation-abstraction by the exchangers appeared 
to be dominant (since Na+-form exchangers 
caused nearly as much release of alkaline-earth 
metal cations as the H+-form materials did). 
About half of the total Ca and Mg content of 
the sediment samples was taken up by the 
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exchangers, but the fraction of Fe and Al 
released as exchangeable cations was much 
smaller and probably arose from acid-soluble 
material of fairly recent origin (e.g., amorphous 
hydrous oxides or weak-acid salts). 

The amount of Ca, Mg, Fe or Al transferred 
to the resins varied with the type of functional 
group, system pH and brand of exchanger. The 
uptakes reported in Table 4 did not exceed the 
exchange capacity of any resin material used, 
which suggests that factors other than avail- 
ability of exchange sites were operative, for 
example, exchange equilibria effects (e.g., com- 
petition from released counter-ions) and solu- 
bility effects (e.g., low equilibrium cation values 
due to accumulation of anion from the sparingly 
soluble component). In spite of such limitations, 
the matrix element data allow sediments to be 
placed in categories based on Ca, Mg, Fe and Al 
“availability”. 

Significant amounts of Fe and Al were de- 
tected in the aqueous phase after equilibration 
with the exchanger materials. Half the sedi- 
ments did not release non-labile Fe or Al to the 
chelating resin exchangers, but with other func- 
tional groups present every sediment released 
non-exchangeable Fe and Al (Table 5). The Al 
values were highest in alkaline media, but Fe 
values varied randomly with pH. The chemical 
species responsible for these readings could 
range from dispersed colloids to stable oxyan- 
ions or organometallic complexes. 

Small amounts of non-sorbed Ca and Mg 
were detected in some sediment studies, 
generally when the chelating resins (high pH) or 
exchangers with carboxylate functional groups 
were used (Table 5). 

Dam sludge studies 

The chemical composition of this material 
was vastly different from that of normal sedi- 
ments, being very rich in alkaline-earth metal 
species arising from the occasional addition of 
baked lime, lime slurry and/or limestone to the 
dam in order to neutralize sulphuric acid waste 
inputs. The sludge suspension had a pH of 9.2 
and contained enough free base to neutralize all 
protons introduced with H+-form exchangers. 

The “labile” metal contents determined by 
the ion-exchange fractionation scheme are 
summarized in Table 6. The labile Zn and Pb 
contents were much higher than the values 
found in the sediment studies, but each was still 
only a small fraction of the total. In contrast, 
most of the Cd content of the sludge was 
transferred to the weak-acid exchangers (N 1.44 
mg/g), with lesser amounts going to other ex- 
changer types (RS03H, 0.44 mg/g; RCOONa, 
0.15 mg/g). The higher values for labile Cd, Pb 
and Zn obtained with RCOOH resins in the 
sludge systems imply that these elements were 
present in this material as salts of weak acids. 
Transfer of matrix elements (Mg, Ca and Al) 
was also higher with this form of exchanger, 
hence the greater metal transfer could not be 
attributed to less competition for sites. 

With the heavy metal and matrix element 
determinations there was often poor correlation 
between the values obtained by using different 
brands of exchanger (Table 6, columns A and 
Z), partly because of fine sample components 
passing through the fabric filters. 

Interaction between H+-form exchangers 
and the matrix released large amounts of Ca 

Table 6. Amounts of heavy-metal ions and matrix-component cations (mg/g) sorbed on equilibration of 
0.5 g of effluent waste-dam sludge with 0.5 g of Amberlite (A) and Zerolit (Z) resins 

RSO,H RCOOH RCOONa RSO,Na Total 
content, 

Element A Z A Z A Z A Z Wk 

0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.01 2.8 
0.41 0.40 1.40 1.48 0.20 0.09 0.03 0.02 1.5 

Pb 0.95 0.60 2.80 5.00 1.23 1.55 0.44 0.31 32 
Zn 6.95 5.10 12.20 16.95 0.60 0.39 0.50 0.36 28.5 

Fe 1.00 0.80 0.50 I .05 0.14 0.11 0.44 0.35 39.0 
Al 0.18 0.07 0.54 1.97 0.05 0.05 0.21 0.07 43.7 
Ca 24.5 23.0 26.9 32.1 16.0 20.9 9.6 9.1 40.7 
Mg 18.0 23.4 26.9 32.5 14.0 16.0 11.0 9.6 41.4 

Amounts left in aqueous phase (mg per g of sludge) 

Zn 0.6 0.2 - - 
Ca -6 3.6-4.5 0.03-0.05 0.11-0.15 
Mg -5 -12 0.03-0.08 0.19-0.30 
Cd 0.3 - - - 
Al 0.15 - - - 
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and Mg that were not subsequently sorbed by 
the exchanger sites (bottom of Table 6). The 
amount released exceeded the exchange capacity 
of the resin added and the high levels of aqueous 
phase Ca and Mg partially inhibited uptake of 
Cd and Zn ions released from the sludge sample. 

In future studies of lime-rich sediments a 
higher ratio of exchanger to sediment weights 
should be used (e.g., 2: 1) but despite the limi- 
tations, the exchanger fractionation technique 
clearly delineates between labile metal contents 
and total contents. 

CONCLUSIONS 

It has been shown that the metal content of 
sediments can be subdivided into a number of 
operationally defined categories through equi- 
libration with exchange materials of different 
types. Each category defines the lability of the 
element within a given pH range and partially 
distinguishes between chemical forms (e.g., 
RCOOH preference for salts of weak acids). 

This form of element content “fractionation” 
is quite important if the premise is accepted that 
it is the “labile” fractions which are most readily 
available for plant uptake or leaching. It can 
be asserted that the ion-exchange technique is 
more selective than direct reagent attack since it 
allows distinction between “labile” cations and 
non-labile species (e.g., the Zn results given in 
Table 2) and should be less prone to losses by 
re-adsorption. The precision of the ion-ex- 
change procedure is no worse than the variance 
found in earlier selective reagent studies. The 
sensitivity in both approaches is limited by the 
measuring technique used (AAS) and for the 
experimental conditions used in this study the 
detection limits were 25 pg/g (Pb), 20 ,ug/g (Cu), 

10 pg/g (Zn) and 5 Pugh (Cd). 
A single extraction of the isolated resin phase 

with 0.05M EDTA (pH 7.5) retrieves 95-100% 
of the transferred metal ion and therefore, 
in routine studies a second extraction step 
is unnecessary. However, if matrix-element 
transfer values are required, two extractions are 
sometimes essential. 

There are some obvious disadvantages associ- 
ated with the ion-exchange fractionation pro- 
cedure. It can be more time-consuming than 
direct chemical extraction and matrix attack 
can be greater than with salt solutions. The 

exchanger sequence also does not specifically 
define the possible effect of reducing conditions 
on metal release, i.e., the amount likely to be 
released from Fe and Mn surfaces in anaerobic 
conditions, but this could be remedied by 
adding hydroxylamine (or another reducing 
agent) to RSO,H/sediment suspensions prior to 
equilibration. Such a modification could prove 
unnecessary, since it appears that the RSO,H 
alone will attack the hydrous oxides of most 
recent origin, and so should release the bulk of 
sorbed metal ion present in this phase. 

With chemical reactant fractionations the 
responses vary with the reagents selected; 
with exchanger studies it was found that some 
“labile” values varied with the brand of ex- 
changer. Accordingly, users of the exchange 
technique will need to standardize procedures 
and specify particular exchanger brands or the 
exchange properties (e.g., exchange capacity, 
degree of cross-linking). Variations in the initial 
counter-ion used (e.g., substituting Caz+ for 
Na+) or addition of complementary chemicals 
(e.g., fluoride to complex Fe and Al) could 
increase the versatility and usefulness of the 
exchanger fractionation procedure. 

Acknowledgement-This project was support by the Aus- 
tralian Research Committee and the financial assistance 
received is gratefully acknowledged. 

1. 
2. 

3. 
4. 

5. 

6. 

7. 
8. 

9. 

10. 

11. 
12. 

13. 

REFERENCES 

U. Fiirstner, 2. Anal. Chem., 1983, 316, 604. 
W. F. Pickering, CRC Crit. Rev. Anal. Chem., 1981, 12, 

233. 

Idem, Ore Geol. Rev., 1985, 1, 83. 
S. R. Patchineelam, Dissertation, University of Heidel- 
burg, 1975. 
R. Deurer, U. Fiirstner and G. Schmoll, Geochim. 

Cosmochim. Acta, 1978, 42, 425. 

A. Beveridge, P. Wailer and W. F. Pickering, Talanta, 

1989, 36, 535. 

Idem, ibid., 1989, 36, 1217. 

F. Helfferich, Ion Exchange, pp. 226-229, 295-299. 
McGraw-Hill, New York, 1962. 
W. Riemann III and H. F. Walton, Ion Exchange in 

Analytical Chemistry, pp. 3646, 79-85. Pergamon 
Press, Oxford, 1970. 
H. Farrah and W. F. Pickering, Aust. J. Chem., 1978, 
31, 1501. 
J. H. Trefry and S. Metz, Anal. Chem., 1984, 56, 745. 

A. Nissenbaum and D. J. Swaine, Geochim. Cosmochim. 

Acra, 1976, 40, 809. 

D. G. Kinniburgh, M. L. Jackson and J. K. Syers, Soil 
Sri. Sot. Am. J., 1976, 40, 796. 



Talanta, Vol. 37, No. 4, pp. 407412, 1990 0039-9140/90 $3.00 + 0.00 
Printed in Great Britain. All rights resewed Copyright 0 1990 Pergamon Press plc 

SORPTION OF ORGANIC DYES BY POLYURETHANE 
FOAM 

A. CHOW, W. BRANAGH and J. CHANCE 

Department of Chemistry, University of Manitoba, Winnipeg, Manitoba, Canada R3T 2N2 

(Received 9 Ju1.v 1989. Revised 20 September 1989. Accepted 3 October 1989) 

Summary-The sorption of fifty-nine organic dyes, indicators and stains by polyester and polyether-type 
polyurethane foams was investigated by use of aqueous solutions and powdered foam material. 
Comparisons were made with sorption from 50% methanol solutions for some dyes and also with solvent 
extractions done with diethyl ether or ethyl acetate for several dyes. The R, values for the dyes run on 
cellulose TLC plates in water or a mixed solvent mobile phase were compared to the distribution 
coefficients with polyurethane foam. The relationship between the structure of the test substances and their 
sorption is discussed. 

Polyurethane foams have been employed in 
many separation and preconcentration studies 
since they were first used in analytical chemistry 
by Bowen in 1970.’ Both organic and inorganic 
species can be sorbed by polyurethane, as re- 
viewed by Moody and Thomas’ and Braun et 
al3 Solvent extraction was initially considered 
to be the major mechanism in this type of 
sorption, but work by Hamon et ~1.~ has shown 
that it cannot explain the high sorption of 
several inorganic complex anions such as those 
containing cobalt or palladium. Instead, a 
“cation chelation” mechanism has been de- 
scribed which accounts for the much greater 
sorption by the polyether-type of polyurethane 
than that by the polyester-type. The main con- 
sideration in this mechanism is the presence of 
a helix of inwardly directed oxygen atoms in the 
poly(ethylene oxide) molecule, which gives it a 
crown-ether type of configuration. The similar- 
ity to crown ethers is shown by the enhanced 
sorption of hydrophobic anions in the presence 
of various univalent and bivalent cations. 
Polyester-type foam shows no enhanced effect 
for different cations and in general appears to 
behave simply as a solid solvent-extractant. 
Schumack and Chow’ have shown that even the 
sorption of organic species is affected by the 
type of polyurethane foam used, and that some 
hydrogen-bonding occurs, especially with 
polyether-type foams. 

Several organic compounds have been loaded 
onto polyurethane foam to act as chelating 
agents for various metal ions.3 In most cases 
these compounds have been dissolved in an 

organic solvent or plasticizer and held on the 
foam either in the plasticizer or as an insoluble 
dispersed solid. Some compounds such as dithi- 
zone and dimethylglyoxime are soluble in the 
foam itself. Methylene Blue and Crystal Violet 
have been used on polyether-type polyurethane6 
to concentrate alkylbenzene sulphonate for de- 
termination, but polyethylene, polystyrene, 
poly(viny1 chloride) and polyester-type poly- 
urethane were found unsuitable. Although there 
have been studies of the sorption of several 
organic compounds it is clear that no mecha- 
nism has been proposed that will completely 
explain the variation in sorption behavior re- 
ported. The wide range of organic dyes available 
was considered to offer a valuable means of 
probing the sorption mechanism of poly- 
urethane foams. Preliminary trials with a variety 
of dyes and indicators showed that many of 
these are sorbed by polyurethane foam, so a 
larger range of dyes, indicators and biological 
stains was chosen for further investigation of the 
problem. 

EXPERIMENTAL 

Apparatus 

All absorbance readings and spectra were 
obtained with a Hewlett-Packard Model 8452A 
diode-array spectrophotometer or a Varian 
Series 634 spectrophotometer. A Fisher 
Accumet Model 825MP pH-meter was used. 
Sample solutions were shaken with a Burrell 
wrist-action shaker. 

407 
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Reagents 

All chemicals used were of reagent grade and 
water was purified by reverse osmosis and a 
Barnsted Nanopure IITM system before use. The 
dyes were obtained mainly from a Biological 
Stain Kit, BS-100, prepared by Chem Service 
Inc., West Chester, Pennsylvania as part of their 
Chem Supply system. A few indicators and dyes 
from a variety of regular chemical companies 
were used to expand the range of compounds 
tested. All the compounds tested were used 
without further purification. 

Polyether-type polyurethane foam was ob- 
tained from a local department store and 
polyester-type polyurethane was obtained as 
diSPoTM plugs from Canlab, Winnipeg, Canada. 
No information was available concerning the 
formulation or primary manufacturer of either 
material. Several cleaning methods were evalu- 
ated before a procedure was found that consis- 
tently gave satisfactory results. The residual 
imprecision in the results was presumably partly 
due to materials in the foam that were not 
removed by the cleaning. 

Procedure 

Both foam types were washed in separate 
batches, of several pieces of foam. First, the 
foam was repeatedly squeezed in a large quan- 
tity of 1 M hydrochloric acid in a plastic cylinder 
during a period of 5 hr and then left in the acid 
for a further 48 hr. The foam was then freed 
from acid by repeatedly squeezing it in each of 
several changes of clean water during 48 hr. 
After removal of as much water as possible by 
squeezing, the foam was refluxed with acetone 
in a large Soxhlet extraction apparatus for 6 hr, 
then after as much acetone as possible had been 
removed by squeezing, the foam was air-dried 
and stored in brown glass jars. 

To make the foam sample as uniform as 
possible, the foam pieces were ground to a 
coarse powder by freezing them in liquid nitro- 
gen and grinding them in a stainless-steel con- 
tainer on a WaringTM blender to pass a 16-mesh 
sieve. Any pieces of unground foam were dis- 
carded. Powdered polyurethane foam and the 
parent material should act similarly and have 
the same distribution coefficient; the major 
difference is that the finer material will reach 
equilibrium more quickly. 

Dye solutions were prepared shortly before 
use by weighing accurately about 5 mg of 
the dye, dissolving it in water and diluting to 

volume in a 250-ml standard flask. Occasionally 
the dye mixture was allowed to stand overnight 
to ensure that dissolution was complete. 

The sorption was tested by adding 10 ml of 
dye solution by pipet to a 20-ml screw-top vial 
together with approximately 0.1 g of foam, 
capping the vial, shaking it for 6 hr in the 
automatic shaker, then filtering the solution 
through a Whatman No. 541 filter paper. 

The sorption was judged by means of two 
parameters, the percentage of dyestuff sorbed 
(E) and the distribution coefficient (D): 

E = lOO(C,, - C.&Co; D = (VE)/W(lOO - E) 

where C,, = initial molar concentration of solu- 
tion, C,, = concentration of solution after sorp- 
tion, V = volume of solution (l.), W = mass of 
foam (kg). 

The distribution coefficient (I./kg) is the ratio 
of the concentration of dye in the foam to the 
concentration in solution and should become 
constant once the sorption process has reached 
equilibrium. 

DISCUSSION 

This study involved a wide variety of stains, 
indicators and dyes and their sorption on either 
polyether or polyester-type polyurethane foam. 
The sorption efficiency was markedly different 
for many of the compounds tested, as shown in 
Table 1. Several general and specific points for 
discussion arise from the results in Tables l-3. 

One of the possible mechanisms of sorption 
by polyurethane foam which has found some 
general acceptance2,3 is a simple solvent extrac- 
tion mechanism. Schumack and Chow5 found 
support for this mechanism in the sorption of 
aromatic organic compounds. The present study 
also provides some support for it. When 
polyurethane foams were exposed to a solution 
of dye containing lithium chloride or potassium 
chloride, the sorption increased for both 
polyether and polyester foams. This suggests 
that the dye was forced into the less polar 
organic foam phase by addition of the salt, i.e., 
“salted out”. By comparing the dyes of the 
triphenylmethane series (marked TPM in Table 
l), it can be seen that as the molecule becomes 
more polar the sorption decreases. The more 
non-polar triphenylmethane dyes all lack 
sulphonate groups and all have large distribu- 
tion coefficients for polyether and polyester 
respectively [Ethyl Violet (1800, 9400); Victoria 
Blue R (750, 2500); Gentian Violet (790, 8500); 
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Table 1. Dye sorption coefficients and TLC data 

D, Ukg 
Structural 

information Polyether Polyester 

409 

TLC 

Rf in mixed 
Rf in HZ0 solvent? 

Acridine Orange Basic 
Alizarin Yellow R 
Auramine 0 
Brilliant Green 
Brilliant Yellow 
Bromocresol Purple 
Clayton Yellow 
Congo Red 
Eosin Y 
Eriochrome Blue Black R 
Eriochrome Black A 
Eriochrome Red B 
Ethyl Violet 
Fluorescein 
Fuchsin Basic 
Gentian Violet 
Hematoxylin 
Janus Green B 
Malachite Green 
Martius Yellow 
Mentanil Yellow Orange MN0 
Methylene Blue 
Methyl Orange 
Mordant Black 11 
Neutral Red 
New Methylene Blue 
Orange IV 
Orange II 
Phlo&e 
Primulin Yellow 
Rhodamine B 
Rosaniline HCl 
Safranin 0 
Toluidine Blue D 
Tropaeolin 0 
Victoria Blue R 

Amaranth A; l(N=N); 3(NaSO,) 
Amido Nauhthol Red G 
Aniline Blue Black 

A; l(N=N); 2(NaSO,) 
A; 2(N=N); 2(NaSO,) 

Aniline Yellow N; l(N=N) 
Biebrich Scarlet A; 2(N=N); 2(NaSO,) 
Bordeaux Red A; l(N=N); 2(NaSO,) 
Chicago Blue A; l(N=N); 2(NaSO,) 
Fuchsin acid A; TPM; 3(NaSO,) 
Fast Green FCT A; TPM; 3(NaSO,) 
Indigo Carmine A; 3(NaSO,) 
Light Green SF A; TPM; 3(NaSO,) 
Mordant Blue 29 A; TPM; l(NaS0,) 
Naphthol Yellow S A; l(NaS0,) 
Orange G 
Patent Blue 

A; l(N=N); 3(NaSO,) 
A; TPM; 2(NaSO,) 

Ponceau 3R A; l(N=N); 2(NaSO,) 
Ponceau S A; 2(N=N); 4(NaSO,) 
Tartrazine A; l(N=N); 2(NaSO,) 
Trypan Blue A; 2(N=N); 4(NaSO,) 
Wool Green S A; TPM; 2(NaSO,) 
Xylene Cyan01 FF A; TPM; 2(NaSO,) 

1.3 0.2 0.945 0.07 
3.7 0.4 0.93 0.20 

11 5.5 0.57 0.35 
4.1 1.5 0.97 0.23 

34 20 0.44 n.d.!j 
5.0 15 0.78 0.40 
7.2 8.3 0.06 0.00 

43 12 1.00 0.21 
2.1 0.8 1.00 0.53 
7.4 3.6 0.82 0.10 
6.0 2.7 0.99 0.48 

30 49 0.93 0.89 
59 17 0.95 0.47 
2.1 0.2 0.99 0.48 

20 13 0.90 0.75 
8.0 4.9 0.82 0.40 
0.5 0.5 0.96 0.06 
0 0 0.97 0.08s 
6.6 5.3 0.28 0.01 

42 23 0.94 0.58 
15 1.9 0.94 0.755 

Alizarin Red S A 160 90 0.77 0.58 
Picric acid A 260 150 0.95 0.74 

:; l(N=N) 
C 
C; TPM 
A; 2(N=N); 2(NaSO,) 
A 
A; 2(NaSO,) 
A; 2(N=N); 2(NaSO,) 
A 
A; l(N=N); l(NaS0,) 
A; l(N=N); l(NaS0,) 
A; l(NaS0,) 
C; TPM 
A 
C; TPM 
C; Tl’M 

2. l(N=N) 
C; TPM 
A. 
A; l(N=N); l(NaS0,) 
C 
A; l(N=N); l(NaS0,) 
A; l(N=N); l(NaS0,) 
C 

A; l(N=N); l(NaS0,) 
A; l(N=N); l(NaS0,) 
A 
A; l(NaS0,) 
C 
C; TPM 
C 
C 
A; l(N=N); l(NaS0,) 
C; TPM 

150 72 0.00 1.00 
230 60 0.29 0.97 

29 100 0.01 1.00 
640 800 0.04 1.00 

74 16 0.045 0.45 
9500 400 0.75 0.99 

76 33 0.12 0.35 
110 29 0.02 0.09 
410 81 0.07§ 1.00 
710 220 0.07 0.86 

4100 510 n.d. n.d. 
170 53 0.15 0.86 

1800 9400 0.00 1.00 
400 540 0.04 1.00 
150 2000 0.01 1.00 
790 8500 0.01 1.00 
47 49 0.315 0.9% 

210 5400 0.00 1.00 
320 970 0.05 1.00 
190 69 0.50 0.95 
430 580 0.32 0.96 
99 160 0.01 0.56 
74 19 0.62 0.81 

200 350 0.00 0.70 
120 170 0.00 1.08 
89 170 0.02 0.565 

400 1100 0.24 0.88 
86 31 0.55 0.82 

110 36 0.08 0.96 
150 72 0.00 0.22 
980 1600 0.03 1.00 
420 2200 0.01 1.00 
64 240 0.01 1.00 

110 140 0.01 0.99 
61 16 0.659 0.77 

750 2500 0.00 1.00 

*A, anionic dye; C, cationic dye; N, neutral dye; TPM, triphenylmethane dye; N=N, phenyl-N=N-phenyl moeity. 
tn-Butanol-ethanol-water (50: 15: 10 v/v). 
$TLC shows more than one bond. 
Each sorption experiment was run for 6 hr with 0.1 g of powdered foam and 10 ml of test solution; n.d. = not determined. 
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Table 2. Sorption from water and from 50% methanol* 

Water medium, D, I./kg 50% Methanol medium, D, I./kg 

Dye Polyether Polyester Polyether Polyester 

Bordeaux Red 5.0 15 19 14 
Ethyl Violet 1800 9400 28 190 
Gentian Violet 800 8500 23 67 
Mordant Black 11 200 350 650 1400 
Naphthol Yellow S 59 17 20 20 
Picric Acid 260 150 240 130 
Patent Blue 20 13 53 12 
Rosaniline HCl 420 2200 20 33 
Victoria Blue R 750 2500 30 170 

*Dye solutions (10 ml) were shaken for 6 hr with 0.1 g of powdered foam. 

Malachite Green (320,970); Fuchsin Basic (150, 
2000); Rosaniline HCl (420, 2200)] whereas the 
more polar triphenylmethane dyes all have 
sulphonate groups and much smaller distribu- 
tion coefficients [Light Green SF (6.0, 2.7); Fast 
Green FCT (2.1, 0.8); Patent Blue (20, 13); 
Wool Green S (42, 23); Xylene Cyanole FF 
(15, 1.9); Fuchsin Acid (43, 12); Mordant 
Blue 29 (30,49)]. The sorption of the more polar 
dyes decreases in general as the number of 
sulphonate groups, and thus the polarity, in- 
creases. Although these results support a solvent 
extraction mechanism, there are some inconsis- 
tencies. For example, Gentian Violet, although 
more polar than Victoria Blue R, is much more 
strongly sorbed on polyester foam. Also, as a 
group, the more non-polar triphenylmethane 
dyes are more highly sorbed by polyester than 
by polyether-type polyurethane foam, which is 
opposite to the effect expected, since the 
polyester foam is more polar4 and should show 
less affinity for non-polar dyes. In addition, the 
more polar triphenylmethane dyes appear to be 
somewhat better sorbed by polyether than by 
polyester foam. 

Additional support for a solvent extraction 
mechanism is shown in Table 2, for dyes sorbed 
from water and from 50% aqueous methanol 
solution, by both polyester and polyether 
foams. The non-polar dyes (Ethyl Violet, Gen- 
tian Violet, Rosaniline HCl and Victoria Blue 

R, which are all triphenylmethane dyes with no 
sulphonate or other polar groups) showed a 
significant decrease in sorption from the 
methanol solution, indicating the increased 
affinity of these dyes for the more non-polar 
solution. For the more polar dyes containing 
polar groups such as SO,, NO,, or OH, the 
sorption remained approximately the same from 
both solutions, except for Mordant Black 11, 
which showed a large increase in sorption from 
the methanol solution. This increase is consis- 
tent with a solvent extraction mechanism with 
the dye being less soluble in the more non-polar 
solution, but since Mordant Black 11 has a 
polarity similar to the other more polar dyes in 
Table 2, there is no obvious reason for only this 
dye showing an increase in sorption from the 
methanol solution. 

It can also be considered whether or not the 
foam is analogous to the corresponding liquid 
solvent, assuming ethyl acetate to be equivalent 
to the polyester and diethyl ether to the 
polyether in terms of sorption ability. Although 
this would not be completely true because the 
polyurethanes are not completely homogeneous 
materials, whereas the liquid extractants are, a 
reasonable comparison is still possible since the 
effect of an ether or an ester should play a major 
role and the helical form of the poly(ethylene 
oxide) in the polyether foam apparently4 
plays an integral role in the mechanism for the 

Dve 

Table 3. Comparison of sorption by foam, with solvent extraction 

Foam sorption, D, I./kg Solvent extraction, D 

Polvether Polvester Diethvl ether Ethvl acetate 

Bordeaux Red 5.0 15 0 0 
Eosin Y 410 81 * 5.1 
Ethyl Violet 1800 9400 0.1 0.2 
Mentanil Yellow Orange MN0 430 580 0 0 
New Methylene Blue 89 170 0.1 0.1 
Rhodamine B 980 1600 11.3 33.0 
Tartrazine 0 0 0.1 0.1 

*loo% extraction. 
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sorption of several species. A difference in the 
rate of sorption should be the only major differ- 
ence, with the liquid solvent-extraction reaching 
equilibrium quite rapidly, owing to the better 
contact between the phases. Dyes with various 
efficiencies of sorption by foam were tested for 
efficiency of solvent extraction. A lo-ml portion 
of the aqueous dye solution was shaken for 2 
min with 10 ml of either diethyl ether or ethyl 
acetate, then the absorbance of the aqueous 
solution was compared with the original value 
and the distribution coefficient was calculated. 
The results are given in Table 3. Dyes that were 
sorbed poorly by the foam (Tartrazine and 
Bordeaux Red) were also poorly extracted by 
either solvent. However, New Methylene Blue 
and Mentanil Yellow Orange MNO, which are 
reasonably well sorbed by the foams, were 
found to be barely extracted by either liquid 
solvent. Ethyl Violet has a very high distribution 
coefficient with foam but is only slightly ex- 
tracted by the solvents, whereas Rhodamine B 
has medium sorption by the foams and the 
highest extraction into the liquid solvents, of all 
the dyes tested. Therefore these results do not 
support the hypothesis of a simple solvent ex- 
traction mechanism. 

In normal solvent extraction, D values range 
from 20 to 1000. The occurrence, in foam 
sorption, of D values exceeding 1000 suggests 
that some sort of ion-exchange process might be 
operative. A possible mechanism for the sorp- 
tion of anionic species is the cation chelation 
mechanism previously reported.4 If this mecha- 
nism were predominant for the sorption of dyes, 
then “anionic” dyes (i.e., those capable of acid 
dissociation) would be sorbed more efficiently in 
the presence of potassium and lithium salts than 
from pure water. Also, as noted by Hamon et 
a1.,4 the presence of the potassium ion should 
facilitate sorption more than the lithium ion 
does, owing to the better fit of this ion into the 
central cavity of the oxygen-rich helix in the 
polyether foam. The sequence of selectivity ex- 
pected’ is that found with an 18-crown-6, i.e., 
Li+cNa+<Cs+<Rb+<K+=NH:. Bro- 
mocresol Purple, a dye with two hydroxyl 
groups, was found to be sorbed better from 
0.02M potassium chloride than from 0.02M 
lithium chloride and better from both than from 
water. 

Classifying the dyes according to the scheme 
given by Gurr,s we found that generally cationic 
dyes are sorbed better by polyester than by 
polyether foam, while anionic dyes are better 

sorbed by polyether foam. This latter observa- 
tion is consistent with the cation chelation 
mechanism but does not by itself explain why 
one dye is more efficiently sorbed than another 
by the same foam type. Any specific sorption 
efficiency must be based on the structure, 
geometry and properties of the particular dye. 

To classify the various dyes according to 
polarity, they were chromatographed on a cellu- 
lose TLC plate, with either water or a mixture 
of n-butanol-ethanol-water (50 : 15 : 10) as the 
mobile phase; the results are shown in Table 1. 
The use of water as the mobile phase gave 
results which generally mimicked the 
foam-water sorption system. The dyes that are 
sorbed best by polyurethane foam had low Rf 
values, i.e., were highly partitioned into cellu- 
lose, and conversely, dyes that are poorly sorbed 
had Rf values that approached 1.00. In the 
mixed-solvent mobile phase, the opposite 
occurred; dyes that were sorbed poorly by the 
foam had low RI values and dyes that showed 
high sorption had high Rf values. In general, if 
the Rr value in the mixed solvent was greater 
than that in water, the foam distribution co- 
efficient was found to be greater than 30-40. If 
the magnitudes of the Rf values were in the 
opposite order to this, the foam distribution 
coefficient would be less than 40. In Table 1 the 
dyestuffs are classified into these two groups 
(and listed in alphabetical order) except for the 
two compounds at the end, which do not fit the 
general observation. From these results it is 
apparent that the polarity of the dye plays a 
major role in its sorption by polyurethane 
foams. This conclusion is supported by the lack 
of correlation between the distribution co- 
efficients for the polyurethane also shown in 
Table 1 and the presence of specific functional 
groups such as NO,, OH, c---O, COOH/ 
COONa, SOjH/SO,Na or -N=N-. Thus it 
appears that the polarity of the dye molecule is 
more important than the presence of any partic- 
ular functional group. 

The lack of reproducibility in the sorption 
experiments created some difficulties in these 
studies. Originally cylindrical plugs of foam 
were used, but to improve the precision, later 
experiments used the homogenized, powdered 
foam. This technique improved the reproduci- 
bility for five parallel experiments to better than 
f 10% for both foam types. Although consider- 
able efforts were made to improve the precision 
still further, they were unsuccessful. Some of the 
inconsistency may be due to the dyes, which 
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were assumed to be pure enough to be used 
without additional purification. Thin-layer 
chromatography later indicated the presence of 
two or more species of varying relative concen- 
trations for ten of the dyes, as indicated in Table 
1. In any case the dye solutions themselves were 
homogeneous and any impurities should be the 
same in each sample of the individual dye, 
which would permit this study to be useful. 
Some dyes were found to be unstable in aqueous 
solution and thus are not reported here. 

All the dye solutions used were very dilute, 
ranging from 10m4 to lo-‘M. These low concen- 
trations increase the difficulty of the experi- 
ments as there was some evidence of adhesion of 
the dye to vessel surfaces, including that of the 
spectrophotometric cells; this causes interfering 
losses of dye from solution and necessitates a 
strict cleaning regime for the cells, with dilute 
acid. In addition, many of the dyes are indica- 
tors and therefore pH-sensitive, especially in 
dilute solution. Because some of the dyes were 
sorbed at a pH within their transition range, a 
slight change in pH during the sorption would 
have considerably more effect on the results 
than it would with Alizarin or picric acid, which 
have transition ranges outside those used for the 
sorption. 

The rate and duration of sorption was also 
studied for many of the dyes in Table 1, with 
aqueous solutions. Trials of 10, 30 and 60 min 
and 3, 6, 12 and 24 hr showed that the sorption 
increased for up to 24 hr for some dyes, al- 
though in most cases no significant changes 
occurred after 3 hr. During these times there 
were no appreciable changes in the pH of the 
sample solutions. No significant trends relating 
dye structure and sorption time required were 
observed. 

The sorption of dyes by polyurethane foams 
shows some support for both the solvent extrac- 

tion and cation chelation mechanisms and can- 
not be explained solely by either. The 
polyurethane foam available is not a pure mate- 
rial and usually contains a variety of reagents 
and additives to enhance its commercial use. 
Although considerable care was taken to re- 
move any loosely-held organic and inorganic 
substances, the resulting product must still be 
considered to have somewhat uncertain struc- 
ture and composition. Fortunately, for most 
species the sorption is consistent and the major 
mechanisms for the process can be examined by 
a variety of techniques. Further work is still 
necessary to clarify why different mechanisms 
can predominate, or to develop an overall mech- 
anism. If the sorption process can be clarified 
for organic compounds, developments could be 
made more easily in the useful applications of 
polyurethane foams. 
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Summary-The algorithm RAMESES has been made more efficient by incorporation of additional 
procedures: to extrapolate to the next point by an exact polynomial of any desired order, to control the 
gain on the adjustment of each independent species, and to optimize the initial guess. The need to consider 
electroneutrality is emphasized, and some problems with convergence criteria and synthetic test systems 
are discussed. Some conditions for objective algorithm testing are proposed. 

Recently, we reported’ the development of the 
algorithm RAMESES, a rapid algorithm for 
solution of multiple equilibrium systems. This 
procedure offered some advantages over pre- 
viously published routines in that the structure 
of the program was simple, the algebraic basis 
being particularly clear in matrix terms, and 
that a number of problems noted with other 
procedures simply did not arise. 

Having gained some experience of the appli- 
cation of RAMESES, we report some pro- 
cedures now incorporated which enhance 
performance. The notation will be that of the 
earlier report, and the equations therein are 
referred to by the prefix “1.“. Some results 
are presented to illustrate these additions, and 
tests using previously described examples are 
reported. 

TERMINOLOGY 

In some published work there is a labelling 
convention which may present some confusion 
in that it contains an element of illogicality, viz. 
only complexes are termed “species”.2.3 In the 
present work, as before,’ the term species refers 
to any and all possible types of entity in 
solution, thus including uncomplexed ions or 
molecules. “Components” are taken as being 
chemical entities, without regard to sign of 
charge, from which all species are considered 
to be formed. Thus, A13+, AlOH’+, H+, and 
H,O are all “species”; whereas [Al], [HI, and 
[OH], are the corresponding components. Like- 

wise, the use of imaginary species such as 
‘ ‘AlH _ 3” 2.3 to represent “Al(OH)3” is an unnec- 
essary complication (despite an algebraic equiv- 
alence), with potential for error. It certainly 
does not add to the clarity of exposition of 
examples. 

FORWARD EXTRAPOLATION 

For simplicity, the initial guess for vector XA 
in equation (1.1) for all but the first point of a 
scan in one variable of a system was taken as the 
value of that vector in the previous solution, a 
common procedure.ti Clearly, there is some 
scope for refinement of this, and an extrapol- 
ation to the next point based on more than one 
previous value is a logical way to utilize the 
information contained in those values. 

De Robertis et al.’ claimed to have done this 
in their equation (6) for a second-order extra- 
polation. Unfortunately, incorporation of this 
in RAMESES gave no improvement whatsoever 
in the run time for the program, even if the 
extrapolation were done in terms of vector PA, 
the logarithmic form of X,. This might have 
been expected to be more effective, because the 
logarithmic concentrations of many species 
chang’e nearly linearly over large regions of a 
scan. However, the algebraic basis of their 
equation is not clear, and no source was cited. 
Nevertheless, from first principles, it is easy to 
write down the series of polynomial equations 
for equally spaced points, needed to predict the 
next point in the sequence. Indicating by a 
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negative subscript how far back in the sequence 
from the desired point the previous solution lies, 
we have for the predicted logarithmic concen- 
tration p0 : 

Order, 
b 
op,=o 

1 Po=P-I 
2 PO = 2P-, -P-2 
3 po=3p_,-3p_2+p_, 
4 po = 4p_, - 6p-2 + 4p_3 -p-4 

I 

(1) 

5 po = 5p_, - lop-, + lop_, - 5p_4 + p-5 

and so on (the zero on the right-hand side of 
the zero-order equation must be read as “no 
information” rather than a “guess” of zero, 
which would of course give an all-zero result). 
The coefficients are those of the expansion of 
(1 - a)” = 0, i.e., binomial, where b is the order 
of the extrapolation, that is, the number of 
points used for the prediction. Such extrapol- 
ation is exact for a curvature of degree (b - 1) 
with b > 2, and therefore gives prediction errors 
of order hb- ’ if h is the stepping interval. Most 
benefit is expected when d2p/dh2 is large; con- 
versely, no deterioration in performance should 
result when d2p/dh2 -0, although the calcu- 
lation may be redundant for an extrapolation 
equation of order b > 2. 

On the other hand, since the polynomials 
above are exact, the accuracy of the predicted 
point is dependent on the accuracy of the points 
used for its estimation. In general, a tolerance 
6 > w h b- ’ implies wasted effort in the extrapol- 
ation. In other words, the expectation might be 
that the optimum order is given by an equation 
such as: 

b = log’ -+l 
log h (2) 

Despite the obvious advantage of such a 
prediction strategy, it is nevertheless important 
to optimize the algorithm for the zero-order 
“blind” calculation, that is, when only a guess 
can be made for the elements of the initial X,, 
because in the absence of prior information the 
overall calculation speed with extrapolation 
may depend primarily on that guess. The 
robustness of an algorithm will in part be 
measured by its ability to handle such blind 
calculations. Equally, the optimization of the 
initial guess requires attention, but this clearly 
must be a general procedure and not one which 
depends on any kind of special knowledge 
of the system, otherwise there would be a rever- 

sion to the preparatory exploration previously 
discommended.’ 

Some algorithms have employed the total 
concentrations as the initial guesses for the 
uncomplexed species? 

X -T A(I) - (3) 

It is easy to see that all dependent species 
concentrations thus calculated must be high, so 
the initial evaluation of S [equation (l-12)] is 
also high. This overshoot may be extremely 
large, and require drastic correlation at the next 
iteration, with the possibility of initial instab- 
ility, and this has been observed in some tests of 
RAMESES. Here, no formal initial guess was 
required,’ because of the lack of sensitivity to 
this variation. COMPLX’ also used arbitrary 
input, but no comment was made. 

OSCILLATION 

The kernel of the RAMESES algorithm is the 
solution of the r dependent, linear simultaneous 
equations [equation (1.7)], whence the errors in 
the component total are calculated, and the next 
guess for XA is refined. Although this is not easy 
to visualize in detail, it is clearly possible that a 
correction may result in an overshoot, which in 
turn leads to a correction back to the original 
estimate. Such oscillation depends on the par- 
ticular concentrations of components at the 
time, and the exact values of the K values used, 
and in principle can arise whatever value is used 
for the damping factor f [equation (1.14)], and 
with any estimation procedure. Essentially, such 
behaviour is a property of the (arbitrary) rule 
used for the next estimate. Changing the rule 
changes the region for that behaviour. Some 
systems have been observed to contain regions 
where such oscillation leads to many hundreds 
of iterations being required for a solution, even 
of moderate accuracy. Inspection showed that 
such nearly-stable oscillating solutions of 
equation (1.7) could readily be destabilized and 
made to converge on a proper solution by 
perturbing any of the oscillating elements of X,. 
In addition, many systems, in converging rap- 
idly to a proper solution, do so by oscillating, 
albeit in a highly damped manner, and possibly 
only for one or a few of the elements of X,. 

This observation provides the opportunity for 
dynamic optimization of the factor f [equation 
(1.14)] previously suggested and its introduction 
for controlling the effect of each other element 
of F [equation (1.16)]. Thus, since a change of 
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direction of approach to a required component 
total Ti implies overshoot, as above, and there- 
fore that the corresponding Fii [equation (1.13)] 
departs from unity by too great an amount, we 
introduce the (diagonal) gain matrix, G (t x t). 
This matrix is set initially equal to the identity 
matrix, I, and an element is adjusted downwards 
whenever an over- or undershoot occurs in the 
corresponding component total. Then equation 
(1.16) becomes: 

X A(n + I) = [W - I> + II XA(n) (4) 

[F must be preserved as defined in equation 
(1.13) in order that the tolerance test of equation 
(1.15) can be performed properly.] The adjust- 
ments in the elements of G must necessarily be 
arbitrary, and the gain increment g needs to be 
chosen so that 

Gii,, + 1) = Gii,,,(l - g) @a) 

when a change of direction occurs. Equally, 
when a change of direction does not occur, the 
gain can safely be increased: 

Giic, + I) = Gii(,,(l + g) (5b) 

This then has the effect of tending to cause 
oscillation if it is not already occurring, but 
always ensures that on average a more appro- 
priate G,, is adopted. 

The following symbolic program fragment 
illustrates the implementation of these ideas. 
Xa2 is the estimated independent vector from 
the previous operation, Xa is the present vector, 
and SGN is the BASIC function for returning 
the algebraic sign of an expression: 

FORi=l tor 
xsign2(i) = xsign 1 (i) 
xsign 1 (i) = SGN(Xa(i) - Xa2(i)) 
IF xsign l(i) ( ) xsign2(i) THEN 

Xa(i) = (Xa(i) + Xa2(i))/2 
G(ii) = G(ii) * (l-g) 

ELSE 
G(ii) = G(ii) * (1 + g) 

END IF 
NEXT i 

Clearly, this can only be applied after the 
third iteration. It is designed to be sensitive 
only to the oscillating elements, as any more 
general procedure tends to retard convergence 
by upsetting well-behaved elements. This pro- 
cedure permits the abandonment of the less 
efficient conditional adjustment represented by 
equations (1.17)-( 1.19). 
TAL 1716-E 

G may be viewed as reflecting the pertur- 
bation sensitivity of each element X,. Thus, if 
h is not too large, it might be expected that the 
values of Gii would be good approximations 
to the values needed for the next point to be 
evaluated, thus improving the convergence 
efficiency, particularly if forward extrapolation 
is used. 

TOLERANCE 

The convergence of RAMESES 
by the condition: 

was tested’ 

II;;i-lI<~, all i (6) 

COGS4 used the perhaps more exact, but essen- 
tially equivalent 

all i 

(in the present notation). Both of these ensure 
accuracy by requiring that any error greater 
than the tolerance forces a further iteration, no 
matter how well the other concentrations have 
been determined. 

As well as a form equivalent to (7) 
HALTAFALL* had an option to set a tolerance 
on each individual total: 

IT,--SiJ<ti, all i (8) 

This seems to require prior knowledge, in some 
sense, of the importance of a component; it is 
therefore considered an impractical general 
criterion. 

EQUIL,6 the unrelated EQUIL,9 and MUL- 
TIREACTIONEQUILIBRIUM’” all required 
that all concentration shifts be less than the 
specified tolerance: 

Xi(n) - xi(n - I) 

Xi(n) 
< L , all i (9) 

This perhaps places too much reliance on the 
rate of convergence being proportional to the 
actual error, a property which seems not to have 
been demonstrated. However, COMPLX’ and 
COGSNR’ employed a criterion of the form: 

XAi(n) - XAi(n- I) < ~ 

XAi(n) 
(10) 

which allows, say, one large error if the remain- 
der are very small. Clearly, if this is not tested 
for, the results for the set of dependent species 
could be greatly misleading. 



416 B. W. DARVELL and V. W.-H. LEUNG 

Taking this a stage further, the routine 
ESTIME3 used: 

(11) 

Clearly, in the presence of a large concentration 
of one component, for which the calculated 
total error may even be zero, any other error 
is correspondingly diluted in its effect on the 
summation. The errors in all related species 
concentrations will be nearly proportional to 
one another, and therefore potentially highly 
misleading. Indeed, any non-interacting back- 
ground species required for charge balance 
or ionic strength adjustment (where relevant) 
would automatically suppress errors unless 
special precautions were built in. 

It is thought that conditions (6) and (7) are 
intrinsically more reliable criteria for conver- 
gence, even though more iterations for a given 
solution are required, as they set maximum 
permissible proportional errors for all species 
simultaneously. 

CHARGEBALANCE 

An important aspect of the solution of an 
equilibrium system is electroneutrality, which 
should be self-evident. It was incorporated in 
RAMESES [in equations (1.10) and (1.14)] as 
an integral part of the procedure. It is surely 
somewhat negligent to omit such detail in the 
consideration of a scan of, say, pH, if the means 
of achieving that scan is ignored. If for no other 
reason, this check is demanded by the need to 
know whether a certain combination of concen- 
trations can exist, yet we find no mention of this 
consideration in most published procedures. 
Thus, ES4EC,* ESTIME,3 COGS,4 COGSNR,5 
EQUIL,6 and HALTAFALL,* all fail even to 
mention charge, although this would not affect 
their ability (in principle) to return correct an- 
swers for all species other than the one scanned 
(other limitations have already been reported’). 
COMPLX’ is the only other reported routine 
known to take electroneutrality into account, 
but it, too, has weaknesses.’ 

For the relatively simple problem of the dis- 
tribution of species in an analytically deter- 
mined system, which therefore exists de facto, 
such a consideration may not seem to matter. 
Yet the calculation of the distribution depends, 
ultimately, on the activity of each species, which 
in turn is a function of the ionic strength of the 
medium. If, as has been found in some scans 

performed with RAMESES and should be ap- 
parent from elementary estimates, large concen- 
trations of the “free” ion are necessary for 
charge balance, then non-negligible effects of 
ionic strength must be present, and therefore 
severe interference with the calculated concen- 
trations. Conversely, a charge excess of the 
same sign as the charge of the free species 
categorically implies non-existence. 

There is however a different type of problem 
in which charge balance cannot be ignored; that 
is, when the notionally “titrant” free species is 
involved in the equilibria of the system (typi- 
cally in the case of weak acids or bases, but in 
general where any complex is formed). Plainly, 
it is impossible to ignore charge balance in this 
circumstance as there is no other information 
available to determine the solution of the 
problem. Indeed, solubility-product work may 
demand such an approach. 

There are, then, classes of problem important 
to solution chemistry (and other equilibria, by 
extension) which may not be tackled correctly 
by most existing algorithms. We can only con- 
clude that it is, at best, dangerous to ignore the 
condition of electroneutrality; at worst, such 
algorithms would be unserviceable. 

Given, then, that it is possible to establish 
non-existence of a system on electroneutrality 
grounds, it is necessary to test for this condition. 
RAMESES achieves this very simply by setting 
a lower limit to the concentration of the “free” 
species (Xi), such as lo-*‘M, after a minimum 
number of iterations, say 10. This causes an exit 
from the main algorithm, having set a flag to 
indicate the condition of non-existence. The 
boundary for the physically possible region is 
thus readily identified without resorting to 
“timeout” or error trap routines as a matter of 
course. 

With the introduction of the oscillation con- 
trol mentioned above, an improvement can be 
made to the charge-balance calculation: the 
two-column matrix Q [equation (1.9)] is re- 
placed by the equivalent vector Q (s x 1) where: 

Qi = zi (12) 

z being the sign and charge of the species as 
before. Then, the charge error A is given by: 

A=XTQ (13) 

so equation (1.14) becomes: 

(14) 
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where j designates the “free” species being used 
for charge balance. This is less conservative than 
before, but the use of the dynamic gain factor 
G, as in equation (3) provides the necessary 
control. 

GAS EQUILIBRATION 

In some closed systems, the (total) concen- 
trations of dissolved gases may be predeter- 
mined, and consequent species distributions 
found directly from the existing algorithm. 
However, when the system is to be equilibrated 
with a gas or gas mixture, the system is in effect 
open, with fixed partial pressures. An example 
of such a system is saliva in contact with expired 
air, where the equilibria involving CO2 are 
particularly important in buffering. 

In RAMESES, it is then simply a matter 
of requiring that the partial pressure of the 
dissolved gas (which must equal the partial 
pressure in the equilibrated atmosphere) remain 
constant, by setting the corresponding element 
of F to 1 instead of to the correction factor 
implied by equation (1.13). This is achieved by 
testing a flag at that point to make the appropri- 
ate decision. 

ZERO CONCENTRATIONS 

A minor programming matter, but one of 
considerable importance in practical appli- 
cations, especially for interactive use on “per- 
sonal” computers, is that of handling zero 
concentrations. As required for linearization of 
the equilibrium equations, the calculations are 
done in terms of logarithmic concentrations 
[equation (1.5)] and log zero (which is -co) 
cannot be defined on the computer. However, 
by replacement of zero by the smallest possible 
positive machine number, EPS, such that the 
machine’s versions of log,,(EPS) and of 10 
raised to the power of log,,(EPS) [see equation 
(1.8)] both return allowable values, the calcu- 
lation may proceed without detriment to the 
accuracy of the required concentrations (the 
machine would have to have a peculiarly small 
dynamic range for this to be otherwise). How- 
ever, it is obvious that a calculated log(concen- 
tration) may still be less than log,,(EPS), so that 
taking the antilog returns a (true) machine 
zero. This condition is readily trapped for the 
next iteration by using EPS in the conversion 
expression, thus (in BASIC): 

Pa(i) = LGT(Xa(i) + EPS) 

The effect of including a component can thus be 
readily tested by switching its presence “on” 
and “off” without having to redefine the system. 

TESTING 

The language used for comparative work was 
QuickBasic V4.0 (Microsoft Corp., Redmond, 
WA, USA), running in the development en- 
vironment, i.e., uncompiled, on an 80286180287 
machine (AST Premium 286, AST Research 
Inc., Irvine, CA, USA) running at 10 MHz. 
Results were displayed graphically on an EGA 
colour monitor, from which a graphics-screen 
dump to printer could be made. The distri- 
bution diagrams given here were redrawn from 
such prints. 

A series of preliminary tests of RAMESES 
were conducted to examine the effect of varying 
the initial guess. The form used was: 

XAi(,) = UT)., all i #k (15) 

where k corresponded to the scanning species 
(such as H+), over the range of a from 1 to 
lO_“. The general effect was to decrease ex- 
ecution time as a was decreased, with erratic 
behaviour at large values, but levelling off at a 
minimum for a < N lo-“. An arbitrary choice 
of a = 10p20 was made. No problems have been 
detected in its general use. 

The gain increment g [equations (5a) and 
(5b)] was tested over the range 0.01-0.25 during 
development of the present procedures. As 
might be expected, small values were relatively 
inefficient in that the rate of adjustment 
was slower, and large values led to a risk of 
instability. Over the range 0.025-0.15 there was 
little more than random variation in timing, or 
of maximum or minimum numbers of iter- 
ations. The RAMESES algorithm is thus essen- 
tially insensitive to such variation, and the value 
g = 0.05 was adopted for further work. 

A series of tests was made to find whether in 
equations 5(a) and 5(b) the gain and damping 
could be separately optimized. The outcome 
was that the same value of g should be used in 
both cases. 

Previously,’ it was suggested that the elements 
of F be given a default value of 0.01 or 0.001, 
when the calculated value was negative. The 
effect of this lower limit was examined. The 
conclusion was that no practical problems arise 
from setting very low values; indeed, running 
was appreciably faster the smaller the value 
adopted, down to about 10-‘5, below which the 
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levelled out. Again, an arbitrary choice of lo-*’ 
was adopted as a practical working value. No 
upper limit for the elements of F has been found 
necessary so far. 

Considerable effort has been expended in 
comparison of the speed of computations of the 
present kind as a function of machine, language, 
machine precision, and whether or not the 
program was compiled and by what compiler.3 
This seems to be a somewhat fruitless pursuit, as 
developments in programming languages, com- 
pilers, and especially processors occur regularly 
and with great frequency. Clock speeds in par- 
ticular are rising at impressive rates. In a sense, 
the speed at which a calculation can be made 
depends primarily on the user’s access to a fast 
machine. Attention would perhaps be better 
directed to making an algorithm reliable, robust 
and efficient, and its implementation, the pro- 
gram, reflect these properties. The importance 
of such ideas has been amply stated,” and 
motivates the present development work. 

EXAMPLES 

To test RAMESES, and in particular the 
effect of the oscillation detector and the forward 
extrapolation procedures, several systems were 
used. As has been argued,3 there is a need for a 
standard test system which would enable the 
comparison of algorithms. Accordingly, the 
proposed synthetic system ESTIME,3 and four 
earlier examples (Systems I-IV)* were used for 
direct comparisons with RAMESES. In each 
case, however, because of the use of the ES4EC 
algorithm in the earlier work,*s3 no charge infor- 
mation was then reported. This provides no 

PH 

Fig. 1. Log (concentration), P, us. pH for the synthetic 
system ESTIME, condition a. Background “NaCl” omitted. 
Some species do not appear, because their concentrations 
are too low; identifications are omitted as the system is of 

no intrinsic value. 

great difficulty for real systems, as the species 
are clearly identifiable, but for synthetic systems 
arbitrary arrangements have to be made. Fur- 
ther, in each system a nominal non-interacting 
ionic background has to be added (e.g., Na+, 
Cl-) in order that the implicit “titration” of the 
required pH scan be performed in RAMESES. 
This implies that each system thus tested is 
larger by 2 species, and therefore involves a little 
more computation, although without affecting 
the other species in any way. 

In testing these examples, the following were 
considered: 

(i) run time vs. order of extrapolation for 
tolerances of 10-‘“-10-3~ 7 

(ii) run time vs. tolerance at zero-order ex- 
trapolation (i.e., no extrapolation); 

(iii) number of iterations vs. pH for the 
zero-order extrapolation. 

For (ii) and (iii), G was reset equal to I at each 
step. The species distribution diagrams were 
also examined. For the extrapolation order 
tests, the following procedure was necessary: for 
k points already evaluated, when the required 6 
was > 1 and k c b, then a temporary b* = k was 
used for extrapolation in order to utilize con- 
tinuously the full information available at each 
stage. 

ESTIME 

Containing two principal metals and one 
ligand in 35 equilibria, this was believed to be a 
representative system.3 The species distribution 
diagram is given in Fig. 1, and the results of the 
three tests are shown in Figs. 24. Some other 
results for all five suggested conditions (in order, 
a-e) are given in Table 1. 

OLI I ” ” ” ” ’ 01234567 8 0 10 
b 

Fig. 2. Run time, r, vs. extrapolation order, b; 
-loge = 3-10 (6 = tolerance), for the system ESTIME, 

condition a. pH: 2.0-9.75, step 0.25. 
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Fig. 3. T us. -log L for the five test conditions proposed for 
the system ESTIME: b = 0. pH: 2.0-9.75, step 0.25. 

200 

5 
u 

100 

Oo 2 4 0 8 10 12 14 

Fig. 4. Number of iterations required for solution (Itn.) us. 
pH for the five test conditions proposed for ESTIME; b = 0. 

System I 

Dealing only with the hydrolysis of alu- 
minium, this system was thought’ to offer vari- 
ous problems that would test the robustness of 
algorithms. The distribution diagram is given in 

Table 1. Some illustrative results for the test systems 
discussed, running in BAMESES. pH: O-14, step 0.25, 

b=O, -log< =3 

Iterations 

System T, set Max. Min. Mean 

ESTIME a 815.7 132 4 59.0 
b 1092.1 171 5 79.2 

‘d 1287.4 817.8 206 121 5 5 93.4 59.2 
e 1403.3 231 5 101.9 

I 
: 

11.9 9 2 3.0 
11.9 9 2 3.0 

C 22.1 5 4 5.0 

II 475.1 111 5 72.7 

III 429.6 8 5 7.4 

IV 80.8 5 5 5 

-166:, / . 
2 4 6 6 10 12 l4 

PH 
Fig. 5. P us. pH for System I, the hydrolysis of aluminium, 
total [Al] = 3.7 x l0-5M (condition a). Background “NaCl” 
omitted. Key: 1. [Al’+], 2. [A10H2+], 3. [Al(OH):], 
4. [AI(OH 5. [AI( 1, 6. [Al,(OH);+], 7. [AI,(O 1, 

8. [AI,(OH) 9. [AI,(OH) 10. [AI,,(OH) 

Fig. 5, and the results of test (i) in Fig. 6. Only 
the first of the three conditions suggested’ was 
used, because the differences between them (in 
order, u-c) were insignificant (Table 1). 

System II 

This involved K+, Cu*+ and Ni*+ with citrate 
in 18 equilibria for one set of total concen- 
trations. With both polynuclear and mixed com- 
plexes present, this system contains enough 
interaction between species for it to pose a 
reasonable challenge to the algorithm. The dis- 
tribution diagram is given in Fig. 7. Run-time 
test (i) results are given in Fig. 8, test (iii) results 
in Fig. 9. 

System III 

In comparing 75 equilibria for a mixture of 10 
organic acids and three metals, this system 

lor 

Y 
rn55- 
F 

0’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 
0123456 7 8 a 10 

b 

Fig. 6. z vs. b, -log c = 3-10, for System I, total 
[Al] = 3.7 x 10e5M. Machine-timer rounding errors give 

apparent conflict at -1ogc = 7 and 8, b = 0. 
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P 

42 

-la 
0 2 4 6 10 U 

Fig. 7. P OS. pH for System II, K+/Cu2+/Ni2+/citrate3-. 
Key: species numbers as in original report,* plus: 19, w+]; 

20, [Cu” J: 21, wi*+]; 22, [citrate3-1. 

offered the challenge of size. A partial distri- 
bution diagram is given in Fig. 10, and test (i) 
timing results in Fig. 11. Between five and eight 
iterations were needed for solution over the pH 
range O-14 at b = 0. 

System IV 

This was another synthetic system, dealing 
with the hydrolysis of 6 metals, 35 equilibria, 
and involving polynuclear species. The distri- 
bution diagram is given in Fig. 12, and the test 
(i) result in Fig. 13. For b = 0, five iterations 
were uniformly required for solution over the 
pH range O-14. 

DISCUSSION 

None of the test systems above caused any 
problem with RAMESES. In terms of run time, 
r, ESTIME was the most difficult to solve but 
this was not unreasonable, given the obvious 
high degree of interaction between species. Even 
so, it is apparent from Fig. 4 that the difficulty 

234307 3 

Fig. 8. T vs. b, -loge = 3-10, for System II; pH: 3.0-9.0, 
step 0.15. 

I / 
t / 

00’ 2 4 6 8 10 12 14 
PH 

Fig. 9. Itn. us. pH for System II; b =O. 

arises only at high pH, mostly beyond the range 
previously tested,3 but dependent on the actual 
(relative) component concentrations. 

Also, run time depended linearly on log (tol- 
erance) (Fig. 3), i.e., each further digit of pre- 
cision required the same increment in z, with 
little “overhead” as judged from the extrapol- 
ation to the (meaningless) t = 1. (Very erratic 
results were obtained in tests for E >> 10s3, as 
might be expected, but see below.) 

This relationship, of r and log E, also applied 
generally to each system tested, and for each 
value of b (but with some variation, as discussed 
below). The variation of r with t seems not to 
have been considered previously. It is therefore 
proposed that reports of such algo~thm testing 
specifically include a description of the relation- 
ship between z and 6. 

The form of tolerance criterion previously 
used for ESTIME,3 equation (1 1), was tested 

-4 

-8 

P 

-12 

-111 

-20 
-0 2 4 (I 8 io 12 14 

PH 

Fig. 10. P vs. pH for selected species for System III. 
Background “NaCl” omitted. Key: 1. [K+], 2. [Ca2+], 
3. [ac-1, 4, [his-], 5. [Cahis+], 6. [Hhis], 7. [CaHhis2+], 
8. [KHmale], 9. (NaHmala], 10. [CaHtart+], 11. [CaHoda+], 
12. [Hsucc-1, 13. [NaHsucc], 14. [CaHsucc+], 15. (H2tart], 
16. [Hzsucc], 17. [H,oda], 18. m,his’+], 19. [CaOH+], 

20. [gly-1, 21. [Cagly+] (abbreviations as reported*). 
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0’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 
0 1 234567 8 9 lo 

b 

Fig. Il. T us. b, -log6 = 3-10, for System III; 
pH = l&10.5, step 0.5. 

now for condition u with a limit of lo-’ (as used 
before3), with 1M Cl- added. The run time for 
pH O-14 (step 0.25), b = 0, was 660 set, the 
maximum, minimum, and mean number of iter- 
ations being 101, 2, and 46.9 respectively. On 
comparing this with the data in Table 1, and 
noting the form of Fig. 3, it is clear that the 
criterion is both weak and unreliable, and gives 
a false sense of algorithm speed. For this reason, 
the timing results obtained before2*3 cannot be 
properly interpreted, despite the efforts then 
made to define rules for comparison.’ The 
proper inclusion of charge balance now in- 
creases the difficulty. 

A particular and rather strange property of 
the ESTIME system was the “titration” curve 
represented by the total of ma+] required for 
charge balance: it showed a local maximum 
for two of the conditions, c and e (Fig. 14). 
Although this was not a large feature, it does 
seem to indicate that the system is physically 
unrealistic. The charge numbers chosen for the 

PH 

Fig. 12. P vs. pH for synthetic System IV. Background 
“NaCl” omitted. Identifications omitted as the system is of 

0’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 
0 1 2 3 4 5 678910 

b 

Fig. 13. T vs. b, -log 6 = 3-10, for System IV, 
pH = 3.5-10.0, step 0.5. 

uncomplexed metals and the ligand were each 2; 
this set was optimal in the sense of avoiding 
what seemed to be inappropriately large charges 
of, for example, f7, for some species, when 
what might otherwise be thought to be a reason- 
able charge number of 3 was introduced for 
one or more of these. That the effect was not 
due to calculation errors was shown by the 
persistence of the feature at very small tolerance 
(6 = 10-8). 

This effect appears to imply that for a certain 
range of compositions, three distinct pH values 
may be exhibited. If such a system were to exist, 
it would seem to challenge some basic tenets of 
solution chemistry. It may be concluded that 
there are subtle dangers in “synthetic” problems 
of this kind. However, a bigger problem would 
be that when the pH was to be determined, 
a single-value solution would not be possible 
under some circumstances. The algorithm 
would fail, but only because of the design of the 
test system. 

0 7 9 9 

PH pn 

Fig. 14. Calculated titration curve for ESTIME system, 
no intrinsic value. condition e (arbitrary zero). 
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The solution of System I is essentially trivial, 
as is apparent from the distribution diagram 
(Fig. 5). The elementary direct calculation 
would yield a proportional error of less than 
low4 in all species, at the worst, at pH 14. It is 
therefore somewhat peculiar that algorithms 
EQUIL6 and COMICS4 (which used COGS) 
were reported to have failed.2 Nevertheless, 
though it can be problematic for such proce- 
dures, it provides a good vindication of the 
RAMESES algorithm, notwithstanding the fact 
that the majority of species are essentially non- 
existent over the entire range of pH. 

System II was also reported’ to have failed 
with the algorithm COMICS4 but ran without 
difficulty now. However, the species distribution 
diagram for it (Fig. 7) bears only some similari- 
ties to that previously published (Fig. 2 in de 
Robertis et al.‘), the discrepancies being sub- 
stantial for a number of species. For example, 
[Cu2(cit),0H3-] (species 9, log /I = 11 .9)2 at 
about pH 4.3 was given as accounting for about 
30% of the citrate. The present result for this 
species is about 10-‘“% of the total citrate. This 
may be compared with species 8, [Cu,(cit):-] 
(logp = 15.28), for which the corresponding 
amount of citrate is about 3% of the total. It 
does not seem possible, given the B values, for 
these species to have these relative proportions 
at that pH. The situation for species 10, 
[Ca,(cit),OHi-] (log p = 6.66) is even worse. 
Hence, it is apparent that the previous result 
cannot be correct. No reason for the error can 
be surmised with the available information, but 
clearly ES4EC2 must be carefully re-examined 
to remove whatever bug has caused this prob- 
lem. No attempt has been made to do that now. 

System III presented no difficulties, despite its 
size. The distribution diagram (Fig. 10) shows 
the results for only a selection of species, as the 
similarities in the /I values gave many sets of 
superimposed and parallel lines. All types of 
behaviour are illustrated, however. That size 
alone is not per se a challenge for RAMESES is 
illustrated by the very few iterations required for 
solution (Table l), far fewer than for System II. 

System IV is also an essentially trivial prob- 
lem as there is negligible interaction between 
species. 

The forward extrapolation procedure was of 
most benefit when a large number of iterations 
was required for solution (ESTIME and System 
II, Figs. 2 and 8). The tendency for r to decrease 
with increasing b is clearest for System II, 
and the minimum very nearly keeps step with 

b, as expected. This effect is still present for 
the ESTIME system, but is rather weak for 
-log c > N 5. For b >> -log 6, the benefit of 
extrapolation is offset by the lever effect of the 
errors in the pi used for the calculation, and 
limiting values for T are observed. 

For Systems III and IV, the first-order extra- 
polation could give timings worse than b = 0: 
this emphasizes the greater efficiency of the 
adopted rule of XAi(,) --) 0 [equation (15)] than 
even “reasonable” guesses, on average. For the 
trivial systems, I and IV, there was negligible 
benefit, if any, from employing b > 2, as 
predicted. 

Overall, if a single value of b is to be cho- 
sen, most benefit is obtained with b = 3, given 
that there is in general little point in using 
-log c > -4, as this is the typical limit of 
precision of the equilibrium constants. Equally, 
for the more difficult systems, such as ESTIME 
and System II, there is a clear benefit in using 
larger values of b for the extrapolation. Even 
so, and notwithstanding the improvements that 
can be obtained by forward extrapolation, the 
better test of an algorithm is the zero-order 
calculation. 

It may be noted that the pH ranges previously 
employed2” for the test systems described above 
were variable, with the limits having no obvious 
significance. In view of the absence of physical 
reasons (declared or deducible) for those limits, 
such as those dictated by fixing the concen- 
trations of background species and the identity 
of the “free” species, the systems were re- 
examined for the pH range O-14 in order 
to cover better the possible chemical gamut 
(Table 1). The timing results presented are 
only illustrative (being peculiar to the particular 
machine, language, and so on, of the implemen- 
tation), but the iteration results are a more 
general measure of performance, both in the 
sense of efficiency discussed above and for 
comparison between systems. However, it is 
suggested that any algorithm needs to be 
demonstrated to function over all possible con- 
ditions. As can be seen from Figs. 4 and 9, 
RAMESES was successful in dealing with this 
increased range. 

If objective testing of equilibrium algorithms 
is valuable, as we believe, a number of guidelines 
for it should be followed. 

(i) Range-pH O-14 (or more, if the system 
warrants it) or the equivalent for any other 
relevant variable; the region of the distribution 
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diagram in which the solution lies has a major of Hong Kong. We are grateful to the referees for helpful 

bearing on the outcome. remarks in refining this report. 

(ii) Order-4 = 0; a well-behaved procedure 
should be able to handle any starting conditions 
successfully. 
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Summary-By the use of a matrix-algebra identity, the algorithm RAMESES for solution of systems of 
equilibrium equations may be modified to reduce both computer storage requirements and execution time. 
As a result, standardized formation constants and solubility products are found. This may facilitate 
compilation of such data in uniform style. An illustrative example is given. 

The algorithm RAMESES for the solution of 
multiple equilibrium systems has already been 
reported’ and certain aspects of its program- 
ming made more efficient.’ In referring to the 
first report,’ equation numbers will be identified 
by the prefix “1”. 

The importance of work on computational 
methods for speciation problems has recently 
been emphasized,3 but as has been pointed out,4 
there have been difficulties in minimizing the 
two principal variables of the computation pro- 
cess: storage requirements for the coefficient 
matrix, C, and the execution time, r. These 
appear to make conflicting demands on the 
programming, and require some decision to be 
made regarding computational strategy.4 That 
such a decision requires prior knowledge or 
an arbitrary rule is an unfortunate aspect, 
but either way the solution is not very elegant. 
We report now an algebraic identity which 
simultaneously minimizes both variables for 
RAMESES in its current implementation, and 
which provides two useful side-results: the cal- 
culation of standardized formation constants, 
and an extension to solubility products. An 
illustrative example is given. 

NUMERICAL METHOD 

The solution of the equilibrium equations to 
determine the logarithmic concentrations of the 
r dependent species is given by equations (1.6) 
and (1.7), i.e., 

P, = c, ’ (L - C,P,) (1) 

This may be expanded to give 

PB = C;‘L - (C,‘C,)P, (2) 

Multiplying through by Cb gives 

C;P, = C;(C,‘L) - C;(C,‘C,)P, (3) 

but if C; = C;;’ = I, i.e., if the equations are 
those of direct formation from the independent 
species, corresponding to 

L; = log(/!$) (4) 

where the transformed matrices are denoted by 
the prime, we would have: 

IPa = I(L’) - I(C (5) 

which is identically 

PB = L’ - CAP, (6) 

when 

L’ = CB’L (7) 

and 

c;, = C, ‘CA (8) 

With the exception of the previous’ conven- 
tional treatment of OH- and H+, 

Ca = -MB (9) 

where, by reference to equation (1.1 l), MA M= M 
[ 1 B (10) 

and the matrix M, (t x t) is 

MA=1 (11) 

425 
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The independent species may be chosen to be 
identified with the corresponding uncomplexed 
species, although from the algebra this is not 
a necessary condition, merely one of logical 
convenience. 

SOLUBILITY PRODUCTS 

By use of the matrix notation, the ion 
products for a given set of expected solids may 
be simply written. Now, let us construct a 
multiplicity matrix N (s x U) for the u solids to 
be tested. Then, if the logarithmic solubility 
products are held in H (U x l), and P is the 
logarithmic concentration vector 

P= (12) 

[see equations (1.5) and (1.7)], inspection of the 
elements of W (24 x 1) 

W=H-NTP (13) 

indicates whether any solubility product 
has been exceeded. In this manner, it is of 
no consequence how the solubility product is 
expressed. 

The solubility product data may be trans- 
formed in an exactly similar manner to the 
equilibrium constants above. We construct the 
augmented coefficient matrices, denoted by the 
asterisk, Cx [(r + U) x t], Cg [(r + U) x (r + u)] 
and log K vector L* (r + u x 1) as follows: 

(14) 

(15) 

However, we may note that 

[” ;ul]-’ =[““’ y (19) 

irrespective of the contents of the lower left 
submatrix. Therefore, since 

and 

(20) 

(21) 

if CB E I, that is, L’ and CA are already known 
from equations (7) and (S), then 

i.e., Na is left unchanged. Therefore 

and 

H’=[NB &I]. 
L’ [I H (23) 

Nk=[NB *I]. 
CA 

[ 1 N (24) 
A 

In other words, when the solution equilibrium 
equations are already in the b form, the solubil- 
ity data may be similarly recalculated without 
having to resort to a further matrix inversion. 
Equation (13) may therefore be replaced by 

W=H’-N’TP 
A A (25) 

for determining whether any solid should form, 
so that the size of the required matrix multipli- 
cation is substantially reduced, which is most 
beneficial when the system is large, and few 
solids are to be considered. 

(16) 
I- -I 

where in C,* the upper right matrix is null, i.e., 

empty, and the sign ambivalence of the lower 
right submatrix reflects the possibility of use of 
either solubility products (negative sign) or their 
inverse, the solid “formation” constants (posi- 
tive sign), (or, indeed, any mixture of these). 

It follows immediately from equations (7) and 
(8) that 

CX’ = C,*-‘C* 
A (17) 

and 

L*’ = c;-lL* (18) 

EXAMPLES 

A number of test systems have been run 
previously to examine the efficiency of an imple- 
mentation of RAMESES.* These same systems 
have now been re-run to find out how much 
computational acceleration equation (6) would 
provide (the details of these systems have 
already been given*). The results are given in 
Table 1. The gain is relatively modest for small, 
simple systems such as System I, but substantial 
when a larger number of iterations at each point 
is required, more than doubling the speed for 
System III. 
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Table 1. Timing comparisons for some test systems with 
RAMESES and RAMESES II (pH O-14, step 0.25; b = 0; 

---fog t = 3). 

Run time. r. set 

System 

ESTIME a 

RAMESES RAMESES II 

815.7 428.5 
b 1092.1 578.2 
C 1287.4 686.8 
d 817.8 433.2 
e 1403.3 742.0 

I a 11.9 10.9 
b 11.9 10.9 
C 22. I 16.7 

II 475.1 354.2 
III 429.6 182.6 
IV 80.8 51.4 

The aqueous calcium phosphate system is 
used as an example of the use of equations (17) 
and (18), and the problem of the comparison 
of reported solubility products for hydroxy- 
apatite is treated. The following are taken as 
representative values. 

H+ + PO;-=HPO:- 

1 

so that 

K = 4.73 x 10-13 

H+ + HP0;3- +H,PO; 

K = 6.31 x lo-* 
(ref. 5) 

H+ +OH-+H,O 

K = 1.012 x IO-‘4 

rCa2+]s~PO~-]3~[H+]4 

= 7.24 x 1O-4 (ref. 6) 

cg = 

Then, 

= 4.7 x 10-59 (ref. 7) 

~Ca*+]‘“[H~PO~]6~OH-]2~[H+]‘2 

= 4.0 x IO3 (ref. 8) Q-I = 

The input data are as follows: 

- 12.325 

L = - 7.200 

[ 1 - 13.995 and 

H= 

OH- 

&, = H,PO,- 

[ 1 HPO:- 0 1 1 

G= 0 0 1 

[ 1 0 0 1 

0 0 -1 

C*= 0 -1 1 

[ 1 1 0 0 s 0 -4 

N,=53 o 

[ 1 10 0 -12 0 0 3 

I%= 1 o o 

[ 1 2 6 0 

-0 0 -1 0 0 o- 

o-1 1 0 0 0 

1 0 0 0 0 0 

0 0 3 -1 0 0 

1 0 0 o-1 0 

.2 6 0 0 0 -1, 

0 0 -1 

-1 -1 0 

-1 0 0 

-3 0 0 

0 0 1 

-6 -6 2 

0 0 0 

0 0 0 

0 0 0 

-1 0 0 

o-1 0 

0 0 -1 

- - 13.995 1 

19.525 

12.325 
L*’ = 

40.116 

44.333 

_ 85.559, 
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0 0 1 

0 -1 -2 

0 -1 -1 
c;’ = 

-5 -3 1 

-5 -3 1 

-10 -6 2 

Equations (23) 2 md (24) may be readily con- 
firmed as yielding the lower half of L*’ and Cl’ 
respectively. 

An important point to notice is that the order 
of the L j in L’ is that of the species in X,, 
because these are now formation constants in 
the /_I sense. 

Then, given that the third solubility product 
was expressed in terms of the unit cell formula, 
i.e., twice that of the others, either the co- 
efficients in NB (but not +I) may be adjusted, 
by division by 2, or the resultant log J? 
values can be treated similarly. We thus find 
that the quoted KS,, values for hydroxyapatite 
are discrepant, with a range of some 4 orders of 
magnitude. 

DISCUSSION 

In terms of computation, once L’ and Ci have 
been found, C,’ can be erased, as the matrix 
multiplication corresponding to equation (1.7) 
is not then required. Thus, for large systems, 
the storage requirements may be substantially 
reduced because Ca and C,’ are now reduced 
to temporary matrices, but more significantly 
the time-consuming multiplication of the very 
sparse matrix C,’ is eliminated from the itera- 
tive procedure altogether. In addition, the entry 
of the data for the multiplicity matrix M is 
obviated, as this is now directly calculable for 
any choice of independent species. 

For extremely large systems, of course, the 
problems of storage space still remain for the 
inversion of C. It is, however, beyond the scope 
of the present report to deal with such a purely 
machine-dependent programming problem: sol- 
utions are to be found in standard libraries of 
matrix routines. However, if the equations are 
already all expressed in terms of /I values, the 
procedures represented by equations (7) and (8) 
as well as the inversion of C, are unnecessary, 
and both space and time are further reduced. In 
addition, formation constants may be found in 
more manageable groups by using the above 

procedures, and the full system assembled sub- 
sequently, when the inversion routine may again 
be bypassed. 

In this context, it is noteworthy that a number 
of reported procedures seem to rely on the use 
of solution-species /I formation constants3”-‘* as 
input. In fact, given the confused presentation 
of such data in the literature, with association, 
dissociation, stepwise, and more complicated 
forms being used, such procedures would ordi- 
narily require much preparatory work to calcu- 
late, essentially manually, each input constant 
if not immediately available. In contrast, the 
RAMESES algorithm’ has no restriction on 
input format; all manner of reaction statement 
styles can be accommodated by the algebra, so 
long as due notice is taken of the signs of the 
coefficients which represent the reactions. Sys- 
tems may therefore be assembled from several 
sources without the need for prior conversion 
into a standardized format, with obvious advan- 
tages. The present development does not alter or 
diminish those advantages, but rather adds to 
them. 

The algebra above may be employed directly 
and deliberately for the computation of stan- 
dardized formation constants and the inter- 
conversion of the many different kinds of 
expression (according to how the components 
are defined). It would also facilitate the routine 
compilation and organization of such data in a 
standardized format, a move long overdue in 
our view, despite recognition of the need for it,13 
although the labour involved may be excessive. 
It would seem that a convention needs to 
be formally adopted. We offer this point for 
consideration, suggesting that these constants 
primarily be in terms of free ions or non- 
dissociable component molecules only, and 
using [H+]-’ in place of [OH-] (noting that this 
implies that [H+] would appear as a divisor in 
the equilibrium statement, and not that the 
species composition itself would be represented 
as being formed by the abstraction of hydrogen 
ions, when this is physically unrealistic*). 

In like manner, we are of the opinion that the 
same should be done in respect of the solubility 
product, a term which does not adequately 
reflect its definition, and which is defined indeed 
in a sense opposite to its intended function and 
already described as illogical.‘4 It should, per- 
haps, and more informatively, be called the 
saturation product. Thus, we incline to the view 
that the conditions for the formation of a 
solid are of primary interest in the majority of 
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circumstances and therefore that the relevant K 
should be defined by: 

K= 
{solid} 

fi {component i} 

where the numerator is the conventional unit 
activity. This makes K a formation constant, in 
line with that of solution species, as outlined 
above. The value of such an approach and 
definition has already been discussed.‘3*‘4 

The RAMESES algorithm has thus been ex- 
tended in its scope to determine standardized 
formation constants, both for solution species 
and solids, whilst substantially accelerating the 
calculation of species distribution diagrams and 
the checking of solubility limits. This extended 
algorithm we have named RAMESES II. The 
fact that these extensions can be expressed in 
succinct matrix-algebra terms maintains the 
procedural clarity of the original algorithm, 
which again may offer some benefits in the 
teaching of the subject of equilibria. 
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BEHAVIOUR OF 
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Summary-The extraction be.haviour of La(III), Ce(III), Eu(III), Th(IV) and U(W) with 3-phenyl4 
benzoyl-5-isoxazolone (HPBI) in chloroform has been studied. The mechanism of extraction and the 
species extracted have been identified. Extraction constants for each system have been calculated. The 
system has Been used to separate Th(IV) from U(W) and from La(III), Ce(II1) and Eu(II1). A comparison 
of the extraction constants with those for the I-phenyl-3-methyl-4-benzoyl-5-pyrazolone (HPMBP) and 
thenoyltrifluoroacetone (HTTA) systems indicates that HPBI extracts these metal species netter than 
HPMBP and HTTA do. 

/?-Diketones, especially thenoyltrifluoroacetone 
(HTTA),’ have been used extensively for the 
extraction of various metals. Acylpyrazolones 
have also been found effective for the efficient 
extraction of lanthanides,‘” actinides4q5 and 
other metals.“” Recently, we have reported the 
extraction of manganese(II), iron( cobalt(II), 
nickel(II), zinc(II), cadmium(I1) and lead(I1) 
with 3-phenyl-4-benzoyl-5-isoxazolone (HPBI) 
in chloroform. HPBI is a new chelating ligand 
in which the /3-diketone moiety is fused to 
the heterocyclic ring. These studies are now 
extended to the extraction of lanthanum(III), 
cerium(III), europium(III), thorium(IV) and 
uranium(V1). Deposits of thorium and uranium 
are generally associated with the rare earths. It 
is therefore of technological interest to make a 
comparative study of the solvent extraction 
behaviour of lanthanides and actinides so as to 
develop an efficient procedure for their separ- 
ation and purification. In common with other 
/?-diketones (e.g. HTTA) HPBI exists in keto 
and enol forms (Fig. 1). The presence of an 
enolic peak at w 6 12 ppm relative to that 

of TMS in the proton magnetic resonance 
(PMR) spectrum of HPBI in deuterochloroform 
(CDCl,) confirms the existence of the enolic 
form.‘* Solid complexes of these metals with 
HPBI have also been isolated, and characterized 
by elemental analysis, and infrared and PMR 
spectral studies. ‘* The effectiveness of HPBI in 
the separation of metals has also been described. 

EXPERIMENTAL 

Reagents 

HPBI was prepared according to the method 
of Korte and Storiko’3 from 3-phenyl-5- 
isoxazolone and benzoic anhydride and the 
purity was checked by elemental analysis. Ana- 
lytical reagent grade chloroform was used as the 
solvent for extraction. Stock solutions were 
prepared from spectrally pure metal oxides or 
nitrates and were standardized by titration with 
EDTA or gravimetrically. The stock solutions 
were diluted to 30 ppm (lanthanum, cerium, 
europium), 20 ppm (thorium) and 50 ppm (ura- 
nium) for the extraction studies. The pH was 

/ c& 
ct.& -c-ccc 

11 1 ‘OH 

keto en01 

Fig. 1. The enol and keto forms of 3-phenyl-4-benzoyl-5-isoxazolone. 
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adjusted in the range l-3 by appropriate addi- 
tion of 1M hydrochloric acid, the ionic strength 
being kept constant by addition of 1M potas- 
sium chloride. For the pH range 3-6, acetic 
acid-sodium acetate buffers were used, with 
ionic strength maintained constant with potas- 
sium nitrate. All the other reagents used were of 
analytical reagent grade. 

Apparatus 

All experiments were done at 25 k 1”. An 
Elico Ll-120 digital pH-meter with a com- 
patible glass-calomel electrode assembly was 
used. Absorbances were measured with a 
Unicam SP-500 visible s~ctrophotom~ter. For 
extractions, 60-ml stoppered bottles and a 
mechanical shaker were used. 

Procedure RESUI,TS AND DISCUSSION 

Ten ml of aqueous phase containing an 
aliquot of metal solution, 5 ml of buffer solution 
and 1 ml of 1M potassium nitrate were shaken 
with an equal volume of O.OlM HPBI solution 
in chloroform for 1 hr. Previous studies had 
shown that this period is sufficient for establish- 
ing equilibrium. The organic phase was then 
separated and the equilibrium pH of the 
aqueous phase measured. The concentration of 

The extraction of lanthanum, cerium(III), 
europium(III), thorium and uranium(V1) with 
O.OlM HPBI in chloroform was studied as a 
function of pH. The results are shown in Fig. 2. 
The degree of extraction was found to increase 
with pH and became almost quantitative near 
the pH at which the metal ion hydrolyses. Plots 
of log Kd vs. pH at constant ligand concen- 
tration gave straight lines with slopes of around 
two for uranium(VI), three for lanthanum, 
cerium(II.1) and europium(III), and four for 
tho~um. Similar slopes were obtained for 
plots of log Kd us. log [HPBI] at constant pH. 
Hence the extraction systems can be rep- 
resented as 60 

70 

60 

Et%) 
SO 

I, I I I 

0 1 2 3 4 5 6 

PH 

Fig. 2. Plots of degree of extraction(% E) IIS. pH. 
0 = Th(IV), 20 ppm; 0 = UO,(II), 50 ppm; q = Eu(III), 
30 ppm; x = L&III), 30 ppm; A = Ce(III), 30 ppm; O.OlM 

HPBI in ch~orofo~. 

metal ion in the aqueous phase was determined 
spectrophotomet~~lly with Alizarin RedSI 
for lanthanum, cerium(II1) and europium(III), 
thoron” for thorium and dibenzoylmethane16 
for uranium(VX). Preliminary experiments 
established that the Alizarin Red-S reaction is 
very sensitive to pH, so it was necessary to 
destroy the acetate, the presence of which made 
it difficult to attain the desired pH. Five ml of 
the aqueous phase were heated with perchloric 
acid until fumes were evolved, to destroy the 
acetate. The residue was dissolved in distilled 
water and the metal determined with Alizarin 
Red-S.14 In some cases the organic phase was 
stripped with 2M nitric acid and the metal 
content determined. The results were used for 
calculating the distribution ratio, &. 

Ln3+ + 3HPBI Z$ Ln(PBI), -t- 3H+ 

for Ln = La, Ce, Eu, and 

UO:+ f ZHPBI ‘, U02(PBI), + 2H + 

Th4+ + 4HPBI f ~(PBI)4 + 4H+ 

Hence, 

log iu, = log _rir - npH - ~log~HPBI]~~* 

where x;?, is the extraction constant and 
n = 2, 3 and 4 for the uranium(VI), Ln(II1) 
and Th(IV) systems, respectively. The values 
found for log K,, are given in Table 1. Compari- 
son of the values with those for the correspond- 
ing 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone 
(HPMBP) and thenoyltrifluoroacetone (HTTA) 
systems (Table 1) indicates the superiority of 
HPBI, which is attributed to the lower p& value 
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Table 1. Comparison of log & values of metal-HPBI, 
metal-HPMBP and metal-HTTA systems 

Ligand 

Metal ion HPBI* HPMBPr.4 HTTA’.i%‘s 

La(III) 
Ce(II1) 
Eu(II1) 
Th(IV) 
U(VI) 

-1.95 - 7.28 -9.90 
-1.20 -6.71 -9.60 
-1.05 -5.33 -8.99 
+6.92 -1.00 +1.00 
+0.35 -1.15 -2.40 
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Summary-The reaction of sulphoxides with trifluoroacetic anhydride and iodide in acetone medium to 
produce iodine, which can he used for their titrimetric determination, has heen adapted for spectro- 
photometric determination of sub-nmole amounts of sulphoxides. 

Sulphoxides can be successfully applied as start- 
ing materials in organic synthesis, and also play 
a significant role in industrial chemistry.‘,’ Some 
sulphoxides have also received much attention 
because of their biological activity.3q4 For this 
reason, their isolation and determination, which 
have long been investigated,5*6 are still of interest 
in the analytical chemistry of sulphur. Most of 
the procedures are based on reduction,‘-” oxi- 
dation’3-‘6 or neutralization titrations,“,‘* and 
thus are most suitable for the determination of 
sulphoxides at higher concentrations. The more 
sensitive methods developed recently are either 
spectrophotometric or based on the formation 
of chelate-type derivatives. 

for spectrophotometric determination of some 
sulphoxides. Sulphoxides can also be deter- 
mined by reduction with leuco-compounds 
derived from tryptophan and glyoxylic acid.** 
or p -dimethylaminobenzaldehyde,23 to form 
strongly absorbing dyes. 

A few sulphoxides have also been determined 
chromatographically, some aliphatic ones by gas 
chromatography24 and others by high-pressure 
liquid chromatography with post-column deriv- 
atization with hexachloroplatinate.25 Recently 
we reported26 a sensitive method of sulphoxide 
determination, based on the use of trifluoro- 
acetic anhydride/iodide (TFAA-I) reagent,*’ fol- 
lowed by titration of the iodine formed: 

R 
\ 

S-O - R’S+-O-C(0)CF 
TFAA 

*‘- 3 + CF CO- 3 2’ “S + I + 2CF CO- 

R/ R/ 
2 3 2 

R/ 

In contrast to the simple aliphatic sulphox- 
ides, which are characterized by low molar 
absorptivity in the 200-240 nm region, deriva- 
tives which contain unsaturated groups have 
much stronger absorption in this region.” 
Strongly absorbing compounds are also formed 
by complexation between the sulphinyl oxygen 
atom and transition metal ions, and can be used 
for the spectrophotometric determination of 
some sulphoxides. Thus, complex formation 
with iron(II1) (L = 410 nm)*O and aquopenta- 
cyanoferrate(I1) (A = 658 nm)*’ have been used 

*Author to whom correspondence should he addressed. 

The sensitivity of this method is limited by 
the method of iodine determination and a 
spectrophotometric finish would enhance it. 

EXPERIMENTAL 

Reagents 

Dimethylsulphoxide (DMSO, Aldrich) was 
standardized by the permanganate method,13 
and the other sulphoxides were prepared 
according to Drabowicz et al.** and were all of 
the purity previously reported. They were used 
as O.lM solutions in anhydrous acetone and 
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diluted as required, just before use. Trifluoro- 
acetic anhydride (Aldrich) was used as a 0.5M 
solution in anhydrous acetone, prepared im- 
mediately before use. Acetone was refluxed over 
phosphorus pentoxide and stored over molecu- 
lar sieve 3A. Sodium iodide (Aldrich) was dried 
under vacuum over phosphorus pentoxide, and 
used as a 0.5M solution in anhydrous acetone. 

Procedure 

For calibration, known amounts of sulphox- 
ide (20-1000 ,~l of 5 x 10m4M solution in ace- 
tone) are transferred into lo-ml standard flasks 
and 1 ml of the 0.5M sodium iodide and 100 ~1 
of the 0.5M TFAA solutions (in acetone) are 
added to each, and the mixtures are diluted 
with acetone to the mark. After 2 min, the 
absorbances at 362 mm are measured in fused- 
silica cuvettes (5-cm path-length for lo-50 of 
sulphoxide, l-cm path-length for 50-500 nmole) 
at 20”, against acetone. A reagent blank is 
similarly prepared and measured. The ab- 
sorbances are corrected for the reagent blank 
and plotted against amount of sulphoxide 
taken. The calibration graph is used for inter- 
pretation of the absorbances of sample solutions 
similarly prepared. 

nm 

1.4 

1.2 

0.6 

A 

0.6 

350 400 500 600 700 
II, I 1 11 I1llll ’ I ’ 

- b 

I I I I I 1 1 1 ’ 
30 26 26 24 22 20 16 16 14 

x 1000 cm-l 
Fig. 1. Absorption spectra of sulphoxides (a), TFAA-I 
reagent (b) and reaction mixture of TFAA-I and sulphoxide 
(c): 2 min reaction time, 25”, l-cm cuvettes; a, 500 nmole 
of DMSO or DPSO in acetone; b, standard solution of 
TFAA-I in acetone (without sulphoxide); c, standard 
reaction mixture containing 500 nmole of DPSO (in 10 ml 

of acetone). 

RESULTS AND DISCUSSION 

The relatively high molar absorptivity of 
iodine in acetone solution (C = 2.5 x IO4 
l.mole-’ .cm-’ at 362 nm) allows the deter- 
mination of lo-500 nmole of sulphoxide. In 
principle, the reaction of TFAA and iodide with 
sulphoxides requires a 1: 2 molar ratio of these 
two reagents. For determination of pmole 
amounts of sulphoxides we used a minimum of 
a fourfold molar ratio of TFAA and a 2.5-fold 
molar ratio of sodium iodide to sulphoxide.26 

In the present procedure a IOO-fold molar 
ratio of TFAA and lOOO-fold molar ratio of 
sodium iodide to sulphoxide are used. This high 
excess of iodide leads to a strong increase in the 
absorbance, apparently because of formation of 
the n-i-iodide anion (I2 + I-*1;) which has a 
higher molar absorptivity (Fig. 2). Such a high 
iodide: sulphoxide ratio, however, results in 
some oxidation of the excess of iodide (Fig. l), 
which necessitates a reagent blank measure- 
ment. 

Examination of the release of iodine as a 
function of time showed that reduction of the 
sulphoxide is completed in a few seconds, after 
mixing of the solutions, and is followed by a 
slow increase in the iodine level because of 
oxidation of the iodide excess (the absorbance 

nm 

1.4p 
400 

,I 350 ,(,I I 
700 

, , , , 500 I ,111 600 I , I ( 

II I I I I I I I 1 
30 26 26 24 22 20 16 16 14 

x 1000 cm-’ 

Fig. 2. Influence of the excess of sodium iodide on the 
absorbance of 500 nmole of iodine in (a) 10 ml of acetone, 
and in 10 ml of acetone solutions of sodium iodide 

[(b) 0.01.44, (c) O.OSM, (d) O.lM]. 



Microdetermination of sulphoxides 

Table 1. Spectrophotometric determination of sulphoxides (1 -cm cuvettes, 
362 nm, 6 determinations) 

R’-S(O)--R* 
Taken, Found, Relative 

R’ R* nmole nmole std. devn., % 
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CH, 

n-C, H, 

C,H, 

C,H, 

PhCH, 

CH: 

CH, 

n-C, H, 

C,H, 

+ZH3--C6H4 

PhCH, 

CH; 

50 
100 
200 
300 
400 
500 

50 
100 
200 
300 
400 
500 

50 
100 
200 
300 
400 
500 

50 
100 
200 
300 
400 
500 

50 
100 
200 
300 
400 
500 

10 
20 
31 
40 
50 

48 4.4 
99 1.9 

206 2.4 
300 1.8 
399 1.3 
502 1.4 

51 4.5 
101 4.0 
195 3.0 
298 2.1 
392 2.1 
492 2.3 

50.5 4.1 
99 4.1 

204 2.1 
295 2.2 
405 2.5 
491 1.0 

48 4.8 
102 3.6 
200 2.7 
304 2.4 
395 2.6 
492 2.0 

49 5.0 
102 4.2 
197 3.0 
295 3.4 
404 2.6 
502 2.2 

10.5 9.0 
19.5 6.2 
31 4.0 
41 2.6 
49 2.8 

*5-cm cuvettes. 

increases by 0.02-0.03 in 20 min). For this 

reason the reagent blank is run separately and 

its absorbance is subtracted from that for the 
sulphoxide determinations. The very low molar 
absorptivity of dialkyl or diary1 sulphides and 
sulphoxides in acetone, in the wavelength region 
of interest (Fig. l), practically eliminates the 
need for additional correction for the presence 
of these species. The method is not affected by 
the presence of sulphides and sulphones. Thus, 
the determination of diphenyl sulphoxide (500 
nmole) alone, or in a mixture with 500 nmole of 
diphenyl sulphide or diphenyl sulphone, always 
gave consistent results. 
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Sumnmry-5,5-Dimethyl-1,3-cyclohexanedione (dimedone) reacts in acid aqueous solution with 
selenium(IV) to give a benzoxaselenol which has an absorption maximum at 313 nm with a molar 
absorptivity of 4.00 x lo3 1. mole-’ .cm-‘. The compound is extractable into chloroform, to give a solution 
with an absorption maximum at 300 nm with a molar absorptivity of 3.77 x lo3 l.mole-‘.cn-‘. The 
calibration graph is linear up to 30 ppm selenium, with a detection limit of 0.1 ppm in the final solutions. 
Of the various other ions tested, only iron(II1) interferes at all concentrations but the addition of 1000 ppm 
fluoride will mask 50 ppm Fe3+. The method has good reproducibility, with a relative standard deviation 
of 1.0% for pure solutions. The method has been applied to the analysis of fire-refined copper. 

Although many methods exist for the deter- 
mination of selenium, its spectrophotometric 
determination is still very interesting because of 
its sensitivity and the simplicity of the pro- 
cedure. The most frequently utilized of these 
methods are based on the reaction of Se(IV) with 
an aromatic o-diamine, in which a heterocyclic 
compound called a piazselenol is formed and 
measured.lA However, these methods have the 
disadvantage that the reagents are highly toxic 
and the results do not have high reproducibility. 
Kamaya et ~1.~ recently reported a new method 
based on the reaction with ferrocene, which is 
indicative of continuous research in this area. 

Stamm and GossratP reported that selenium 
dioxide reacts with 5,5-dimethyl-1,3-cyclohex- 
anedione (dimedone), in methanol, to yield a 
yellow compound with an absorption maximum 
in the ultraviolet region. The characteristics of 
this compound make it attractive as the basis 
for an alternative spectrophotometric method 
for determination of selenium, in which a toxic 
aromatic o-diamine is not involved. 

Laitalainen’ has determined the structure of 
this yellow compound (benzoxaselenol) which is 
formed by the mechanism shown in Scheme 1. 
This structure is in good agreement with that 
reported by Still and Kutney for the sulphur 
analogue.8 

The main goal of the present work was to 
establish the conditions in which this reaction 

*Author for correspondence. 

can be used for analytical purposes, and 
its performance characteristics. The procedure 
developed has been applied to the analysis of 
fire-refined copper for selenium. 

EXPERIMENTAL 

Reagents 

A dimedone stock solution (2.5 g/l) was pre- 
pared in 0.25M phosphate buffer (pH 2.0), 
saturated with nitrogen and stored in the refrig- 
erator. It did not decompose appreciably for 
two weeks. 

The standard selenium(N) solution was pre- 
pared by diluting the contents of a Merck 
“Titrisol” ampoule (containing 1000 mg of Se) 
to 500 ml with doubly distilled water. The 
250-ppm stock solutions of selenium(IV) were 
prepared by dilution of this solution. Class A 
volumetric glassware was used for this purpose. 

All other chemicals used were reagent grade. 

Apparatus 

The spectrophotometric measurements were 
made with a Beckman Model ACTA CV 
spectrophotometer, and l-cm fused-silica cells. 

Determination of selenium in fire-rejned copper 

Dissolve approximately 4 g of the cleaned 
sample (accurately weighed) in concentrated 
nitric acid (approx. 25 ml) and heat until the 
solution is evaporated almost to dryness. Take 
up the cooled residue in water, dilute the sol- 
ution to about 100 ml and adjust it to pH 2.0 
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H3C 
+ Se02 - 

“3C 

H3C H3C 

Scheme 1 

with solid sodium hydroxide. Add 0.02M potas- 
sium permanganate until a slight excess is 
present. Boil the solution and then add filter- 
paper pulp to eliminate the excess of perman- 
ganate. Filter off the pulp and concentrate the 
filtrate to 50 ml, then add 25 ml of a mixture of 
concentrated sulphuric acid, concentrated nitric 
acid and water (10: 7: 25 v/v). Electrolyse the 
resulting solution with two platinum electrodes 
at a current of 2 A and applied voltage of 2.5 V. 
After the electrolysis is finished (it takes 2.5 hr 
to deposit all the copper) concentrate the sol- 
ution to 25 ml and then add 8 ml of concen- 
trated hydrochloric acid. Reflux the solution 
until starch-paper does not give a positive reac- 
tion in the vapour. Concentrate the solution to 
approximately 20 ml, adjust to pH 2 and dilute 
to volume in a 25-ml standard flask. Take an 
aliquot of 5 ml of this solution, add 2 ml of 
the 8 x 10e3M stock solution of dimedone and 
dilute to 10 ml with phosphate buffer (pH 2). 
Heat the solution for 60 min at 90”, then cool, 
adjust the pH to 6.0 with sodium hydroxide, and 

add 1 ml of O.lM EDTA and 1 ml of 1000 ppm 
sodium fluoride solution. Extract the benzoxa- 
selenol with 6 ml of chloroform and measure the 
absorbance at 300 nm, against a blank made by 
extracting 2 ml of dimedone solution plus 3 ml 
of phosphate buffer and 5 ml of water with 6 ml 
of chloroform. 

RESULTS AND DISCUSSION 

The spectra of benzoxaselenol in aqueous 
medium and in chloroform are shown in Fig. 1. 
In aqueous medium there is an absorption 
maximum at 313 nm with a molar absorptivity 
of 4.00 x lo3 l.mole-’ .cm-‘. The chloroform 
solution has an absorption maximum at 
around 300 nm and the molar absorptivity is 
3.77 x lo3 l.mole-‘.cm-‘. 

To determine the optimum temperature for 
the reaction in water, three solutions were pre- 
pared, with pH adjusted to 2.0 and containing 
2000 ppm dimedone and 15 ppm Se(W), and 
their temperatures were fixed at 40, 60, 75 and 
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Fig. 1. Absorption spectra of benzoxaselenol in CHCl, 
(---) and in aqueous solution (-). 

90”. The absorbance of each system was moni- 
tored at 313 nm as a function of time and the 
results are illustrated in Fig. 2. From the results 
we conclude that the optimum temperature for 
the reaction is 90”, since the reaction is then 
fastest. 

that the intermediate steps generate protons, 
which decrease the pH of the solution. Appar- 
ently, under these conditions the reaction 
product decomposes. Therefore, a buffer sol- 
ution must be used to ensure quantitative trans- 
formation of selenium into the benzoxaselenol. 
In our case we chose the 0. 1M phosphate buffer 
of pH = 2. 

The optimum pH was established with sol- 
utions containing the amounts of dimedone and 
Se(IV) used in the temperature study, adjusted 
to pH 1.2, 2.2, 2.7, 3.0, 5.0, 7.0 and 9.0, and 
heated at 90”. Figure 3 shows the dependence of 
the absorbance at 3 13 nm on time at pH I .2,2.2, 
2.7 and 3.0. At pH 5.0 or higher no colour 
development is observed. As its pK, value is 
5.22,9 dimedone is increasingly dissociated with 
increase in pH, and this presumably accounts 
for the lack of reaction at pH 25. 

The optimal conditions for the reaction 
were established by a self-directing optimization 
methodto for the three variables studied (pH, 
temperature and time). It was found that pH 2.2 
and heating at 80” for 50 min gave the best 
results. However, on the basis of Figs. 2 and 3 
it was decided to use heating in a water-bath at 
90” for 60 min. 

Figure 4 shows the dependence of the absorb- 
ance at 3 13 nm, under the best practical working 
conditions, on the mole-ratio of dimedone to 
Se(IV), measured against a blank solution con- 
taining the same concentration of dimedone as 
the sample solution. The reaction is complete at 
a mole-ratio of 80 or more, so a large excess of 
dimedone is necessary. 

It was also observed, however, that after The calibration graph obtained under the 
heating for 2 hr a pink precipitate, which recommended conditions is linear up to 30 ppm 
appeared to be elemental selenium, was formed of selenium and the molar absorptivity at 
and the pH of the solution had gone down 300 nm is 3.77 x lo3 1. mole-‘. cm-‘. The detec- 
to 1.0. From the mechanism of the reaction tion limit is 0.1 ppm of Se. A reproducibility 
between dimedone and selenium(IV) we can see study gave a relative standard deviation of 

Time (mid 

Fig. 2. Time dependence of the absorbance at 313 nm 
at different temperatures. Dimedone 2000 ppm, Se(IV) 

15 ppm, pH 2. 

. 
0.6 - 

0 SO 100 150 200 

Time (mid 

Fig. 3. Time dependence of the absorbance at 313 nm at 
different pH values. Dimedone 2000 ppm, Se(W) 15 ppm, 

temperature 90”. 

0 10 20 30 40 50 60 70 60 90 100 

[DMDI/[Se(IV)l 

Fig. 4. Dependence of the absorbance at 313 nm with mole 
ratio of dimedone to Se(W). Se(IV) 1.9 x 10v4M (15 ppm), 

pH 2, temperature 90”, reaction time 50 min. 
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Table 1. Determination of selenium in fire-refined copper (five 
replicates) 

Proposed method o-Phenylenediamine method3 

Sample Se, ppm rsd, % Se, ppm rsd, % 

A 13.2 5.7 13.6 3.0 
B 14.3 6.1 14.7 2.9 

1 .O% in a series of 15 determinations on pure 
solutions containing 15 ppm of selenium. 

Of the ions normally present in the samples of 
interest, it has been found that Cu2+ (50 ppm), 
Pb2+ (50 ppm), Te4+ (50 ppm), Mn’+ (50 ppm), 
Ni*+ (100 ppm), Ag+ (10 ppm), As3+ (500 ppm), 
Sb3+ (20 ppm), SO:- (200 ppm), NO; 200 ppm), 
Cl- (200 ppm) and F- (2000 ppm) do not 
interfere when present at the levels shown in 
brackets. Fe3+ interferes at any concentration, 
but up to 50 ppm can be masked by fluoride 
(1000 ppm). 

Determination of selenium in fire-refined copper 

The proposed method was used to determine 
trace amounts of selenium in copper metal. 
Prior separation of selenite from copper(I1) was 
necessary and the method of total electrolysis 
was employed. 

The results (Table 1) showed good agreement 
with those found by the o-phenylendiamine 
method.3 Five independent copper samples were 
analysed by both methods. The rsd appears 
higher than that for pure solutions, because the 
results refer to 2 ppm selenium in the final 

solution for the copper analysis, compared with 
15 ppm for the test on pure solutions, i.e., the 
standard deviations are similar (-0.2 ppm). 
The rsd for the proposed method is higher than 
that of the comparison method because the 
latter method has a much higher sensitivity. 
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Summary-Cobalt(H) in acetate-tartrate buffer (pH 6.0-7.3) is extracted quantitatively as cobalt(II1) 
dithizonate with excess of dithizone in CC&. The molar absorptivity in the CCI, phase is 4.6 x lo4 
1. mole-‘. cm-’ at the absorption maximum 550 nm. The calibration graph is linear for l-10 fig of cobalt 
in 10 ml of Ccl, when excess of dithizone is removed by back-extraction with O.OlM aqueous ammonia. 
Most interferences can be overcome by (a) initial extraction with dithizone at pH 1.3, (b) selective 
back-extraction into hydrochloric acid (pH 1 to 2) (c) oxidation of iron and tin to iron(II1) and tin(IV) 
and addition of fluoride to complex the former, and (d) selective reaction of nickel dithizonate with 
l,lO-phenanthroline in the CC& phase followed by back-extraction of nickel into O.lM acid. The method 
has been applied to determination of cobalt in a copper-nickel-zinc alloy and a nimonic alloy. 

Cobalt(I1) reacts with dithizone (H,Dz) in car- 
bon tetrachloride to give, depending on the 
conditions used, cobalt(I1) or cobalt(II1) dithi- 
zonate, of which the latter is particularly stable 
towards dilute mineral acid and has a large 
molar absorptivity at its absorption maximum. 
However, this reaction appears only to have 
been used for the separation and concentration 
of cobalt from a variety of samples, notably 
silicate rocks, soils, plant material and fertiliz- 
ers,’ and more recently in separation from other 
metal dithizonates by high-performance liquid 
chromatography3,4 and thin-layer chromatog- 
raphy.5 In this paper it is shown that cobalt(II1) 
dithizonate is readily produced, has good stoi- 
chiometry, photometric stability and sensitivity 
and can be separated from other dithizonates 
at comparable concentrations by masking and 
selective extraction procedures. It is recom- 
mended for spectrophotometric determination 
of cobalt at minor and trace levels, and its use 
for analysis of two standard alloys is described. 

EXPERIMENTAL 

Reagents 

Dithizone (BDH, Poole, England), other 
reagents, and the solvents used were of analyti- 
cal reagent grade. All aqueous solutions were 
prepared in demineralized water. For use in 
measurement of molar absorptivity the dithi- 
zone was purified as described by Sandell and 
Onishi.6 For spectrophotometric determinations 
and molar-ratio studies, the reagent was used as 

received; 10-3M stock solutions in carbon tetra- 
chloride were prepared fresh every few days and 
stored in the dark at 4”. 

Standard solutions of metal ions were pre- 
pared in very dilute nitric acid. For quantitative 
analysis the buffer used was 0.5M sodium 
acetate/O.lM sodium tartrate adjusted to pH 
6.8 + 0.5 with acetic acid. For molar-ratio stud- 
ies 0.5M sodium acetate buffers adjusted to pH 
values from 6.0 to 7.0 with acetic acid were 
prepared. Before use the buffers were shaken 
with 10W4M dithizone in carbon tetrachloride to 
remove traces of any extractable metals present. 

Apparatus 

A Bausch and Lomb Spectronic 20 spec- 
trophotometer was used for determinations and 
molar-ratio studies, and spectra and absorbance 
data for calculation of molar absorptivity were 
obtained with a Varian Cary-2390 spectropho- 
tometer. 

Calibration and determination in the absence of 
interferences 

A standard solution or a sample (5-25 ml of 
aqueous solution containing l-10 pg of cobalt 
in pH-6.8 + 0.5 buffer) was shaken with 10.0 ml 
of 10p3M dithizone solution in carbon tetra- 
chloride for 20 min. Excess of dithizone was 
removed from the organic phase by shaking 
with two IO-ml portions of O.OlM ammonia 
solution and the absorbance of the organic 
phase was measured in a l-cm cell at 550 nm 
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against a blank prepared by similar treatment of 
demineralized water. 

Analysis of alloys 

N.B.S. Standard 157A. About 1 g was accu- 
rately weighed and dissolved in the minimum of 
8M nitric acid. The solution was diluted to 
100 ml with water, 1 g of urea was added and 
the copper electro-deposited at 2 A and 3 V on 
a platinum electrode. The electrolyte solution 
was then evaporated to about 75 ml, transferred 
to a lOO-ml standard flask with water and 
diluted to volume. A lO.O-ml portion was made 
strongly alkaline in a centrifuge tube with 10M 
sodium hydroxide. The supernatant liquid was 
removed after centrifugation and the precipitate 
washed with two 5-ml portions of 10M sodium 
hydroxide and then two 20-ml portions of wa- 
ter, with centrifugation between washes. The 
precipitate was dissolved in 5 ml of 10M hy- 
drochloric acid, and run through a column 1 cm 
in diameter, containing 15 g of Dowex-1 x 8, 
50-100 mesh, anion-exchange resin conditioned 
with 10M hydrochloric acid. The column was 
washed with 50 ml of the same acid, the eluate 
being discarded. Cobalt was then eluted with 60 
ml of 3.5M hydrochloric acid at a flow-rate of 
4 ml/min. Five ml of 16M nitric acid were added 
to this eluate and the solution was evaporated 
nearly to dryness. The residue was taken up in 
water and diluted to volume in a 20-ml standard 
flask. A 5.0-ml portion was adjusted to about 
pH 1.5 with sodium hydroxide and extracted 
with 10 ml of 10m3M dithizone and then 10 ml 
of carbon tetrachloride. The extracts were dis- 
carded, the aqueous phase was adjusted to 
about pH 4.5 with sodium hydroxide and an 
equal volume of buffer (pH 6.8 + 0.5) and 0.5 g 
of potassium fluoride were added. The solution 
was then shaken for 20 min with 10.0 ml of 
lo-‘M dithizone. Next, about 10 mg of l,lO- 
phenanthroline was dissolved in the extract, 
which was then shaken for 1 min with 10 ml of 
0.1 A4 hydrochloric acid. The aqueous phase was 
discarded and the organic phase was shaken for 
1 min each time with two lo-ml portions of 
0.01 M ammonia solution and the absorbance of 
organic phase was measured at 550 nm against 
an organic phase prepared by extracting 10.0 ml 
of 10e3A4 dithizone with two lo-ml portions of 
0.01 A4 aqueous ammonia. 

Nimonic 901 alloy 

About 0.1 g of sample was accurately weighed 
and dissolved in the minimum volume of a 1: 1 

v/v mixture of concentrated hydrochloric and 
nitric acids. The surplus nitric acid was removed 
by evaporation of the solution nearly to dryness, 
addition of 5 ml of concentrated hydrochloric 
acid, and repetition of the evaporation. The 
residue was taken up in 10 ml of 8M hydro- 
chloric acid and this solution was extracted with 
lo-ml portions of diethyl ether until a colourless 
extract was obtained. The aqueous phase was 
evaporated nearly to dryness and the residue 
was taken up in 10 ml of 10M hydrochloric acid 
and transferred to the Dowex-1 x 8 anion- 
exchange column, conditioned as above. The 
column was washed with 75 ml of 10M hydro- 
chloric acid, the eluate being discarded, and 
then cobalt was eluted with 50 ml of 3.5M 
hydrochloric acid. The eluate was evaporated to 
a low bulk and then diluted to volume with 
water in a 200-ml standard flask. A 5.0-ml 
portion of this solution was then analysed as 
described for the N.B.S. alloy. 

RESULTS AND DISCUSSION 

When a solution of cobalt(I1) buffered at 
pH 6-7 is extracted with dithizone solution in 
carbon tetrachloride and the extract is freed 
from excess of dithizone, the spectrum of the 
extract has a single broad absorption peak with 
a maximum at 550 nm. The mean molar absorp- 
tivity found from four determinations was 
4.6 x lo4 1 .mole-’ .cm-‘, which is similar to the 
value 4.88 x lo4 l.molee’.cm-’ at 550 nm re- 
ported’ for a chloroform extract. The reaction 
with dithizone is relatively slow, but once 
formed the complex has good stability to light; 
for a solution kept in a stoppered flask on the 
laboratory bench the absorbance remained con- 
stant for 3 days at 23” and for at least 2 weeks 
in the dark at 4”. 

Duncan and Thomas’ reported that radio- 
metric titration of dithizone in carbon tetra- 
chloride with aqueous cobalt(I1) solution in 
acetate buffer at pH 6.5-7.3 gave a 
cobalt: dithizone ratio of 1: 3 at the equivalence 
point. A subsequent detailed study’ confirmed 
the presence of cobalt(II1). An earlier photo- 
metric study’ with acetate medium at pH 6.0 
had given a ratio of 1:2 for the complex. In 
the course of the present work 5 photometric 
measurements gave a ratio of 1:3.01 * 0.05, 
irrespective of the presence of a reducing agent 
introduced into the organic phase (sulphur di- 
oxide) or the aqueous phase (hydroxylamine or 
ascorbic acid), provided the pH of the latter 
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Table 1. Stability of Co(HDz), in Ccl, on vigorous mixing 
with various aqueous solutions for 15 min 

0.0 r 
0.7 b 

0.6 A 
I 4 

0 12345670 
ml 

Fig. 1. Absorbance of the CC& phase at 620 nm, after 
equilibration, vs. volume of 1.70 x IO-‘M cobalt(H) initially 
in the aqueous phase. Each phase 4.00 ml; initial dithizone 
concentration 2.10 x 10-JM. Aqueous phase 0.25M acetate 

buffer, pH 7.0. 

phase remained in the range 6.G7.3. A typical 
set of data is presented in Fig. 1. It appears that 
aerial oxidation of the cobalt(I1) occurs in the 
system, probably at the liquid interface or the 
container wall. 

The stability of the Co(HD& complex in 
carbon tetrachoride towards various aqueous 
solutions was examined by shaking together 
equal volumes of the phases for 15 min at 
maximum rate on a mechanical shaker. The 
results are presented in Table 1. None of the 
aqueous phases examined (pH range 1.3-10.6) 
affected the absorbance, but contact with O.OlM 
sodium hydroxide for 15 min produced a slight 
decrease. Acetate, tartrate or citrate, at the 
specified concentrations, were without effect. 
However, cobalt is not extracted efficiently 
from O.OlM aqueous ammonia by dithizone 
in carbon tetrachloride, probably because of 
formation of Co(NH$+. Copper( pal- 
ladium(II), silver, mercury(I1) and bismuth are 
selectively removed6 by extraction of the dithi- 
zonate complexes at pH 1.3. Zinc, cadmium, 
thallium(I) and lead(I1) would accompany 
cobalt in extraction at pH 6.0-7.3 but can 
readily be removed by back-extraction into di- 
lute hydrochloric acid (pH l-2). Some iron(I1) 
and tin(I1) would also be extracted along with 
cobalt into the organic phase and if present, 
should first be oxidized to iron(II1) and tin(IV). 

Aqueous phase PH 
Absorbance 
at 550 nm 

Water 6.1 0.424 
Hydrochloric acid 1.3 0.423 
Hydrochloric acid 2.6 0.425 
0.5W Acetate + O.lM tartrate 6.3-7.3 0.425 
O.lM Sodium citrate 8.7 0.424 
0.01&f Aqueous ammonia 
O.lM Aqueous ammonia 
O.OlM Sodium hydroxide 

9.6 0.424 
10.6 0.423 

- 0.415 

It was observed in the course of the present 
work that the oxidation of dithizone by iron(II1) 
is prevented by the presence of fluoride in the 
aqueous phase. Nickel(I1) is efficiently, but 
somewhat slowly, extracted along with the 
cobalt, as Ni(HDz),. Treatment of the Ni(DHz), 
extract with heterocyclic bases results in the 
formation of ternary complexes,‘“*” with a 
change of colour; l,lO-phenanthroline is con- 
venient for this purpose. However, conversion 
by equilibration with l,lO-phenanthroline in 
aqueous solution is slow, requiring 30 min at pH 
1.3 with 0.002M base.‘* In the present work it 
was found that direct addition of solid l,lO- 
phenanthroline to the extract produced a nearly 
instantaneous reaction. Furthermore, the result- 
ing ternary complex, Ni(HDz)* . phen, is rapidly 
destroyed with transfer of the nickel to the 
aqueous phase, when the organic phase is 
shaken for about 1 min with O.Ol-O.lM hydro- 
chloric acid; there is no effect on the Co(HDz),. 
The interference of at least 100 pg of nickel, 
iron(III), tin(IV), zinc, cadmium, lead or thal- 
lium(1) can be overcome as described above. 
The only slow phase transfer is that of the 
cobalt; the other transfers are accomplished 
within 1 min by manual shaking in a separating 
funnel. 

Linear calibration curves over the range l-10 
pg of cobalt were obtained, and for 5.0 pg of 
cobalt extracted into 10.0 ml of carbon tetra- 
chloride the coefficient of variation was 1.6% 
for 10 measurements. Removal of the excess of 
dithizone allows a simple spectrophotometer to 
be used, with a reasonable calibration range. 

The method was applied to the determination 
of cobalt in two alloys, the compositions of 
which are presented in Table 2. For analysis of 

Table 2. Compositions of the alloys (%); averages for (a) 7 and (b) 8 participating laboratories 

(a) N.B.S. 157A Cu Zn Ni Mn Fe Pb Sn Co P 
58.61 29.09 11.82 0.174 0.174 0.034 0.021 0.022 0.009 

(b) B.A.S. 387 Ni Fe Cr MO Ti Si Al Co Mn Cu C 
41.9 36.0 12.46 5.83 2.95 0.28 0.24 0.21 0.08 0.032 0.030 
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the N.B.S. standard the copper was removed by 
electro-deposition, most of the zinc as tetrahy- 
droxozincate when the heavy metal hydroxides 
were precipitated, and the nickel (with some 
zinc) by elution with 10M hydrochloric acid 
from a strong-base anion-exchanger. Any re- 
maining traces of these elements, along with 
other potentially interfering species, were ren- 
dered harmless by masking reactions or re- 
moved by selective extraction. Values of 0.19, 
0.18 and 0.22% were obtained. Most of the iron 
was removed from the B.A.S. nimonic alloy by 
extraction into diethyl ether from 6-844 hydro- 
chloric acid. Thereafter the treatment followed 
that of the N.B.S. alloy. Three determinations 
gave 0.026, 0.025 and 0.021%. These values 
were all within the ranges reported by the 
collaborating standardization laboratories and 
used to deduce the average compositions 
recorded in Table 2. 

Probably the most widely used spectrophoto- 
metric methods for cobalt are those based on 
the red tris-complex formed by cobalt(III) with 
nitroso-R-salt (disodium 1-nitroso-Zhydroxy- 
naphthalene-3,6-disulphonate) and the blue 
tetrathiocyanatocobaltate(I1) complex. Though 
the former has good tolerance for many metals, 
that for nickel and chromium is limited and for 
analysis of the two alloys described here, separ- 
ation of these elements would be necessary. The 
thiocyanate method has better tolerance for the 
elements present in these samples but lacks 
sufficient sensitivity. I3 Dithizone and nitroso-R- 
salt have comparable sensitivities for cobalt, but 
nitroso compounds are not particularly stable 
even in the solid, and may not be available in 
sufficiently pure form for analytical purposes; 
their purification can be time-consuming.‘4 Thus 
the choice of reagent could depend on availabil- 
ity and quality. 

Dithizone has been used to separate cobalt 
and other metal ions from soi1,‘5*16 plant 
material,16 fertilizersI and silicate rocks,” with 
photometric16*” or titrimetric” determination 
after destruction of the dithizonates. The pro- 
cedures described here permit direct determi- 
nation of cobalt in the dithizone extract. 

1. 

2. 

7. 

8. 

9. 

10. 

11. 

12. 
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Summary-The effect of reduction on the stability of molybdosilicic acids (MSA) has been investigated. 
It has been found that when two or more of the 12 MO(W) atoms in a or b-MSA are reduced to MO(V), 
the products are stable in alkaline medium. Also, fi-MSA reduced to this extent is stable at higher 
temperature and is not transformed into a-MSA. Solutions in which the apparent degree of reduction is 
less than 2 Ma(V) per MSA ion should be treated as a mixture of unreduced MSA and MSA reduced 
exactly to 2 MO(V) per MSA ion. A mixture of unreduced MSA and MSA reduced to contain 4 Ma(V) 
per MSA ion is not a stable system. The yellow unreduced MSA is reduced by the reduced fonn to give 
the product with 2 MO(V) per MSA ion. The consequences for determining silicon as MSA are given, 
as well as a method of obtaining pure b-MSA from a mixture of or-MSA and /3-MSA. 

The yellow forms of a- and #?-molybdosilicic 
acids are easily electrochemically or chemically 
reduced. The reduced forms are blue, which is 
characteristic of Mo(V)/Mo(VI) mixed oxida- 
tion-state compounds. All four forms find appli- 
cation for spectrophotometric determination 
of traces of silicon. The literature is extensive 
and many aspects of the systems have been 
discussed, including methods of reducing the 
molybdosilicic acids (MSA),le7 the chemical 
properties of the reduced acids,= methods 
of formation of the acids,‘~*-‘O polarography 
and voltammetry of MSA,‘*3d,“-‘g analytical 
applications,9JO-B and automatic methods of 
determination of silica as MSA.*33 From the 
observations made by Sen and Chatterjee3 it 
follows that reduced MSA is stable in alkaline 
medium, whereas the unreduced acid is not. 
Much new information about reduced MSA has 
been supplied by Massart and co-workers.s*6 
Examination of the system has been under- 
taken to find the reason for the limited repro- 
ducibility of the methods utilizing reduced 
MSA. This limited reproducibility remains even 
when the synthesis and reduction conditions 
recommended by the various authors are main- 
tained. The positive results obtained when using 
reduced MSA and alkaline medium” encour- 
aged us to extend our work. We had made some 
observations about the stability of MSAs in 
alkaline media, which partly contradicted those 
made by Massart and co-workers,S*6 and this led 
us to continue the work. 

EXPERIMENTAL 

Solutions were prepared from reagent grade 
chemicals. Molybdosilicic acid (MSA) was pre- 
pared by acidifying a solution containing 
molybdate and silicate. a-MSA was made by 
acidifying to pH 1 and then boiling the solution. 
For /I-MSA, ethanol was added before acidify- 
ing and the solution was not heated. To prepare 
a solid MSA, excess of perchloric acid was 
added to precipitate it. Solid samples of MSA 
(a and /3) were used to prepare the stock solu- 
tions. Voltammetric curves for yellow a-MSA 
or J!?-MSA, recorded by the DC technique with 
a platinum microelectrode, show three cathodic 
two-electron waves (the recorded wave currents 
are negative). It is assumed that each wave 
corresponds to the reduction of two Mo(V1) 
atoms to MO(V) in an MSA molecule. The 
yellow MSA can be reduced chemically or elec- 
trochemically by bulk electrolysis. In this exper- 
iment only electrochemical reduction was 
applied. 

If, as a result, six of the twelve Mo(V1) atoms 
present in a molecule of MSA are reduced to 
MO(V), then a voltammetric curve with three 
two-electron anodic waves can be obtained for 
the product (the recorded wave currents are 
positive). If the voltammetric curves for a 
reduced MSA have only one anodic wave 
(Fig. 1 b) or two anodic waves, this is regarded 
as due to two or four Mo(V1) atoms (as the case 
may be) having been reduced to MO(V), repre- 
senting 2/12 or 4/12 of the total number of 
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molybdenum atoms in the molecule. The 
degrees of reduction of the MSA are thus equal 
to 2/12, 4/12 or 6/12 (this last for the case of 
three anodic waves). If the first wave is not 
fully anodic, but of anodic-cathodic nature, 
then the description of the situation in the 
solution becomes more complex. This situation 
will be explained later on. The average number 
of MO(V) atoms per MSA molecule, referred to 
throughout this paper as n, can be determined 
from the voltammetric curve by calculating the 
ratio of the anodic current of the first wave, la,, 
to the limiting current of this wave, IL,. This 
ratio assumes values ranging from 0 (for yellow, 
unreduced MSA) to 1 (for a fully anodic wave). 
Accordingly, the average number of MO(V) 
atoms per MSA molecule, n, assumes values 
from 0 to 2 (it need not be an integer). Similar 
considerations can be applied when the first 
wave is fully anodic, but the second is of 
anodic-cathodic nature, or when two successive 
waves are both fully anodic, and the third is 
anodic-cathodic. According to the proposed 
definition, n is given by: 

n = 2(ZallZLI + Z,JZL, + ZJZL,) 

and may assume values in the range O-6. The 
symbols Z,, , Za2, Z,, denote the anodic currents 
for the first, second and third waves, respec- 
tively, and IL,, ZL2, IL3 indicate the limiting 
currents for the three waves. The DC voltam- 
metric curves obtained with a platinum elec- 
trode allow the progress of MSA reduction to be 
followed and also allow the LX- and p-forms of 
MSA to be distinguished. For example, in 0.1 M 
hydrochloric acid medium, the half-wave poten- 
tials, E,,* for the three waves are +0.27, +0.13 
and -0.06 V for a-MSA, but +0.33, +0.24 
and - 0.18 V for P-MSA. The appearance of 
only three waves on the voltammetric curve is 
evidence that only one form is present in the 
solution. Voltammetric curves with more than 
three waves indicate a mixture of both forms 
and in this case measurement of the limiting 
currents of the waves makes it possible to 
determine the a- and p-forms. In what follows, 
the values of n will be given in brackets, fol- 
lowed by a and /I outside the brackets to 
indicate the form of MSA. Figure 1 illustrates 
the method of determining n from the voltam- 
metric curves. Attempts to record the voltam- 
metric curves in alkaline media with a platinum 
electrode did not give satisfactory results. In 
such cases the dropping mercury electrode 
(DME) was applied. It should be added that 

ro1= IL1 CL’ 
Potential 

Fig. 1. Illustration of the method of determining the degree 
of reduction of a- or j?-MSA by the DC technique with a 
rotating platinum electrode. Degrees of reduction: l/12- 

curve a; 2/12--+xrve b; 3/12--curve c. 

the DME cannot be used in acidic media, as 
mercury is oxidized by yellow MSA. In our 
further experiments, two types of working elec- 
trode were used: (a) a rotating platinum elec- 
trode (area 0.0014 cm*, rotation at 1200 rpm); 
(b) a DME (flow-rate = 1.816 mg/sec, drop 
time = 5.11 set). 

DC Tast polarography was mostly used. 
To determine small amounts of MSA, derivative 
pulse polarography, DPP, was applied. It 
should be mentioned here that the DPP curves, 
being derivative curves, do not allow determina- 
tion of the degree of reduction, as they do 
not distinguish between anodic and cathodic 
currents. 

Relation between the degree of reduction of 
u-MSA and its stability 

A large sample of yellow o!-MSA was reduced 
stepwise, and after each step the degree of 
reduction was determined by voltammetry with 
a rotating platinum electrode. When the degree 
of reduction had been determined, a small sam- 
ple was taken, alkalized to pH 11, and after a 
few minutes the a-MSA not decomposed after 
alkalization was measured by DPP with the 
DME. This experiment was repeated 7 times. 
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Fig. 2. DPP polarogram (DME) of an alkaline solution of 
reduced a-MSA. 

Figure 2 shows the DPP polarogram of MSA, 
and Fig. 3 illustrates the dependence between a 
particular peak current and the degree of reduc- 
tion of a-MSA in alkaline medium. The peak 
currents are proportional to the concentrations 
of the depolarizers, in this case the reduced 
a-MSA species, since the yellow unreduced a- 

MSA is decomposed in this medium (pH 11). In 
the first reduction stages the peak currents 
increase proportionally to the degree of reduc- 
tion of MSA. When the degree of reduction 
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Fig. 3. Height of the DPP peaks of residual a-MSA after 
alkalization of a sample, as a function of degree reduction 

of a-MSA (for explanation see text). 

exceeds 2/12, no further increase of the peak 
currents is observed. This can be explained as 
follows: (1) a-MSA reduced to at least the 
degree 2/12 is stable in alkaline medium, and (2) 
a-MSA reduced to less than the degree 2/12 is 
partly decomposed in this medium. 

The relations in Fig. 3 show that the content 
of non-decomposed a-MSA (after alkalization 
of the solution) is directly proportional to the 
degree of reduction of a-MSA. To determine 
the degree of reduction of the a-MSA that 
remained undecomposed by the alkalization, 
the solutions were re-acidified and analysed 
voltammetrically with a platinum electrode 
and the DC Tast technique. Two aliquots of 
a solution containing a-MSA reduced to the 
degree l/ 12 were taken. In the first only the ionic 
strength was corrected. The second sample was 
alkalized to pH 11 and acidified again to the 
initial pH value. Both solutions were then exam- 
ined by DC Tast voltammetry. The curves 
recorded are shown in Fig. 4. In the alkalized 
solution the MSA content decreased by half, 
with a-MSA reduced exactly to the degree 2/12 
remaining undecomposed in the solution. This 
is evidence that a-MSA with a l/12 degree of 
reduction is a mixture of unreduced a-MSA and 
a-MSA reduced to the degree 2/12. 

This conclusion concerning the stability of 
a-MSA is contrary to the data obtained by 
Massart and co-workers.5*6 who believed that 
only a-MSA reduced to the degree 4/12 is stable 
in alkaline medium. The same authors believe 

t 

Fig. 4. DC voltammetric curves (rotating platinum elec- 
trode) for solutions obtained from identical samples of 
a-MSA, reduced to a degree of l/12: a-non-alkali& 
2 x IO-‘&f reference solution of a-MSA; b-test solution, 

initially alkalized to pH 1 I and then acidified to pH 1. 
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Fig. 5. DC voltammetric curves (rotating platinum electrode) for an a-MSA solution reduced to somewhat 
above the degree 2/12: non-alkalized 2 x l0-sM reference solution of a MSA, curve (a) and the same 

solution initially alkalized to pH 11 and re-acidified to pH 1 after (b) 10 min, (c) 2 hr, (d) 24 hr. 

that over a period of time a-MSA reduced to the 
degree 2/12 becomes decomposed in an alkaline 
medium according to two different mechanisms, 
depending on the pH. The products of the 
decomposition are said to be a -MSA reduced to 
the degree 4/12, molybdate and silicate. To 
resolve this question, reduced and alkalized 
a-MSA was observed for a few hours. The 
parameter measured was the concentration of 
a-MSA after re-acidification of the solution. 
The degree of reduction of a-MSA in the solu- 
tions was a little greater than 2/12. Aliquots 
of the a-MSA solution were placed in measur- 
ing vessels filled with argon, then alkalized to 
pH 11 with sodium hydroxide solution, and 
the vessels were tightly closed. The solutions 
were re-acidified after various intervals of time 
and analysed voltammetrically. The reference 
sample was an aliquot which had not been 
alkalized, but was adjusted to the same ionic 
strength as the other aliquots by addition of 
sodium chloride and hydrochloric acid. To 
check that MSA was not re-formed after the 
alkalization and re-acidification, the voltam- 
metric measurement was repeated after repeti- 
tion of the alkalization and acidification of the 

sample of yellow, unreduced a-MSA. Figure 5 
illustrates the successive stages of this experi- 
ment for the reference solution and for test 
solutions re-acidified 10 min, 2 hr, and 24 hr 
after alkalization. All the curves show a very 
similar content of a-MSA reduced to somewhat 
above a degree of 2/12. This confirms the con- 
clusion that a-MSA reduced to such a degree 
is stable in alkaline medium (pH 11). The 
experiment was repeated with the solutions 
in contact with oxygen. Figure 6 shows the 
results for the reference solution and for test 
solutions left in contact with oxygen for 15 min 
and I hr between alkalization and re-acidifica- 
tion. The curves show that the concentration of 
a -MSA reduced to a degree of 2112 decreases on 
increased contact of the solution with oxygen, 
indicating chemical oxidation of the reduced 
a-MSA. 

Relation between the degree of reduction of 
/3-MSA and its stability 

Analogous measurements to those for a- 
MSA indicated that /I-MSA reduced to a degree 
of 2/12 or more is also stable in alkaline 
medium. Measurements of the stability, in alka- 

Fig. 6. DC voltammetric curves (rotating platinum electrode) for a-MSA solutions reduced to somewhat 
above the degree 2/12: 2 x lo-‘M non-alkalized reference solution of a-MSA curve (a), and the same 
solution initially alkalized to pH 11 and re-acidified to pH 1 after (b) 15 min, (c) 1 hr. The solutions for 

curves (b) and (c) were left in contact with air after alkalization. 
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Fig. 7. DC voltammetric curves (rotating platinum elec- 
trode) for 1.5 x 10d4M solutions of /?-MSA: a, non-reduced; 
b, reduced to the degree 1.2/12; c, reduced to the degree 
2.3/12. The curves a’, b’, c’ correspond to the samples of 
solutions a, b, c after alkaliition to pH 11 and re-acidifica- 

tion to pH 1. 

line medium, of /I-MSA reduced to a degree of 
less than 2/12 gave the results shown in Fig. 7 
and in Table 1. Figure 7 shows the voltammetric 
curves for reduced samples of /I-MSA which 
were to be alkalized and acidified. The degrees 
of reduction of the /I-MSA for the various steps 
of the experiment are listed in Table 1. They 
increased from 0 to 2.8/12. Figure 7(I) shows 
that all the solutions of the reduced acids 
contained chiefly /I-MSA and some a-MSA. 
All these solutions were then alkalized to pH 11 
and re-acidified to pH 1, and their voltammetric 
curves were recorded, Fig. 7(11). These curves 
show that on alkalization, (1) non-reduced 
/I-MSA is decomposed; (2) /I-MSA reduced to 

a degree of 2/l 2 or more remains as /I-MSA; 
(3) j-MSA reduced to below a degree of 2/l 2 
undergoes partial decomposition, and only 
/I-MSA reduced exactly to a degree of 2/12 
remains. The quantitative results from this 
experiment (Table 1) show that /I-MSA reduced 
to a degree of 2/12 or more gives a constant 
height of the first wave. The proportionality of 
the height of the first wave to degrees of reduc- 
tion below 2/ 12, together with the fact that after 
these solutions have again been alkalized and 
acidified, /I- MSA reduced exactly to a degree of 
2/12 remains in the solutions, proves that these, 
similarly to those of a-MSA, are mixtures of 
non-reduced /I-MSA and /I-MSA reduced to a 
degree of 2/12. From Fig. 7 an additional 
conclusion can be drawn, concerning the possi- 
bility of obtaining pure /I-MSA from a mixture 
with a-MSA. It is well known that in practice 
such mixtures always arise because of sponta- 
neous transformation of the /I- into the cl-form 
of non-reduced MSA. Since the difference in 
the half-wave potentials of the first waves of 
a-MSA and j?-MSA is about 60 mV at pH 1, 
and /3 -MSA is the stronger oxidant, it is possible 
to reduce /I-MSA electrochemically to a degree 
of 2/12, without reducing a-MSA, if the experi- 
ment is done carefully enough. The non-reduced 
a-MSA can then be decomposed by alkaliza- 
tion, as demonstrated by curve b’ in Fig. 7. 

Unreduced /I-MSA is completely trans- 
formed into a-MSA by boiling the solution for 
a few minutes. The effect of the degree of 
reduction of the fi-MSA on the stability on 
boiling was therefore investigated. Solutions 
containing fl-MSA reduced to a definite degree 
were heated at boiling point for about 30 min. 
After cooling, the solutions were analysed 
voltammetrically. The curves obtained are 
shown in Fig. 8. Curves a and a’ show the 
effect of heating unreduced /I-MSA. Curves e 

Table 1. Stability of B-MSA in an alkaline medium as a function of 
the degree of reduction 

Solutions obtained by 
Initial solution of /J-MSA alkalization and re-acidification 

(1.5 x lo-‘M) in O.lM HCl of initial solution 

Degree of E,,z values of E,,, values of Height of the 
reduction the first wave, the first wave, first wave, 
of /?-MSA V vs. SCE V vs. SCE WA 

0 +0.32 - 0 
0.9112 +0.32 +0.32 2.55 
1.2/12 +0.31 +0.32 3.50 
1.6/12 f0.32 +0.33 4.40 
2.3112 +0.31 +0.32 5.50 
2.8112 +0.32 +0.32 5.50 
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Fig. 8. DC voltammetric curves (rotating platinum elec- 
trode) for 2 x 10m4M solutions of /I-MESA: a, non-reduced; 
b, reduced to the degree 0.3/12; c, reduced to the degree 
0.8/12; d, reduced to the degree 1.3/12; e, reduced to the 
degree 2.3/12. Curves a’, b’, c’, d’, e’ correspond to samples 
of solutions a, b, c, d, e cooled after previous heating to 

boiling. 

and e’ show that /I-MSA reduced to at least the 
degree 2/12 is not transformed into a-MSA on 
boiling. Curves b’, c’ and d’ are characteristic of 
a mixture of a-MSA and j?-MSA. The concen- 
tration of /I-MSA reduced exactly to a degree of 
2/12 in this mixture is determined from the first 
anodic wave, the half-wave potential of which is 
+0.33 V (us. SCE). The limiting current of this 
wave increases proportionally with increasing 
degree of reduction of /I-MSA, as shown by 
comparison with curves b, c and d. This con- 
firms the conclusion already drawn that /?-MSA 
with an apparent degree of reduction less than 
2/12 is a mixture of /I-MSA reduced exactly 
to the degree 2112 and unreduced /I-MSA. 
Thus this experiment confirms the similarity of 
the results for a-MSA and /J-MSA, and it is 
obvious that heating a solution of /I-MSA that 
is reduced to less than a degree of 2/12 will not 
result in a pure solution of the corresponding 
reduced a-MSA, a fact that may lead to error 
in spectrophotometric determination of silicon 
(industrial samples are often contaminated with 
a reducing agent). Massart and co-workers5v6 
reported that the decomposition of p-MSA 
reduced to the degree 2112 in acidic medium 
results in a mixture of unreduced /.I-MSA and 

/I-MSA reduced to the degree 4112. They also 
reported that a-MSA behaves similarly (but in 
alkaline medium), which implies that a mixture 
of unreduced MSA and MSA reduced to a 
degree of 4/12 is stable. As this opinion is 
contrary to ours, some further experiments were 
performed. The solutions were prepared by 
dissolving solid unreduced a-MSA or /I-MSA in 
O.lM hydrochloric acid, and were divided into 
two parts. In one the MSA was reduced to the 
degree of 4/12. A volume V, of this reduced 
solution was mixed with volume V2 of the 
unreduced solution, in a ratio V,/V, that would 
give an apparently reduced MSA solution. In 
the mixed solution, no unreduced a-MSA was 
found by alkalization and re-acidification of the 
solution, which leads to the conclusion that 
yellow a-MSA (0), is chemically reduced by 
a-MSA (4), to a degree of at least 2/12. 

In an analogous experiment with p-MSA, no 
unreduced /I-MSA was found in the mixture of 
reduced and unreduced forms, and no transfor- 
mation of /I-MSA into a-MSA on boiling for 
30min was found either, as shown by the half- 
wave potentials and limiting currents. 

Conclusions 

(1) a-MSA and /I-MSA reduced to a degree 
of 2/12 or more are stable compounds in alka- 
line solutions. (2) /I-MSA reduced to a degree of 
2/12 or more is not transformed into a-MSA 
when heated. (3) a-MSA and B-MSA solutions 
with an apparent degree of reduction less than 
2/12 should be treated as mixtures of unreduced 
MSA and MSA reduced exactly to a degree of 
2/12. (4) Mixtures of unreduced MSA and MSA 
reduced to a degree of 4/12 are not stable 
systems, the unreduced MSA being reduced to 
a degree of 2112. 

These four points have some consequences 
for determination of silicon as silicomolybdate, 
as follows. 

(1) For determination of silicon as reduced 
MSA in alkaline medium (pH > 8), the MSA 
must be reduced to a degree of 2/12 or more. 

(2) Pure a-MSA cannot be obtained by heat- 
ing a solution containing a mixture of unre- 
duced /I-MSA and /I-MSA reduced to a degree 
of 2112. 

(3) For spectrophotometric determination of 
silicon as reduced MSA in the presence of excess 
of molybdate, it is best to alkalize the solution 
before measurement, since doing so will decom- 
pose any reduced isopolymolybdates, without 
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affecting the MSA reduced to a degree of 2112 
or more. 

(4) In alkaline medium reduced MSA is oxi- 
dized by air and the oxidized MSA is then 
decomposed. Hence such solutions must be 
protected from atmospheric air. 
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Summary-A new lead amalgam/lead sulphate electrode has been developed which is easy to handle and 
can be used in a simple measuring cell. Its electrochemical characteristics have been tested in two different 
cell systems. The potentials obtained were very stable, and reproducible within +0.04 mV. The electrode 
exhibited a Nemstian response to sulphate and its calculated standard potential (-350.68 + 0.13 mV) 
agreed very closely with that recorded in the literature. 

For determination of the stability constants of 
sulphato-complexes of metal ions it is very useful 
to measure the concentration of the free ligand. 
Despite the remarkable improvement of ion 
selective electrodes (ISEs) in the last few decades, 
no satisfactory electrode is available for the 
determination of sulphate. 

Of the various kinds of sulphate electrodes 
reported in the literature,lm6 amalgam electrodes 
are still preferred for precise electromotive-force 
(emf) measurements of ions in solution, because 
of their high accuracy and selectivity.7.8 A 
thorough study of the conditions necessary for 
precise emf measurements with lead amalgam/ 
lead sulphate electrodes was made by Bray,9 who 
drew the following conclusions: (i) oxygen must 
be excluded from the cell to prevent the forma- 
tion of oxide layers on the surface of the amal- 
gam; (ii) a definite crystalline form of lead 
sulphate is necessary; (iii) equilibrium between 
the solid lead sulphate and the solution is best 
established before the electrode is made up; (iv) 
the use of two-phase amalgams is essential if the 
activity of the lead in the amalgam phase is to 
be invariant.” To fulfil conditions (i)-(h), com- 
plicated measuring vessels were used in earlier 
investigations 1’-‘3 of lead amalgam/lead sulphate 
electrodes. 

Ohtaki’ described suitable apparatus for the 
preparation of amalgam electrodes, and this has 
been used in our laboratory for the preparation 
of an indium amalgam electrode which shows 

*To whom correspondence should be addressed. 

excellent electrochemical behaviour.‘4.‘5 How- 
ever, this design cannot be used for the present 
purpose, because of the need for a lead sulphate 
layer above the metal amalgam. Therefore, a 
particular design and method of construction of 
a lead amalgam lead/sulphate electrode for pre- 
cise potentiometric measurements in a simple 
measuring cell have been developed. 

EXPERIMENTAL 

Electrodes and apparatus 

All measurements were made in a box thermo- 
statically controlled at 25.0 k 0.2”. The double- 
walled glass cell was independently kept at 
25.00 k 0.02”. Before and during the experiment, 
nitrogen was bubbled through and over the 
solution. A magnetic stirrer was used. The elec- 
trode potentials were measured with a Keithley 
197 digital voltmeter equipped with an opera- 
tional amplifier (Analog Devices AD5 15LH) to 
create a high-impedance input for the measuring 
circuit. The sulphate electrode construction is 
illustrated in Fig. la. A platinum wire contact, 
q, with a purity of 99.99%, is used to avoid the 
formation of other metal amalgams. The electro- 
chemical behaviour of this sulphate electrode 
was investigated with the following cells: 

Pb-Hg(3%), PbSO,(s); 

Na, SO,(m,)/sodium electrode 

Pb-Hg(3%), PbSO,(s); 

H, SO,(m,)/glass electrode 

(I) 

(II) 

455 
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(b) 

-q 

PbS04( s 1 

Pb(Hg) (3%) 

Fig. 1 

An Ingold sodium-sensitive glass electrode 
(Type 10 205 3064) was used. Proton activities 
were determined with an Ingold glass electrode 
(LOT 271.TT.S7). The standard potentials and 
Nernstian responses of the pH and sodium 
electrodes were determined with cells (III) and 

(Iv): 

Ag, AgCl(s); 

NaCl (m,)/sodium electrode (III) 

Ag, AgCl(s); HCl (m,)/glass electrode (IV) 

The silver-silver chloride electrodes were 
made by procedures analogous to those given by 
Ives and Janz’ for the thermal electrolytic type. 
Bias potentials between different electrodes 
were less than 0.02 mV and changed by less than 
0.01 mV over periods of several days. 

Densities of solutions were measured with 
an Anton Paar digital density meter 
(Modules 60,602 and 602M) with a precision of 
f 0.00002 g/ml. 

Reagents 

Lead sulphate was prepared by adding 0.4m 
sodium sulphate solution in stoichiometric pro- 
portion to a solution of lead nitrate. The pre- 
cipitate was washed repeatedly by decantation 
and stored under water. High-quality mercury 
was obtained as described elsewhere.13 Merck 
Titrisol O.lM hydrochloric acid was used. 
Merck Titrisol 0.005 and 0.05M sulphuric acid 
solutions were prepared and further diluted with 
doubly distilled water as required. All other 
chemicals used were of analytical grade. 

Preparation of lead amalgam 

An amalgam containing about 3% w/w lead 
was prepared electrolytically after unsuccessful 
attempts to obtain satisfactory amalgams from 
etched granular lead and purified mercury. The 
cathode compartment is shown in Fig. lc. A 3% 
w/w lead amalgam separates into two phases at 
25” but coalesces to a single phase when heated 
to above 80”,” allowing homogeneous transfer. 
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During electrolysis the mechanical stirrer 
ensures the formation of a homogeneous amal- 
gam. Electrical contact is made by the platinum 
electrode d and the liquid junction e to the 
anode compartment, which consists of a vessel 
filled with lm nitric acid and containing a large 
platinum electrode. The liquid junction is made 
by applying a vacuum at an inverted Y-connec- 
tion between the compartments. To avoid 
syphoning of the solution between the two 
compartments, care is taken to ensure that both 
levels are the same. The cathode compartment 
contains 200 g of mercury and twice as much lm 
lead nitrate as that required for the electrolysis, 
so that the concentration of lead ions is always 
in vast excess relative to any impurity, thereby 
reducing the possibility of discharging foreign 
cations in the later stages of the electrolysis. A 
current of 0.07 A is required for about 24 hr to 
give an amalgam of the desired composition. 
During the electrolysis the amalgam is not 
susceptible to oxidation, but once the applied 
potential is removed, precautions are necessary; 
15 min before the electrolysis is complete, the 
cathode compartment is flushed with oxygen- 
free nitrogen through the inlet and outlet tubes 
f and g. Subsequently, while a vigorous stream 
of nitrogen flows into the cathode compartment 
at f and out at g, the anode compartment is 
disconnected and the stirrer and platinum elec- 
trode are removed from the cathode compart- 
ment and replaced by stoppers. Finally, taps h 
and i are closed, while a positive pressure of 
nitrogen is maintained. Amalgams prepared in 
this manner can be stored for about two weeks. 
A very sensitive indication of oxidation of the 
amalgam is its adhesion to glass.’ 

Sulphate electrode preparation 

The electrode body is immersed in the cell 
solution, passing through a fitting on the sealed 
titration vessel containing the test solution 
(Fig. la), which is freed from oxygen by passage 
of nitrogen through it for 30 min before intro- 
duction of the lead amalgam. As soon as 
sufficient oxygen-free solution can enter the 
electrode body through the three holes p 
(Fig. la), the cathode compartment is attached 
to the electrode by means of the simple transfer 
apparatus shown in Fig. lb (connections k-l 

and m-r). This connector allows transfer of the 
amalgam without oxidation. While the amal- 
gam is heated to about 80” by the water jacket, 
a balloon connected to the outlet tube g com- 
pensates the pressure difference, and a vigorous 

stream of nitrogen is passed through the system 
by the route n-o-(l)+n-r-p. When all traces of 
the solid phase HgPb, have disappeared, part of 
the amalgam is allowed into the electrode body 
by turning tap j, under continuous nitrogen 
flow. In this manner the amalgam is transferred 
into an oxygen-free solution in the sulphate 
electrode, and the cathode compartment and 
transfer apparatus can then be removed. 
Finally, lead sulphate is brought into the elec- 
trode through r to form a thin layer. Direct 
contact between the amalgam and the atmos- 
phere is prevented by the oxygen-free solution in 
the titration vessel. During all these manipu- 
lations a continuous nitrogen flow is maintained 
through the test solution. 

RESULTS AND DISCUSSION 

In the first stage, the electrochemical charac- 
teristics of the lead amalgam/lead sulphate elec- 
trode were investigated with cell (I). The Nernst 
equation for this cell is: 

E, = E:a+ -East- + (RTIZF) 

x lnKmN,+)2(YNa+)2 msq- hi-1 (1) 

With mNa+ =2m,, rnq-=m, and ylt=y,= 
[(rN,+)’ ysoi-]‘/3 equation (1) becomes: 

E, = E:a+ - E’&,- + (RT/2F)ln 4 

+ (3RT/2F)ln(m,yJ (2) 

During preliminary experiments the effects of 
controllable variables were examined. A change 
in stirring rate, the thickness of the lead sulphate 
layer and the depth of immersion of the elec- 
trodes in the solution did not affect the cell 
potential. The effect of bubbling nitrogen 
through the solutions was more critical. A vig- 
orous stream of nitrogen increases the evapor- 
ation of the solution, but slow bubbling 
increases the risk of oxidation. Thus the nitro- 
gen flow-rate must be adapted to the experimen- 
tal conditions (e.g., equilibration time, stirring 
rate, cell construction). The most significant 
factor in obtaining stable and reproducible 
potentials was the need to clean the platinum 
wire q thoroughly before each preparation of 
the lead amalgam. Both concentrated nitric acid 
and aqua regia had to be used in the cleaning, 
probably because of the formation of platinum 
amalgam at higher temperatures.‘O With all 
these conditions fulfilled, emf values stable 
and reproducible within f0.04 mV could be 
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obtained after an equilibration time of 1 hr and 
maintained for at least 3 hr. 

To evaluate the standard potential and the 
response of the sulphate electrode by use of cell 
(I), knowledge of ED of the sodium electrode 
was required. This potential was obtained by 
titration of 20 ml of 0.1002~ sodium chloride 
(density 1.00116 + 0.00002 g/ml) with 20 ml of 
water (density 0.9970429 g/ml) in cell (III), with 
emf readings taken at 12 titration points. The 
equation for the cell potential is: 

Z&i, = %a+ - E:,,,,c, + (2ZWF)ln(m3Y3) (3) 

Gg. Ago is 222.34 +_ 0.01 mV at 25°.‘6.‘7 The 
molality m3 after each addition could be calcu- 
lated from the density of the initial solution. To 
obtain the mean activity coefhcients yx for an 
arbitrary molality m3, Pitzer’s equation’8*‘9 was 
used: 

ln yMx = 1 zM zX 1 f’ + m (2vM vx Iv)@ 

+ m2[(2/v)(vMv~)3’2]c~ (4) 

where f y, BY and Cy are given by the equations: 

f'= -A”{[Z”2/(1 +bZ’Q)] 

+ (2/b)ln(l + bZ1’2)) (5) 

Z3’ = 2&x + (2/ff2Z)~~x 

x [I - (1 + .zt’* - a2 Z/2)e-““‘*I (6) 

Cy = 3C;x/2 (7) 

In these equations m is the molality of the 
electrolyte, vFvl and vx are the numbers of M and 
X ions in the formula and z,,,, and zx the charge 
numbers of M and X; v=vM+-fx, and Z= 
l/2Emizf is the ionic strength. A@ is the De- 
bye-Hiickel osmotic coefficient and is given by: 

A’ = (l/3) (2~~~~~/1000)‘~2 (e2/~~~)3’2 (8) 

where N, is Avogadro’s number, d, the density 
of water, D the dielectric constant of water at 
absolute temperature T, k the Boltzmann con- 
stant and e the electronic charge. The value of 
A” at 25” is 0.392. The two parameters PRx and 
#?Lx define the second virial coefficient and CG, 

defines the third virial coefficient. For the 
parameters b and a, the values 1.2 and 2.0 
respectively were selected.‘* The parameters 

fiRx, BLx and CL for various single elec- 
trolytes are tabulated in the literature”.~ for 
concentrations up to 6m. In this investigation, 
the ion interaction parameters for the elec- 
trolytes NaCl, HCl and Na,SO, were evaluated 
in a small dilute concentration range. A com- 
puter program was developed in our research 
group to fit equation (4) to the ex~~mental 
activity coefficient data“’ at 25”. In this program, 
the function U = C(l/af) (In r?P- In ,Ftc)* is 
minimized, where l/af is a weighting factor. 
Occasionally, in the past, particular weights 
have been given to various data in obtaining 
best values of the parameters, e.g., 1 for 
0 <I < 4, and (4/Z)2 for I > 4.” In our calcu- 
lations of = [d(ln yMx)/dm]* af, is used. Since (T, 
is solely dependent on m, the value for Q,,, can 
be chosen arbitrarily. 

d(ln ~~x)/dm = kMZXif*y + (2v~vX/v)~y 

+ m(2vMvX/~)Z?*Y 

where 

+ 2m[(2/v)(v, v~)~‘~]C~ (9) 

f *y = -A”Z”‘(1/[2m (1 + 141”*)*] 

+ I/[m(l + bZ”2)]) (10) 

B*Y = (-2fl$x/a2Zm) 

x [1 - (1 + aZ’/’ + a*Z/2 

_ a 3 z3/z/4)e -aft’“] 
(11) 

In all the calculations, the third virial coefficient 
can be omitted since this term is not required for 
low concentrations. The results for the elec- 
trolytes NaCl, HCl and Nat SO, are given in 
Table 1. 

The standard potential of the sodium elec- 
trode used was determined just before the exper- 
iments with the sulphate electrode in cell (I) by 
plotting and extrapolating the curve of E us. 
log(m,y,). The results are given in Table 2. The 
slopes obtained at 25” are Nernstian. An E” 

Table I. Parameters of the Pitzec equation for the electrolytes N&I, 
HCI and Na,SO, 

Maximum 
Concentration deviation 

Electrolyte & /3&x range Q”P _ yc*ic)* 

NaCl 0.01752 0.3846 Ocm CO.1 0.0004 

HCI 0.2103 0.2945 O<m CO.1 0.0010 
Na, SO, 0.02557 1.0628 Oim co.5 0.0003 

*For yexp see Robinson and Stokesi 
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Table 2. Standard potential and Nemstian behaviour of the cells used 

Slope EL,, mV Call No. 

86.82 + 0.09 704.63 + 0.08 E!&- = -350.73 f 0.13 mV I 
88.64 + 0.02 973.15 + 0.04 = -350.63 + 0.13 mV 

117.86 f 0.03 113.75 & 0.04 E$_ Na+ = 336.09 f 0.05 mV 
118.41 + 0.06 400.18 f 0.08 &, = 622.52 + 0.09 mV IV 

value of 336.09 f 0.05 mV was obtained for 
the sodium electrode by means of a linear 
least-squares fit. 

rmmediately after these experiments, the 
sodium-sensitive glass electrode was used in cell 
(I) for the titration of 20 ml of 0.5033m sodium 
sulphate (density 1.05772 + 0.00002 g/ml) with 
water. After each addition, m, and yi were 
calculated by the same procedure as for the 
calculation of m3 and yS. The results of the linear 
least-squares analysis of the curve plotted for E 
vs. log(m,y,) are given in Table 2. The standard 
potential obtained for the sulphate electrode 
(- 350.73 + 0.13 mV) is in good agreement with 
publish~ values (Table 3). 

To test the reproducibility of preparation of 
the lead amalgam/lead sulphate electrode, a 
batch method was used with cell (II) and seven 
sulphuric acid concentrations of 0.04985, 
0.02501, 0.009999, 0.007499, 0.004972, 0.002499 
and 0.~998m. To ensure reliable and repro- 
ducible emf values, all solutions were measured 
twice with a freshly prepared electrode. The 
standard potential of the glass electrode was 
determined before and after these experiments, 
by titration of 40 ml of 0.0995Om hydrochloric 
acid (density = 0.~885 + 0.~2 g/ml) with 
water in cell (IV) and by using the same evalu- 
ation procedure as described above. The results 
are summarized in Table 2. Various assump- 
tions, models, extrapolation methods and cor- 
rections for the solubility of lead sulphate can be 
used in the calculation of the E” value and the 
response slope of the sulphate electrode. ‘2.‘3*2’ 

The dependence of the solubility, S, of lead 
sulphate on sulphuric acid concentration 22-24 
was taken into account by means of a poly- 
nomial regression analysis of a plot of S us. 
In m2. These corrections were not necessary for 
cell (I) since the solubility of lead sulphate in the 
sodium sulphate solutions investigated was 
negligible. 25 To calculate the mean activity co- 
efficients, y2, for the seven sulphuric acid sol- 
utions, the parameters j?&x and fiLx in Pitzer’s 
equation were optimized with respect to exper- 
imental y2 values. ‘6,26 However, no minimum 
was observed, An extended Pitzer equation 
is necessary for the sulphuric acid system, 
where not only ionic interactions but also an 
association equilibrium must be taken into 
account. r***’ To avoid an extra experimental 
parameter (i.e., the second dissociation constant 
of sulphuric acid) equation (12) was optimized 
with respect to experimental y,-values: 

ln yMx + fz&,rx IA ‘Z”*/( 1 + bZ12) 

=DZ”4+EZ”2-tFZ3’4+GZ+H (12) 

The parameters D, E, F, G and H were obtained 
by a polynomial regression analysis of the 
function In yMx + /z,z, I A@Z”*/( 1 + bZii2) VS. 
Z’j4. With the same procedure as described 
above for the calculation of the E” value of an 
electrode together with corrections for the solu- 
bility of lead sulphate, very satisfactory results 
were obtained, as shown in Table 2. 

The experimental slopes are Nernstian and 
the calculated standard potential is in excellent 

Table 3. Literature values for the standard potential of the lead amalgam/lead sulphate 
electrode 

cell E&g-, mV 

Pt, H,; H,SO,(m); PbSO,(s), Pb-Hg - 350.52 
Pt, H,; H,SO,(m); PbSO,(s), PbHg -351.3 f 0.3 
Pt, H,; H,SO,(m); PbSO,(s), PbHg -351.75 to -352.80 
Pt, H,; H,SO,(m); PbSO,(s), Pb-Hg -352.17 
Ca2+-ISE//CaSO,(m); PbSO,(s), Pb-Hg 

{ 

-352.6 ri; 0.4 
Zn-Hg; ZnX,(m): AgX, Ag X = Cl, Br 
Zn-Hg; ZnSO, (m ); PbSO, (s). Pb-Hg -349.4 to -350.2 

{ 
Zn-Hg; ZnSO, (m ); PbSO, (s), Pb-Hg 

EL,, = 762.80 mV - 350.49 
PbHg(3%), PbSO,(s); Na,SO,(m,)/sadium electrode - 350.73 & 0.13 
Pb+Ig(3%), PbSO,(s); H,SO,(m,)/glass electrode - 350.63 rt 0.13 

References 

12 
20 
27 
11 
28 

19, 29, 30 

13 
This work 
This work 



460 P. Lurs et al. 

agreement with the literature values, summar- 9. U. B. Bray, J. Am. Chem. Sot., 1927, 49, 2372. 

ized in Table 3. These results indicate that the 10. M. Hansen and K. Anderko, Constitution of Binary 

lead amalgam/lead sulphate electrode, prepared 
Alloys, 2nd Ed., p. 829. McGraw-Hill, New York, 1958. 

as described, behaves correctly. 
11. G. M. S. Baumstark, Dissertation, The Catholic Univer- 

sity of America, 1932. 
12. J. -Shrawder and I. A. Cowperthwaite, J. Am. Chem. 

CONCLUSIONS 

A new lead amalgam/lead sulphate electrode 
which exhibits good electrochemical behaviour 
has been developed. Its main advantage is that 
the severe precautions necessary to obtain a 
satisfactory lead amalgam/lead sulphate elec- 
trode can be achieved with a simple measuring 
system. The availability of a satisfactory elec- 
trode for the determination of the sulphate ion 
is very useful in several applications, e.g., deter- 
mination of the stability constants of sulphato- 
complexes of metal ions. 
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Summary-The influence has been studied of the membrane and solution composition on the response 
of H+-ISEs with plasticized polymer and liquid membranes based on the neutral carriers NJV-dioctyl- 
aniline and tridecylamine in association with trioctyloxybenxene sulphonic acid. It is shown that the 
extraction processes at the membrane/solution interface exert the main effect on the response limits by 
inducing essential changes in the activity of potential-determining ions in the membrane. At low pH, the 
amine extraction of acids followed by neutralization (free amines binding in ion-pairs) is the relevant 
process, while at high pH it is the extraction of metal cations with amine salts of a lipophilic acid, with 
the consequent displacement of amine from the salts. Equations are suggested to represent the interphase 
potential of the H+-ISE membranes with allowance for these extraction processes, ‘Ihe experimental 
electrode responses of both liquid and polymer membranes are shown to be well described by the equations 
for the interphase potential, thus indicating its dominant contribution to the membrane potential. 

The first H+-ion selective electrodes based on 
ionophoreP have already exhibited a number 
of advantages over the traditional glass H+- 
electrodes, including low resistance (with conse- 
quent advantages for miniaturization), safe 
handling, and promising applications in some 
aggressive media. Therefore, although H+-ISEs 
based on ionophores are characterized by much 
lower selectivity and narrower response ranges 
than glass electrodes, their applications in med- 
ical and biological studies, where they have 
most advantages over glass H+-ion selective 
electrodes, are still increasing. Various com- 
pounds have been studied as carriers of hydro- 
gen ions, mainly aliphatic and heterocyclic 
amines and their derivatives,24 but also other 
sufficiently strong organic bases that can form a 
complex cation with a proton, e.g., hexabutyl- 
phosphotriamide.9 

Simon6 has shown for such electrodes that 
deviations from the ideal proton-response in the 
acidic region are caused by protonation of the 
membrane ionophore, while in the alkaline re- 
gion metal cations interfere. The ISE response 
range (dynamic interval) depends mainly on the 
basicity of the carrier. Since Simon did not 
study in detail the effect of membrane/solution 
interface extraction on the form of the electrode 
response, his conclusions were basically qualita- 

tive. Moreover, the mechanisms of the interfer- 
ing effect of metal cations in alkaline media 
remains unclear. 

The present work is aimed at developing a 
quantitative description of the potential of 
amine carrier-based H+-ISEs, allowing for 
membrane/solution extraction processes. The 
validity of this approach is supported by exper- 
imental measurements showing the electrode 
responses of the membranes to be well approx- 
imated by the boundary potential equations 
with regard to the extraction processes at the 
membrane/solution interface. Neglecting the 
contribution of the diffusion potential, which is 
difficult to allow for because of the mobility 
differences and activity gradients of charged 
components in the membrane, is, therefore, 
justifiable in these cases, although this may not 
always be so. 

EXPERIMENTAL 

Reagents 

N,N-Dioctylaniline (DOA) and tridecylamine 
(TDA) of analytical grade were further 
purified” and trioctyloxybenzene sulphonic acid 
(TOBS) was synthesized with a purity 297% 
for use as the electroactive components in the 
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Table 1. Compositions of H+-ISE membranes used 

Membrane composition (the content of electroactive material is given in 
mole/kg or mole/l., other components in % w/w or v/v) 

Carbon 
Membrane DOA TDA TOBS PVC DOP I-BN THP tetrachloride Nitrobenzene 

I 0.050 - - 24.5 73.6 - - - - 
II 0.050 0.026 24.2 72.6 
III 0.050 0.026 24.1 72.3 
IV 0.029 0.010 24.7 73.9 
V 0.050 0.026 24.2 72.6 
VI 0.050 0.026 24.1 72.3 
VII 0.015 0.010 24.8 74.2 
VIII 0.010 0.010 24.8 74.4 
IX 0.012 0.010 24.8 74.3 
X 0.029 0.010 24.6 73.6 
XI 0.015 0.010 24.8 74.2 
XII 0.001 0.0005 90 10 

membranes. Poly(viny1 chloride) (PVC) PZh-S- 
70 was used as the membrane matrix and was 
dissolved in commercial grade cyclohexanone 
that had previously been distilled. Dioctyl ph- 
thalate (DOP), trihexylphosphate (THP) and 
I-bromonaphthalene (l-BN) of commercial 
grade, nitrobenzene of analytical grade and 
carbon tetrachloride of reagent grade were used 
as membrane plasticizers or solvents. DOP and 
THP were purified by acid treatment” and I-BN 
was distilled. The membranes prepared from 
these components are summarized in Table 1. 

Distilled water solutions of electrolytes were 
made from boric, acetic, phosphoric, hydro- 
fluoric, hydrochloric and perchloric acids as well 
as sodium, potassium, rubidium and caesium 
chlorides, sodium thiocyanate and bromide, 
sodium hydroxide and silver nitrate. These elec- 
trolytes were of at least analytical reagent grade. 

Preparation of samples 

The ISE membranes were produced conven- 
tionally.12 The buffer solutions for pH between 
1.8 and 12.0 were made by mixing acetic, phos- 
phoric and boric acids and sodium hydroxide.13 
The same mixtures were employed to prepare 
buffered solutions of sodium chloride, sodium 
thiocyanate and other salts. Hydrochloric acid 
was used to adjust solutions to pH < 1.8. 

Estimation of extraction equilibrium constants 

The extraction equilibrium constants, equa- 
tions (7) and (18) below, were measured at 
293 f 1 K. In determining the extraction con- 
stants of hydrobromic and thiocyanic acids, the 
initial TDA concentration in the organic phase 
was O.OlM, the sodium thiocyanate concentra- 
tion was O.OlM and the sodium bromide con- 

centration ranged from 0.01 to O.lM. The 
aqueous phase pH was adjusted with universal 
buffer mixture solutions in the range 1.8-7.0. 
The equilibrium concentrations of either bro- 
mide and thiocyanate in the aqueous and or- 
ganic phases or of free amine in the organic 
phase were measured, depending on the extrac- 
tion range. The anions were measured by poten- 
tiometric titration with silver nitrate in 
1 -propanol. Free TDA concentrations were 
measured by potentiometric titration with hy- 
drochloric acid solution in acetic acid. The 
equilibrium concentrations of the other com- 
ponents were determined by difference. The 
extraction constants were calculated from the 
formula: 

(1) 
ch Lx- aH+ 

where C.&,,,u+x- and c, are the equilibrium 
concentrations of the ion-associate and free 
amine in the organic phase and aH+ and C,- are 
the hydrogen-ion activity and the acid anion 
concentration, respectively. 

In assessing the extraction constants of 
sodium ions, the initial concentrations of TDA 
and DOA in the organic phase ranged from 
0.011 to O.O15M, that of TOBS was O.OlOM and 
the sodium bromide concentration in the 
aqueous phase ranged between 0.1 and 0.065M. 
When equilibrium had been achieved, the or- 
ganic phase was separated and the sodium ions 
were re-extracted with an equal volume of 0. 1M 
hydrochloric acid. The sodium concentration in 
this aqueous phase was measured with a PFM- 
U4.2 flame photometer. The extraction con- 
stants were estimated from the formula 

K:, = ifhQ+R- CAm 

C AmH+R- CM:aOH- 
(2) 
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where CMzR- is the concentration of the ion- where &, is the dissociation constant of the 
associate of the metal cation with the TOBS ion-pair AmH+R-. 
anion, chH+R- is the concentration of the It is seen from Fig. 1 that inclusion of a 
protonated amine ion-associate with the TOBS subequivalent quantity of TOBS in the DOA- 
anion and aoH- and C,: are the hydroxide based membrane results in a Nernst slope for 
ion activity and metal ion concentration, the proton-response and extends the electrode 
respectively. response range to a lower pH. Moreover, the 

Potentiometric measurements 
TOBS-modified membrane has more stable po- 
tentials. Therefore, despite some reduction in 

Potentiometric measurements were per- sensitivity to H+ at high pH, the advantages of 
formed with an EV-74 universal ionometer the TOBS-modified membrane are greater than 
operated as a millivoltmeter. The pH-values its shortcomings. Similar results were obtained 
of aqueous solutions were measured with an for H+-selective membranes based on other 
ESP-43-07 glass electrode and an EVL-IMZ neutral carriers and plasticizers as well as for 
silver-silver chloride reference electrode. Mea- liquid membranes. 
surements were made at 293 + 1 K with the cell 

Ag, AgCl 

KC1 ! Sample 
(sat.) I solution Membrane 

Reference solution; 
buffer (pH 7.0 or 2.7), 

I 0. 1M NaCl 
I 

AgCl, Ag 

I I 

I I 

RESULTS AND DISCUSSION 

For the membranes under consideration, the 
potential is due to selective transfer of hydrogen 
ions from the sample solution to the membrane 
phase by means of an amine or other organic 
base: 

-- 
H+ + AmsAmH+ (3) 

Here and elsewhere, a bar indicates the mem- 
brane phase. The complex cation AmH+ is in 
equilibrium with free amine and hydrogen ions: 

AmH +$liKpr+H+ 
(4) 

where K,, is the amine protonation constant in 
the membrane phase. 

According to the expression 

E=EO+ylnE 
H 

(5) 

the proton-response will be ideal provided the 
activity of hydrogen ions in the membrane is 
constant. The latter condition is achieved by 
stabilizing the concentration of alkylammonium 
cations ChH+ by adding a lipophilic acid RH in 
less than the amount equivalent to the amine in 
the membrane. An amine salt is thereby pro- 
duced which partly dissociates into AmH+ and 
R- in the membrane: 

-- 
RH + Am+AmH+R-kdl_AmH+ + R- (6) 

The data in Figs 2 and 3 show that the upper 
response limit of the H+-ISE is strongly depen- 
dent on the nature of the anions in the test 
solution, on the neutral carrier and on the anion 
concentration. This parameter is also greatly 
affected by the solvent (plasticizer) and the 
amine : TOBS concentration ratio. 

As noted above, protonation of the 
ionophore in the membrane is mainly responsi- 
ble for the deviation of the proton-response of 
these H+-ISEs in acidic media.6 In this case, 
the extraction of acids from the test solution 
into the membrane phase is described by the 
equation 

H++X-+zA -AmH+X- (7) 

Fig. I. TOBS effect on the DOA-based H+-ISE response in 
universal buffer solutions: (1) membrane I, without TOBS; 
(2) membrane II, with TOBS (compositions of the mem- 

branes are in Table I). 
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PH 

Fig. 2. Effect of nature and concentration of the anion on 
the TDA-based H+-ISE response (membrane III) in univer- 
sal buffer solutions: (1) no background electrolyte, (2) l.OM 
NaCl, (3) l.OM NaBr, (4) O.lM NaSCN and (5) l.OM 

NaSCN. 

where K& is the extraction constant of the 
ion-pair. The salt generated is partly dissociated 
into ions: 

AmH+X&AmH+ +X- (g) 

As a result, the concentration of the complex 
cation AmH+ in the membrane layer adjacent 
to the test solution increases, while that of the 
free amine decreases, resulting, in accordance 
with equation (4), in the increasing activity of 
hydrogen ions in the membrane and, eventually, 
in distortion of the proton-response. 

Fig. 3. Effect of plasticizer nature and Am:TOBS ratio on 
the upper response limit of H+-ISEs based on DOA in 
buffer solutions with O.lM NaSCN: (1) DOP, Am: TOBS = 
1.9: 1 (membrane II); (2). DOP, Am:TOBS = 2.9: 1 (mem- 
brane IV); (3) I-BN, Am:TOBS = 1.9: I (membrane V). 

It is worth noting here that the formalism 
suggested by Morfr4v” for a quantitative descrip- 
tion of the extraction effect on the membrane 
potential of cation-selective ISEs based on neu- 
tral carriers, which assumed complete ionic dis- 
sociation in the membrane phase, cannot 
directly be applied to H+-ISEs based on amine- 
type neutral carriers, because amine salts in the 
low dielectric constant media of ordinary ISE 
membranes mainly exist as non-associates. If 
the concentration of ions in such membranes 
can be neglected in comparison with the concen- 
tration of the ion-associates, the mass balance 
for the amine is 

cz = C,&,,,.,+a- + &,,,,,+x- + CA,,, (9) 

where c!$,, is the total concentration for all 
forms of the amine in the membrane, and 
c AmH+R- is the concentration of the ion-pair of 
the complex alkylammonium cation with the 
lipophilic anion R- introduced into the mem- 
brane. In the case considered, virtually all of the 
lipophilic acid HR introduced into the mem- 
brane is bound with amine as an ion-pair and so 
to a first approximation, chH+R- = CF. 

Subject to the condition of ideal behaviour of 
membrane components, from equations (7) and 
(9) we obtain the following expression for the 
concentration of the ion-pair AmH+X- ex- 
tracted into the membrane: 

c Kix(C!$ - CT)‘+,+ Cl,- 
AmH+X-= 

1 + KixaH+ax- (10) 

The concentrations of the free anions R- and 
X- in the membrane are 

CR_ _ F”’ (11) 
AmH+ 

,x_=cA;+X- Ka 
(12) 

AmHf 

Since the concentration of free hydrogen ions in 
the membrane is much less than the concentra- 
tion of alkylammonium cations AmH+, the 
electroneutrality condition is 

c AmH+ = CR- +cX- (13) 

Combining (1 l), (12) and (13), we obtain 

c AmH+ = Jcp Kd, + Ch,.,+X- Kdz (14) 

Taking into account that dissociation constants 
of ion-pairs depend only slightly on the nature 
of the anion, being mainly a function of the 
dielectric constant of the solvent,16 the following 
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approximation can be made: &, F~S lydl = 4. 
Then equation (14) becomes: 

c AmH+ = (14’) 

In accordance with equation (4), the concentra- 
tion of free hydrogen ions in the membrane is: 

z; - ‘hH+ 
H+ L&r (15) 

Substituting (IO) and (14’) into (15) yields the 
following expression for the hydrogen-ion 
concentration: 

L 

L ’ I I I 

0 1 2 3 4 

PH 

Fig. 4. H+-ISE response in hydtofluoric acid solutions 
(membrane II). 

Equations (6) and (15) can be used to show that 
the first factor in equation (16) is the initial 
concentration of hydrogen ions in the mem- 
brane, CL+. 

Substituting if,+ from equation (16) into 
equation (5) and combining In P”+ and the 
constants with E” (to give EO’), we arrive at the 
membrane potential equation allowing for acid 
extraction from the sample solution 

+ g (K~x)2af.‘+a:- -I- l] (17) 
R 

Analysis of equation (17) implies that when 
extraction is insignificant and the first two terms 
inside the square brackets can be neglected, the 
second logarithmic term will be zero and an 
ideal proton-response is obtained. As the degree 
of extraction increases, the slope of the function 
E vs. log aH+ decreases until sensitivity to the 
hydrogen-ion is completely lost (when the 
second term inside the square brackets is pre- 
dominant and measurements are performed at 
constant extracted anion concentration, ax-). 
For measurements in solutions of varied acid 
concentration when the acid itself can be ex- 
tracted into the membrane (uH+ = ax-), the 
curve E vs. log ++ can pass through a maxi- 
mum, and a negative slope appears at high 
concentrations (Fig. 4). Equation (17) implies 
that the amine-extraction constant of the acid, 

which is strongly dependent on the amine ex- 
tracting power and the nature of the anions in 
the test solution, is the main factor responsible 
for the upper limit of the proton-response. To 
compare the extractability of different anions, 
their hydration energies can be used.” The 
extracting power of amines is, to a first approxi- 
mation, proportional to their protonation con- 
stants or those of their lower homologues, in 
water. For instance, the p& values of tri- 
e~yla~ne and ~,~-diethylaniline are 10.87 
and 6.56, respectiveiy” and the upper response 
limits of the ISEs based on their corresponding 
higher homologues are some 5 orders of magni- 
tude different, other conditions being equal 
(Figs. 2 and 3). 

According to equation (17), interference by 
extraction should decrease as the lipophilic acid 
concentration in the membrane increases, which 
is confirmed by the experimental results (Fig. 3). 
However, the relationship CEt c cz restricts 
the use of this factor to shift the upper response 
limit of the H”-ISE to a lower pH, because 
violation of it results in the loss of membrane 
selectivity for hydrogen ions. 

Because measuring extraction constants for 
polymer membranes involves great difficulties, 
the constants of acid extraction with amine 
solutions in pure plasticizers have been used to 
evaluate the adequacy of equation (17). Results 
of extraction experiments are given in Table 2. 
It has been assumed that a comparatively inert 
polymer matrix, constituting 25% of the total 
membrane mass does not sibilantly affect the 
extraction constant. The data in Fig. 5 show 
quite satisfactory agreement between the exper- 
imental and theoretical E vs. log a,.#+ functions, 
thus supporting the assumptions above. 
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Table 2. Extraction equilibrium constants 

Electroactive Extracted Extracted 
Solvent substance acid &X alkali K:, 

I-BN TDA + TOBS HSCN 2.0 x lo* - - 
1-BN TDA + TOBS HBr 2.0 x 106 - - 
ccl, + TDA + TOBS HBr 4.2 x lo5 - - 
nitrobenzene 
(9: 1 v/v) 
I-BN TDA+TOBS - - NaOH 12 
1-BN DOA+TOBS - - NaOH 1.5 x lo5 

H+-ISE function at high pH 

In contrast to the upper limit of the H+-ISE 
function, the lower limit is independent of the 

1 

5: 

E 

.P 

z 

2 

a” 

I 1OOmV 2.3 

1 

I 0 
PH 

Fig. 5. Theoretical and experimental response of TDA- 
based H+-ISE (membrane VI): (l)-(3) experimental 
curves in buffer solutions containing backgrounds of 
1.0 x lo-‘M NaSCN, l.OM NaBr and l.OM NaSCN, 
respectively; (l/)-(3’), theoretical curves in the same solu- 
tions, calculated by equation (17) with &a,,, = 2.0 x 10’ 

and K&a,, = 2.0 x 106. 

form of the anions in the test solution and is 
determined by the nature and concentration of 
interfering cations (Fig. 6). The non-ideality of 
the electrode response is apparently the same as 
for other ISEs based on neutral carriers. In fact, 
however, the deviation of the H+-ISE response 
obeys a specific mechanism, which is peculiar to 
these electrodes and requires a special consider- 
ation. Indeed, displacement of the analyte ion 
from the carrier complex by interfering ions, 
which depends on the relationship between the 
corresponding extraction and complexing con- 
stants, cannot be responsible for the loss of the 
proton-response, because the amine proton- 
ation constants (which are formally similar to 
complex stability constants) are rather high and 
amines do not typically form complexes with 
alkali-metal cations. 

The experimental results can be accounted for 
by the extraction process: 

AmH+R- + M: + OH- 

K,x - - 
-_‘Am + MZR- + H,O (18) 

At fairly high pH, amines, being comparatively 

Fig. 6. Effect of the O.lM electrolyte (A) and dilution of buffer solution (B) on the lower response limit 
of DOA-based H+-ISEs (membrane IV). A: (1) CsCl, (2) RbCl, (3) KC1 and (4) NaCl; B: (1) initial buffer 

mixture, (2) diluted 1: 10, (3) diluted 1: 100. 
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0 

0 5 10 

PH 

Fig. 7. Effect of the plasticizer nature, neutral carrier and 
Am:TOBS ratio on the H+-ISE lower response limit: 
(1) THP, DOA (membrane VII); (2)-(4) DOP with 
DOA:TOBS = 1: 1 (membrane VIII), 1.2: 1 (membrane IX) 
and 2.9: 1 (membrane IV), respectively, (5) DOP, TDA 

(membrane X). 

weak bases, are replaced in the lipophilic acid 
salts by metal ions. The concentration of mol- 
ecular amine in the membrane is thereby 
increased, while the concentrations of the pro- 
tonated amine AmH+ and the hydrogen ion in 
equilibrium with it decrease, thus causing non- 
Nernstian electrode response at high pH. 

Naturally, the extent of the extraction process 
depends on the extractability of the metal 
cations and the basicity of the amines. As shown 
above, the basicity of TDA is more than 4 
orders of magnitude larger than that of DOA, 
so the lower response limit of the TDA-based 
ISE is shifted to the alkaline region by about 4 
pH units (Fig. 7). The strong dependence of the 
lower limit of the H+-ISE function on the 
solvating power of plasticizers (THP and DOP) 
relative to metal cations further supports the 
suggested mechanism of deviation from ideal 
behaviour, implying the absence of appreciable 
interaction of metal cations with the neutral 
carrier in the membrane phase. As the amine: 
lipophilic acid ratio in the membrane increases, 
the lower H+-ISE response limit naturally shifts 
to higher pH owing to the decreased degree of 
extraction, described by equation (18). Thus, the 
suggested model logically accounts for the de- 
pendence of the change in the lower H+-ISE 
response limit on the membrane and test sol- 
ution compositions. The equation for evaluating 
the effect of foreign cations on the H +-ISE 
potential can be obtained from the approxima- 
tions above, assuming also equality of the 

Fig. 8. Responses of DOA-based H+-ISE (membrane XI) in 
solutions of dilute (1: 100) buffer mixture, containing 0. IM 
NaCl background: (1) experimental; (2) calculated from 

equation (25) with K&,c,, = 1.5 x IO’. 

dissociation constants of the ion-pairs M:R- 
and AmH+R-. With these assumptions, the 
following relationships hold: 

(19) 

(20) 

CAmH+ = c AmH+R- JKd 
fi (21) 

where all the lipophilic acid in the membrane 
(Ct,o’) is bound in the ion-pairs M:R- and 
AmH+ R- and Kd is the dissociation constant of 
these ion-pairs. Equation (18) implies that 

c + CAm CAmH+R_ = Me R- 
K:, a,: aOH - 

(22) 

where K:, = &,/X55 (with allowance for C,,, 
in the aqueous phase). 

Substituting equations (19) and (20) into (22) 
and solving for CAmH+R- gives 

(CT + (?ilk + Ex)’ _ c,.,t clot 

4 R Am (23) 

where Ex (= K:, a,: aOH-) characterizes the ex- 
traction effect on the membrane composition. 

Substituting equation (23) into (21) and (15) 
and taking ch from equation (20), we arrive at 
the equation which describes the concentration 
of free hydrogen ions in the membrane, with 
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allowance for extraction equation (IS)]: 

where e”x+ is the initial concentration of hydro- based on neutral carriers, 3ecause the efkets of 
gen ions in the membrane (without extraction) the two types of extraction are manifest at 

as given by the first factor in equation (16). opposite ends of the pH range, where their 
Substituting equation (24) into equatjon (5) interdependence is impossible, equations (17) 

and again ineluding In &+ and the constants and (25) may be ~ombiued into a gen~a~i~ 
with E’, gives the following equation for the equation for the proton-response of an H’-ISE 
lower branch of the E us. log a,+ curve: over the entire pH range [equation (26)f. 

t 

Analysis of equation (25) shows that when .83x 
is ~egligib~e~ the second and the third Iogarith- 
mie terms cancel, resulting in Nernstian re- 
sponse. Figure 8 compares the theoreti~ai and 
experimental E z?.s. pH curves for a PVC-mem- 
brane plasticized with I-BN and containing 
DOA as neutral carrier. The value of KG, was 
capsulated for pure I-BN. 

The satisfactory agreement between the ex- 
perimental and thearetical curves proves the 
predominant contribution of the extraction pro- 
cess described by equation (18) to the Ioss (at 
high pH) of the proton-response of H+-ISEs 

The good a~~ment in Fig. 9 between the 
ex~rimental E US. pH curve and that calculated 
by equation (26) for a liquid memb~ne contain- 
ing TDA as the neutral carrier support the 
considerations presented. 

Extraction processes at the m~mbran~test 
solution interface, by causing changes in the 
~on~ntration of hydrogen ions in the mem- 
brane, are mainly responsible for the restrictions 
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amine basicity described by Simon6 and will 
2 
1 stimulate further purposeful search for mem- 

5 
E 

brane compositions giving a required response 
range. 
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THIN-LAYER CHROMATOGRAPHY/LIQUID SECONDARY 
ION MASS SPECTROMETRY IN THE DETERMINATION 

OF MAJOR BILE SALTS IN DOG BILE 
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Summary-Positive and negative ion liquid-state secondary-ion mass spectrometry (LSIMS) was applied 
to several bile acids and bile salts and their spectra were measured directly from the surface of silica gel 
thin-layer chromatograms. Such spectra were identical to the LSIMS spectra of the pure compound at 
the same concentration. Three-dimensional ion images were obtained of a model mixture of cholic, 
chenodeoxycholic and lithocholic acids in both the positive and negative ion modes. A sample of dog bile 
was prepared, and the bile acids extracted from it were separated by high-performance TLC; TLC/LSIMS 
spectra were obtained for sodium taurocholate and sodium taurochenodeoxycholate/taurodeoxycholate, 
the predominant bile salts present. Quantitative estimates of the analytes were obtained by monitoring 
the ion intensity for the sample spot and a standard spot that had been developed in parallel on the same 
TLC plate. The concentration of sodium taurocholate in the bile of this particular dog was found to be 
38 mg/ml. 

The clinical analysis of bile acids is common 
in the diagnosis of certain liver or intestinal 
disorders, and bile acid assays have also been 
used for probing the complex pathways of 
cholesterol metabolism. Traditional methods 
for such analyses involve one or more sample 
clean-up steps by extraction or chromatog- 
raphy, followed by detection and identification 
by mass spectrometry. For many years, gas 
chromatography/mass spectrometry (GC/MS) 
has been the method of choice, although this 
requires that the bile acid be derivatized in order 
to make it sufficiently volatile for the chro- 
matography.‘” The simplest derivative is the 
bile acid methyl ester, but protection of the 
hydroxyl groups through acetylation, trifluoro- 
acetylation or trimethylsilylation is often also 
considered necessary. Under certain conditions, 
the conjugated bile acids, often present in clini- 
cal samples in much larger amounts than the 
free bile acids themselves, must be hydrolyzed 
prior to analysis. 

With the advent of particle-induced desorp- 
tion ionization for mass spectrometry, other 
methods for bile acid analysis have been 
reported. The advantage of liquid-state 
secondary-ion mass spectrometry (LSIMS) and 
fast atom bombardment (FAB) over conven- 
tional electron ionization in GC/MS is that the 

*To whom correspondence should be addressed. 

mass spectra can be obtained without volatiliz- 
ation of the sample, and derivatization is not 
required. In most cases, a preliminary separ- 
ation step prior to mass spectral identification 
is still recommended. In a series of papers, 
Whitney and co-workers have developed a 
method including a solid-phase Sep-Pak C,, 
extraction, followed by radial compression 
HPLC and finally LSIMS.“’ Thanks to the lack 
of fragmentation in the mass spectra, complex 
mixtures can be analyzed directly by LSIMS, 
especially in the negative ion mode, in which 
molecular ions such as (M - H) - are of large 
relative abundance. Ito et al. have developed 
the direct coupling of a microbore liquid 
chromatography (LC) column with an LSIMS 
ionization source for the analysis of bile acids.8 
Tomer et al. have used daughter-ion MS/MS 
following LSIMS ionization to differentiate 
individual isobaric bile acids in a complex 
mixture.g Finally, an instrument designed to 
obtain LSIMS mass spectral data directly from 
thin-layer chromatograms has been used for bile 
acid analysis.” 

Traditional detection methods for TLC in- 
volve staining, charring, fluorescence, or densi- 
tometry. Mass spectrometry provides additional 
sensitivity and selectivity, and an instrument 
for the direct two-dimensional analysis of 
developed thin-layer chromatograms with an 
LSIMS ionization source has been described.“*” 

471 
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In this system, the point of focus of the primary 
particle beam on the xy surface of the chro- 
matogram is also the point of secondary ion 
extraction into the quadrupole mass analyzer. 
The TLC plate is moved with an xy manipulator 
stage to bring the sample spots to the point of 
focus. Secondary ions are sputtered from the 
chromatogram by suitable irradiation of the 
analyte held in a glassy semi-liquid matrix.‘” 
Spatial profiles for distribution of organic ions 
in the ?ry plane are generated by moving the 
manipulator in the x and y directions while 
monitoring abundances of the selected ions. 
Three-dimensional images for organic ions on 
the surface of the chromatogram are produced 
by plotting the ion intensity as a function of the 
x and y coordinates. In addition, a complete 
mass spectrum can be measured for each point 
in the chromatogram. Imaging of sample spots 
within chromatograms by use of LSIMS has 
been reported for mixtures of phenothiazine 
drugs,14 small peptides15 and natural products.‘6 

There are several parts to the present study. 
First, the positive and negative ion LSIMS 
spectra of discrete samples of several bile acids 
and salts are recorded and interpreted. Next, the 
conditions necessary to minimize differences 
between the spectra of the indi~dual com- 
pounds and those on developed and spotted 
TLC plates are explored. In particular, the 
effects of concentration of the bile acid in the 
solvent are delineated with respect to the com- 
petitive formation of (M + H)+ and (M + Na) + 
ions. Clinical samples of dog bile are prepared 
and separated, and the mass spectra of the 
individual sample spots recorded. The advan- 
tages of recording three-dimensional ion images 
from the TLC plate are discussed. Finally, 
quantitative estimates for the concentration of 
bile salts in dog bile are made by comparing 
signal levels for the sample spots with those 
for a standard developed on the same TLC 
plate. 

EXPERIMENTAL 

Reagents 

Cholic, chenodeoxycholic and lithocholic 
acids were purchased from Aldrich Chemical 
Co. and the taurine-conjugated bile salts from 
Sigma Chemical Co. Solvents used for TLC 
development were obtained from Mallinckrodt 
and Aldrich. Matrices for the LSIMS experi- 
ments (glycerol, threitol and sorbitol) were ob- 
tained from Aldrich and used as received. 

Samples of dog bile were obtained from an 
experimental animal. 

Instrumentation 

Standard positive and negative ion SIMS 
spectra of each bile acid or salt were obtained by 
depositing * 1 mg of acid or salt into approxi- 
mately 30 ~1 of glycerol on the tip of the direct 
insertion probe. Mass spectra were measured 
with a modified Extrel C-50 quadrupole mass 
spectrometer. The primary beam consisted of 
cesium ions from a commercial cesium ion gun 
(Phrasor Scientific) or argon atoms from an 
FAB gun (Ion Tech, Ltd.). Each gun was 
mounted on a vacuum flange at an angle of 45” 
to the sample. The primary ion current (6 keV 
Cs + ; 8 kV Ar) was maintained at approximately 
l-2 PA at the surface. Mass spectra were 
recorded with a home-built microcomputer 
using modified ASYST software,” which also 
generated the three-dimensional images by stan- 
dard plotting routines. In some cases, spectra 
were recorded directly on an xy recorder. 

Mass spectra from TLC plates were obtained 
as follows. The spot on the TLC plate, contain- 
ing approximately 20 pg of bile acid, was cut 
out and affixed with double-sided adhesive 
cellophane tape to the tip of the direct insertion 
probe. Ten yl of glycerol were applied to cover 
the spot and the probe was inserted into the 
mass spectrometer source. 

For the initial experiments on spatially- 
resolved images, 10-20 pg of a bile acid or its 
salt (in ethanol solution) were spotted onto a 
silica TLC plate in the relative positions estab- 
lished by the chromatography experiments dis- 
cussed below. For the dog bile sample, images 
were acquired from a developed chromatogram. 
A thin layer (-0.5 mm thick) corresponding to 
8 ~1 of molten sorbitol or threitol was applied 
with a microspatula or micropipette to each 
area of the plate containing a bile acid or salt, 
and the plate was then positioned on the plat- 
form inside the source of the mass spectrometer. 
The platform was heated to maintain the matrix 
near its melting point during the imaging experi- 
ment. The sample was moved either manually 
with an xyz manipulator, or, in later work, 
with perpendicular piezoelectric translator 
stages from Burleigh Instruments. Images were 
obtained by using the gallium primary ion 
beam from a liquid ion gun (FEI), also mounted 
on the chromatography/LSIMS instrument. 
The gallium gun was used to collect images be- 
cause of its small beam diameter. Better spatial 
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resolution is therefore possible than with the 
cesium ion gun or the argon FAB gun. The 
gallium gun was operated at 5 kV beam voltage, 
approximately 2.0 kV lens voltage (variable), 
- 1.5 kV suppressor voltage, 11 kV extractor 
voltage and 5 PA emission current. Under these 
operating conditions and with a 5-cm working 
distance, the primary beam diameter is calcu- 
lated to be 0.8 pm. The FAB gun was used to 
collect the image (shown later, Fig. 4) from the 
dog bile sample, with the beam diameter re- 
duced to 0.4 mm by a small aperture. Spatial 
resolution for the grids shown for the images 
reported here was 0.5 mm except for the dog bile 
sample, for which it was 0.4 mm. Each point 
shown on the image represents the average of 
200 scans across the ion of interest. Although 
not needed in these experiments, higher spatial 
resolution (to 1 ,um with the Burleigh piezoelec- 
tric translator stages) can be achieved for appli- 
cations in which the chromatography does not 
sufficiently separate the analytes. 

Thin -layer chromatography 

Mixtures of free bile acids were separated on 
aluminum-backed silica TLC plates (0.2 mm, 
EM Science) with the solvent system iso-octane, 
ethyl acetate, acetic acid (10: 10:2 v/v).‘” The Rf 
values were cholic acid, 0.16; chenodeoxycholic 
acid, 0.40; lithocholic acid, 0.71. The dog-bile 
extract and standard mixture of common con- 
jugated bile salts were both chromatographed 
on 100~pm silica gel HPTLC plates with the 
solvent system n-butanol, acetic acid, water 
(40: 10: 10 v/v).‘* Taurocholate, the more polar 
of the two, has an Rc value of 0.40, taurocheno- 
deoxycholate an R, value of 0.52 and tauro- 
deoxycholate an Rf value of 0.52. Before 
chromatography, samples of dog bile were 
extracted with ethanol by use of C,, Sep-Pak 
cartridges, in a procedure similar to that devel- 
oped by Whitney and Thaler.lg 

Quantitative estimates 

Quantitative estimates were obtained by scan- 
ning across the region on the TLC plate contain- 
ing both the standard and the sample in separate 
lanes. The sample and standard were spotted 
with a Camag Linomat IV bander in 5-mm long 
bands 1 mm in width, and the chromatogram 
was developed over a length of 5 cm with the 
n-butanol, acetic acid, water solvent system. 
About 4 ~1 of threitol were applied to each spot 
as the extraction matrix and the plate was 
inserted into the mass spectrometer chamber. 

The platform temperature was held just below 
the melting point of threitol (70-73”) through- 
out the experiment to keep the previously 
molten threitol in a tacky state. Scans were 
performed at 0.2-mm steps in the y direction 
with a motion of 50 pm/see in the x direction 
and a scan-rate of 10 amu/sec across a 14 amu 
range encompassing the molecular ion in the 
negative ion mode. An argon FAB gun was used 
with a beam-limiting aperture which reduced 
the diameter of the beam to approximately 0.4 
mm. Relative intensities of sample and standard 
as a function of distance were recorded with an 
xy recorder. 

RESULTS AND DISCUSSION 

The liquid-state SIMS and FAB mass spectra 
of the various bile acids and salts, including 
those in this study, have been documented by 
Whitney and Burlingame.6 The present work 
confirms their results. In general, LSIMS spec- 
tra of the free acids show (M - H)- as the 
predominant ion in the negative ion mode. In 
the positive ion mode, the (M + H) + ions are of 
low abundance and fragment ions correspond- 
ing to successive losses of water are dominant. 
Lithocholic acid, however, does not provide any 
abundant ions in the positive ion FAB mass 
spectrum. If excess of sodium in the form of 
sodium chloride is added to the matrix, sodium 
adduct ions, (M + Na)+, are formed. The bile 
acid sodium salts yield predominantly the 
(M - Na)- ion in the negative ion mode, and 
(M + Na)+ and (M + H)+ in the positive ion 
mode. Small ions corresponding to losses of 
water are also sometimes observed. 

The spectra of the bile acids and salts ob- 
tained directly from the TLC surface are similar 
to those of the individual compounds in a 
glycerol matrix. A slight increase in background 
noise is observed, as less sample is available for 
ionization and detection. Protons and sodium 
ions compete for the bile salt anion, as discussed 
in greater detail in the section on dog bile 
analysis. 

The plate containing the bile acids and salts 
was not analyzed further after the LSIMS 
analysis, but there appeared to be no evidence 
of destructive processes induced by the primary 
beam bombardment. The mass spectra did 
not change appreciably with exposure time 
even during the longer periods needed to obtain 
the three-dimensional images. In addition, ex- 
periments performed on other systems in this 
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laboratory show that a single spot can generate 
identical images in repeated analyses even when 
these are taken at intervals of days. We calculate 
that tens of picograms of sample are consumed 
per second during a typical TLC/LSIMS experi- 
ment and are confident, therefore, that with the 
ng-pg quantities of sample material on typical 
TLC plates, there is sufficient material left in the 
extraction matrix or the silica gel to make 
further analyses possible, if desired. 

The absolute sensitivity in the mass spectra of 
the conjugated salts studied is approximately 6 
times higher for the base peak [(M - Na))] in 
the negative ion mode than for the base peak 
[(M + Na)+] in the positive ion mode. Detec- 
tion limits for each salt in the negative ion mode 
were estimated by measuring those for sodium 
taurocholate. In the TLC/LSIMS experiment, 
100 ng or so will suffice to give a full negative 
ion mass spectrum, stable for 30 min. Since it 
takes only about 30 set to record the mass 
spectrum, detection limits of about 1 ng are 
indicated. However, for the imaging experi- 
ments described below, 1 pg is usually required, 
owing to the longer time currently required to 
make the measurements needed to compile a 
complete image by manual operation. The high 
sensitivity of the negative ion LSIMS mode for 
bile acids, along with the reliable molecular 
weight information provided, with little or no 

obscuring fragmentation, makes this the pre- 
ferred analytical mode. However, the ability to 
measure both positive and negative ion mass 
spectra from the same sample spot aids in 
sample identification. 

Imaging analysis 

Imaging spectral measurements obtained by 
using TLC/LSIMS provide unique characteris- 
tics in the study of bile acids, including free 
choice of order of access to sample spots, vari- 
able spatial resolution and integration, and 
preservation of the chromatogram along with 
the complete spectral information from the 
mass spectrum itself. Figure 1 shows the three- 
dimensional positive ion image of a model 
mixture of cholic, chenodeoxycholic and 
lithocholic acids separated by TLC. For this 
image, the plate was treated with sodium 
chloride after development, allowing litho- 
cholic acid to be detected by means of the 
(M + 2Na - H)+ ion peak at m/z 421. By 
movement of the sample in successive OS-mm 
steps in the x direction, with the y value kept 
constant, and monitoring the appropriate ion 
for each acid (cholic acid, m/z 355; chenodeoxy- 
cholic acid, m/z 357; lithocholic acid, m/z 421) 
the spatially-resolved image was measured. The 
procedure was repeated with the y value 
changed until an entire image was obtained. 

I vo 
xtmm) 

Fig. I. Three-dimensional positive ion image of a TLC plate containing cholic, chenodeoxycholic and 
lithocholic acids. 
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Fig. 3. Negative ion LSIMS spectrum of dog bile extract. 
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The figure shows that the spots are completely 
resolved, and signal-to-noise ratios are excellent 
for the ions monitored. 

The ability to correlate positive and negative 
ion spatial images is demonstrated in Fig. 2. The 
acids separated are cholic, chenodeoxycholic 
and lithocholic. The negative ion image was 
obtained first by monitoring the (M - H)- ions 
for each acid. In this experiment the positive ion 
image shows no signal for lithocholic acid as the 
TLC plate in this case was not treated with 
sodium chloride. The positive ion/negative ion 
correlation experiment is useful when two bile 
acids are unresolved by the TLC and give the 
same ion in one of the two modes. Measurement 
of the ions in the other mode would allow an 
unambiguous identification. 

Dog bile analysis 

In the mass spectral analysis of the dog bile 
sample several experiments were performed. 
The first measured the negative ion LSIMS mass 
spectrum of the unchromatographed bile extract 
(Fig. 3). From the combination of the data in 
this spectrum with Rr data from subsequent 
TLC experiments on a similar extract, the 
major bile salts present were found to be 
sodium taurocholate and either or both of the 
dihydroxy taurine-conjugated isomers. The 
heaviest ions in the spectrum, at m/z 514 and 
498, correspond to the (M - Na)- ions of 
sodium taurocholate and sodium taurocheno- 
deoxycholate/taurodeoxycholate, respectively. 
These salts are chromatographed with the n- 
butanol, acetic acid, water solvent system. As 
noted above, the dihydroxy isomers are not 

resolved. Another spot was located at a lower Rf 
value, but since the spot was colored, the com- 
pound was presumed to be a bile pigment. No 
ions above background were seen for this com- 
pound, and we assume, therefore, that either the 
amount present is small enough not to be 
detected in the pure extract or on the developed 
TLC plate, or the compound is not amenable 
to LSIMS ionization. Figure 4 is the three- 
dimensional image in the negative ion mode 
showing two distinct spots corresponding to the 
bile salts present. The ion at m/z 514 was 
monitored to locate sodium taurocholate, and 
that at m/z 498 for the taurochenodeoxy- 
cholate/taurodeoxycholate mixture. 

Mass spectra of these salts taken directly from 
the TLC spot (for the developed dog bile sam- 
ple) are given in Figs. 5 and 6. The negative ion 
spectra are identical to the standard spectra 
discussed above. However, in the positive ion 
mode, the (M + H)+ ion in the TLC/LSIMS 
experiment is greatly enhanced relative to the 
(M + Na)+ ion, and successive losses of water 
from it are seen. Further experiments estab- 
lished that the difference in the TLC/LSIMS 
spectrum is due to the standard spectrum being 
measured for a relatively high concentration of 
bile salt in glycerol, whereas in the TLC/LSIMS 
experiment a total of only N 10 pg of salt was 
present, which was then extracted into 10 ~1 of 
glycerol. It was found that when standard spec- 
tra were taken for concentrations of the bile 
salt in glycerol ranging from 1.5 to 9.5 pg/pl, 
the (M + H) + /(M + Na) + ratio decreased with 
increase in sample concentration from 0.38 to 
7.2 pg/ml. This phenomenon is interpretable in 

Fig. 4. Three-dimensional negative ion image of bile salts present in dog bile, contained on a TLC plate. 
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Fig. 5. (a) Positive ion LSIMS spectrum of sodium taurocholate obtained directly from the TLC plate, 
with glycerol as extraction matrix. (b) Negative ion LSIMS spectrum of sodium taurocholate obtained 

directly from the TLC plate. 

terms of a competition between sodium ions and the sodium ion concentration is the crucial 
protons (presumably from the matrix) for the variable was determined by the following 
bile salt anion. Higher bile salt concentrations experiment. Ten hug of bile salt were deposited 
favor formation of (M + Na)+. The fact that on a silica TLC plate and 10 ~1 of glycerol, 
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(a) 

544(M+No)+ 

I 

522(M+H)* 
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I 
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Fig. 6. (a) Positive ion LSIMS spectrum of TLC spot corresponding to the dihydroxy isomeric bile salts 
present in dog bile. (b) Negative ion LSIMS spectrum of the TLC spot corresponding to the dihydroxy 

isomeric bile salts present in dog bile. 

doped with an excess (1 mg) of sodium chlo- 
ride, were applied over the spot as the extrac- 
tion matrix. The resulting spectrum was 
identical to that for the standard bile salt at 
higher concentration in glycerol, rather than 
the usual TLC/LSIMS spectrum, in which 
there is a high relative abundance of (M + H)+ 
ion. The amount of bile salt was not al- 
tered; only the sodium ion concentration was 
changed. 

It should be noted that TLC plates contain an 
unknown amount of adventitious sodium, and 
in favorable cases this sodium may contribute to 
the formation of the (M + Na)+ ion. In our 

experience, this level of sodium does not signifi- 
cantly increase the relative abundance of the 
sodium-cationized molecular ion. Only addition 
of a large excess of sodium to the plate itself (as 
in the case of lithocholic acid) or to the matrix 
(as in the experiments described above) will alter 
the spectrum. The addition of excess of sodium 
does not appear to reduce the overall sensitivity 
of the bile salt detection; in fact, it may improve 
the detection limits if the analyte prefers to 
attach a sodium ion rather than a proton, or 
other alkali-metal cation. Even at high concen- 
trations (10 pg/ll), where the available protons 
from the glycerol matrix outnumber the sodium 
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directly determining the mass spectrum for each 
component makes more specific information 
available. 
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Summary-A high-~rfo~a~ce liquid chromatograph;c method has been developed for the determination 
of niridazole in bulk form and in pharmaceutical dosage form. A reversed-phase system, based on an 
octadecylsilane-bonded stationary phase and a 60:40 v/v methanol/water mobile phase, is used. The 
detector response at 370 nm is linearly related to the amount injected, over a wide range. The method 
is sensitive, simple, rapid and precise. 

Niridazole, I-(5-nitrothiazol-2-yl)imidazolidin- 
2-one, is a schistosomicide’ which is particularly 
active against Schistosoma huematobium2 and 
Sch~s~o~~rna japo~i~um. 3 It is also used in the 
treatment of amoebiasis, guinea-worm infec- 
tionsZ and dracontiasis.4 Niridazole is also a 
valuable immunosuppressive agent.5-8 

Niridazole is widely used in countries where 
schistosomiasis is epidemic, but is not included 
in any pharmacopoeia. A gas-Iiq~d chromato- 
graphic method is available for its determi- 
nation’ but the retention time is 27.8 min. 
Niridazole in urine and serum has also been 
assayed by high-performance liquid chromatog 
raphy (HPLC).” In the present work, HPLC is 
used for the dete~ination of the drug in tablets 
and in bulk form. The method is as accurate and 
precise as the fluorimetric method reported 
earlier,” but simpler. 

EXPERIMENTAL 

Marerial.3 

Pharmaceutical grade niridazole (CIBA) and 
was used as the working standard. Ambilhar 
tablets each containing 500 mg of niridazole 
were used. Methanol (HPLC grade) and 
methanolic solutions in water {redistilled de- 
ionized), were subjected to filtration and 
degassing before use. 

Appururus 

An SP 1750 s~trophotometer with an 
AR 55 linear recorder and an SP 1805 program 
controller (all from Pye Unicam), was used for 
scanning the absorption spectrum of niridazole. 
The chromatograph used consisted of a DuPont 

chromatographic pump, a column oven, an 
ultraviolet spectrophotometer and a computing 
integrator. The detector was set at 370 nm and 
0.005 absorbance full scale. The recorder used 
was a Servogor 3 10, chart-speed 5 mm/min. A 
25 cm x 4.6 mm column of Zorbax ODS (par- 
ticle size 10 pm) was used, at 35”. The mobile 
phase was made by diluting 60 ml of methanol 
to 100 ml with doubly-distilled demineralized 
water, and was used at a flow-rate of 1 ml/min. 

Calibration graph 

A stock solution of niridazole was made by 
dissolving 25 mg of the pure compound (accu- 
rately weighed) in 50 ml of methanol by gentle 
heating, cooling, and diluting to volume with 
mobile phase in a IOO-ml standard flask. 

The stock solution of niridazole was quantita- 
tively diluted stepwise to give the following 
series of concentrations: 0.25, 0.50, 1.00, 2.00 
and 4.00 ng/50 ~1; a 50-~1 aliquot of each 
solution was injected into the column and the 
heights and integrated areas of the HPLC peaks 
were measured. 

Assay of tablets 

Twenty tablets were accurately weighed and 
finely powdered. An amount of the powder 
equivalent to about 25 mg of pure niridazole 
was weighed accurately and heated gently with 
25.0 ml of methanol, and the solution was 
filtered. One ml of the yellow filtrate was diluted 
accurately with mobile phase to IOU.0 ml, and 
0.1 ml of this solution was diluted with the same 
solvent to 250 ml. Six SO-PI portions of this 
sample solution were injected, and the content 
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Table 1. Effect of mobile phase composi- 
tion on niridazole retention 

Mobile phase I,, min k’ 

CH,OH/H,O (40:60) 6.3 1.423 
CH,OH/H,O (60:40) 4.4 0.692 
CH,OH/H,O (75:25) 3.5 0.346 
CH,OH/H,O (90: 10) 3.0 0.154 
Absolute methanol 2.8 0.077 

of the drug in the tablets was calculated from 
the mean peak height. 

RESULTS AND DISCUSSION 

The separation of a wide range of chemical 
types with an octadecylsilane (ODS) stationary 
phase with a methanol-water mobile phase has 
been reported. I2 The optimum mobile phase 
composition was found to be methanol/water 
(60:40), which gives the best compromise be- 
tween capacity factor @‘-value) and band- 
broadening (Table 1). The number of theoretical 
plates was calculated to be 1936. 

The wavelength for detection was selected 
from the absorption spectrum of a solution of 
niridazole in the eluent (Fig. 1). This spectrum 
has two absorption maxima, that at 370 nm 
having about twice the amplitude of that at 
242 nm. As little as 0.1 ng of niridazole could be 
detected at 370 nm (signal-to-noise ratio 3.0). 

It was found that peak-height measurement 
gave more precise and accurate results than 
peak-area measurement did, the correlation 

0.7 - 
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i: 

1 \ 
1 I 
’ I 
’ I 
I I 
’ I 
’ I 
’ \ 
’ \ I 

/ ‘1 \ 
I 

\ 
0 
200 260 360 440 

Wavelength (nm) 

Fig. I. Absorption spectrum of niridazole in 60:40 v/v 
methanol/water mixture. 

Table 2. Mean and relative standard deviation of 10 
replicate determinations of niridazole 

Variable Mean RSD, % 

Retention time 4.465 min 0.2 
Peak-height 4.71 cm 1.2 
Peak-area 4780 mV. set 1.8 

Table 3. Assay of 500-mg Ambilhar tablets (mean of 6 
injections, and relative standard deviation) 

HPLC method Fluorometric method 

Sample Found, mg RSD, % Found, mg RSD, % 

1 496 0.9 497 1.3 
2 478 1.2 480 1.4 
3 487 0.9 486 1.0 

coefficients for the regression equations for 6 
injections of each of the standard solutions 
containing niridazole in the linearity range 
0.25-4.00 ng in 50 ~1 being 0.999 for the 
peak-heights and 0.978 for the peak-areas. 

The reproducibility data from 10 replicate 
injections of a methanol/water (60 : 40) solution 
containing 2.0 ng of niridazole per 50 ~1 are 
given in Table 2. 

Table 3 gives the results obtained for determi- 
nation of niridazole in pharmaceutical dosage 
form; they agree well with those obtained by a 
fluorimetric method.” 

The proposed procedure is simple and suit- 
able for quality-control analysis of both the 
bulk drug and tablets. The method offers higher 
sensitivity and specificity than direct ultraviolet 
spectrophotometry does and is much faster than 
the gas chromatogrpahic method. It is also 
simpler than the fluorimetric method” which 
involves evaporation of an alcohol solution of 
niridazole to dryness and heating of the residue 
with malonic acid and acetic anhydride before 
dilution and measurement. 

1. 
2. 

3. 
4. 
5. 

6. 
7. 

8. 

REFERENCES 

A. A. Mahmoud, N. Engl. J. Med., 1977, 297, 1329. 
Martindale’s Extra Pharmacopoeia, 28th Ed., J. E. F. 
Reynolds and A. B. Prasad (eds.), Pharmaceutical Press, 
London, 1982. 
Anon., Med. Lett., 1982, 24, 7. 
G. Raffier, An. N.Y. Acad. Sci., 1969, 160, 720. 
J. R. Salaman, M. Bird, A. M. Godfrey, B. M. Jones, 
D. Millar and J. J. Miller, Transplant. Proc., 1977, 9, 
989. 
Idem, Transplantation, 1977, 23, 29. 
B. M. Jones, M. Bird, M. Howells, D. Millar, J. J. 
Miller, S. Reeves and J. R. Salaman, ibid., 1978.24, 134. 
S. V. Lucas, J. C. Daniels, R. D. Schubert, J. M. 
Simpson, A. A. R. Mahmoud, K. S. Warren, J. R. 
David and L. T. Webster, J. Immunol., 1977, 118, 

418. 



HPLC determination of niridazole 483 

9. J. J. Miller and R. J. Oake, J. Chromarog., 1977, 131, 11. I. H. Refaat, M. E. El-Kommos, H. H. Farag and N. A. 
442. El-Rabbat, Bull. Pharm. Sci. Assiut Univ., 1987, 10, 85. 

10. J. J. Miller, B. M. Jones, P. R. Massey and J. R. 12. P. J. Twitchett and A. C. Moffat, J. Chromatog., 1975, 
Salaman, ibid., 1978, 147, 507. 111, 149. 

TAL 37/W 



Talanfo, Vol. 37, No. 5, pp. 485489, 1990 0039-9140/90 s3.OO+o.oO 
Printed in Great Britain Pergamon Press plc 

SEPARATION OF SOME PLATINUM METAL 
&HYDROXYQUINOLINATES BY NORMAL PHASE 
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Summary-The method of normal phase high-performance liquid chromatography has been applied to 
the separation and determination of W(H), I?(H), Rh(III), Ir(IV), Ru(II1) and Os(IV) as chelates with 
8-hydroxyquinoline on a 62 x 2 mm column packed with Silasorb 600 5 pm silica gel by elution with 
methylene chloride-isopropyl alcohol mixture (97: 3 v/v). The detection limits (ng per 5 rl), were Pd 0.3, 
Pt 1.0, Rh 1.0, Ir 5.0, Ru 1.5, OS 25. The separation time was 12 min at a flow-rate of 0.1 ml/mitt. 

High-performance liquid chromatography 
(HPLC) is currently widely applied to quantita- 
tive analysis of mixtures of organic compounds, 
especially in trace analysis. HPLC sometimes 
has advantages over other instrumental meth- 
ods of analysis, for example, atomic-absorption 
spectroscopy, voltammetry, in terms of sensitiv- 
ity, selectivity and rapid sequential determi- 
nation of several elements in the same sample; 
moreover, in this particular case the preparation 
of samples for analysis is simplified and the time 
required is less, which is of special importance 
in routine analysis of large numbers of samples. 
The most widespread inorganic application of 
HPLC is the separation and determination of 
metals in the form of chelates, with spectro- 
photometric detection.‘** 

A successful solution to one of the most 
complicated problems of analytical chemistry, 
viz. use of a single sample for determination 
of several platinum metals within a group, 
seems to be possible only with the use of 
chromatographic methods, among which HPLC 
appears to be the most effective, sensitive and 
fast.3 Various organic reagents have been 
used to separate platinum metals by HPLC: 
/?-diketones, 1-(2-pyridylazo)-2-naphthol, l- 
hydroxy-2-pyridinethione, /?-ketoimines, 8-hy- 
droxyquinoline, dithiocarbamates and others.3 
Of great importance in quantitative analysis 
is B-hydroxyquinoline, which simultaneously 
forms stable neutral chelates with all platinum 
metals, but only one publication on their separ- 

*Deceased 17 December 1989. 

ation is available in the literature.4 It describes 
the determination of Ru, Rh and Ir with detec- 
tion limits of 5 ng by normal phase HPLC with 
chloroform-tetrahydrofuran (THF) mixture 
(6: 4 v/v) as the mobile phase. However, the 
8-hydroxyquinolinates of Pt and Pd were eluted 
together, as a single peak which could not be 
completely separated from the ruthenium 
chelate peak. The authors also failed to separate 
the osmium and ruthenium 8-hydroxyquinol- 
inates. 

The present work was devoted to study of the 
retention of all six platinum metals as their 
hydroxyquinolinates, and the choice of con- 
ditions for their separation and determination 
by normal phase HPLC. 

EXPERIMENTAL 

The work was done with a Milichrom micro- 
column chromatograph equipped with a spec- 
trophotometric detector (range 190-360 nm). A 
stainless-steel column (62 x 2 mm) was packed 
with Silasorb 600 silica gel (average particle 
diameter 5 pm). The detection wavelength was 
254 nm. The flow-rate of the mobile phase was 
0.1 ml/min. Aliquots (5 or 10 ~1) of chloroform 
solutions of the chelates were injected into the 
column. The chelates were made as follows. A 
known volume of metal salt solution containing 
16-l 50 pug of the metal (or 140-500 pg of mixed 
metals) was placed in a graduated 20-ml test- 
tube (fitted with a stopper) and diluted to 10 ml 
with pH 4.8 acetate buffer, and 30 mg of solid 
8-hydroxyquinoline was added. The mixture 
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was heated for 2 hr in a water-bath at 90”, then 
cooled and shaken for l-2 min with 2 ml of 
chloroform. The excess of 8hydroxyquinoline 
also passes into the organic phase, and must be 
removed, since it absorbs light of the wave- 
length used for detection, and is also strongly 
adsorbed on silica gel, which results in overlap 
of the reagent peak with the peaks of some of 
the chelates when there is a small excess, and a 
drift of the baseline when there is a large excess. 
The excess of 8-hydroxyquinoline was removed 
by shaking the chloroform phase with two 15-ml 
portions of O.lM sodium hydroxide. 

The following characteristics were used to 
describe the chromatographic behaviour of 
chelates: the retention volume (Vk) corrected 
for the dead volume of the column (the 
retention volume of Ccl,, a non-retained com- 
ponent), the capacity factor (k’), the relative 
retention (a), the resolution (R,) of two 
adjacent peaks and the number of theoretical 
plates5 (N). 

RESULTS AND DISCUSSION 

Choice of the mobile phase 

The mixtures of chloroform and THF usually 
used for the separation of metal 8-hydroxy- 
quinolinates are not sufficiently selective for the 
platinum metals.4 Also, cyclic ethers are readily 
oxidized by atmospheric oxygen to yield per- 
oxides which, in turn, can oxidize certain com- 
ponents of the mixtures to be separated and 
absorb light in the ultraviolet. When ultraviolet 
detectors are used, these solvents should be 
purified by passage through a column of an 
adsorbent,6 as well as by distillation (with strict 
adherence to the safety rules). 2-Propanol seems 
to be a more promising modifier for the mobile 
phase in adsorption chromatography, but it 
may contain traces of water, which would 
rather strongly affect the chromatographic 
properties of the analytes, and could decrease 
the reproducibility of separation. It is known 
that the greater the solubility of water in the 
eluent, the less the effect of the water content 
on the value of k’.5 The solubility of water in 
non-polar and weakly polar solvents is least 
in aliphatic hydrocarbons and greatest in 
chloroform and methylene chloride.5 Hence, 
in elution with aliphatic hydrocarbons the 
water content in the eluent has the maximum 
effect on the separation, and in elution with 
chloroform or methylene chloride the effect is 
minimal. 

Thus, for separation of the platinum metal 
&hydroxyquinolinates, we used binary mixtures 
of chloroform or methylene chloride with 2- 
propanol, controlling the eluting power of the 
mobile phase by changing the 2-propanol con- 
tent from 2 to 5% v/v. Before use, the column 
was washed with the eluent for 15 min to 
establish equilibrium with the adsorbent. The 
dependence of the basic chromatographic 
parameters, characterizing the separation pro- 
cess, on the 2-propanol content in the mobile 
phase is given in Table 1. It is seen that an 
increase in the polar additive concentration in 
both mobile phases decreases the retention of all 
the chelates, the peaks become narrower (the 
number of theoretical plates increases), but the 
resolution of neighbouring peaks deteriorates. 
At best, five elements, Pd, Pt, Rh, Ir and Ru, can 
be simultaneously determined by elution with 
the chloroform/2-propanol mixture (98 : 2). The 
chromatogram is shown in Fig. 1. The peaks for 
the Pd and OS chelates are poorly resolved, and 
these two elements cannot be determined when 
present together, 

The peaks of all six chelates are well separated 
(Rs 2 1.5) by use of methylene chloride contain- 
ing 2-3% v/v 2-propanol for elution. Since 
HPLC aims to attain optimal rather than maxi- 
mum separation, in other words, maximal sep- 
aration in the shortest time, the methylene 
chloride/2-propanol mixture (97 : 3) was chosen 
as the mobile phase for further development of 
the analytical procedure. Pd, Pt, Rh, Ir, Ru, OS 
could be separated within 12 min (Fig. 2). The 
use of mobile phases containing less 2-propanol 
results in longer separation times, deterioration 
of peak shapes (dilution) and consequently 
lower sensitivity of determination. All five 
metals, Pd (or Pt), Rh, Ir, Ru and OS, are 
separated in 6 min with the methylene chloride/ 
2-propanol mixture (95:5) as eluent (Fig. 3). 

Retention mechanism 

It should be noted that the elution of each of 
the chelates examined results in only one peak. 
According to the literature,’ 8-hydroxyquino- 
line reacts with Pd and Pt to form ML2 com- 
plexes, whereas with Rh, Ir, Ru and OS it gives 
ML, species. However, it is reported by 
Fedorova et aL8 that a thin-layer chromatogra- 
phy (TLC) study of ruthenium(II1) 8-hydroxy- 
quinolinate solutions (with 19 : 1 chloroform/ 
ethanol mixture as eluent) has shown that when 
the chromatograms are overloaded, then in 
addition to the green zone corresponding to the 
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Pt(Pd) 

I 

I I I I I I I 

0 1 2 3 4 5 6 

mm 

Fig. 3. Chromatogram of platinum metal 8-hydroxyquinoli- 
nates with the methylene chloride/2-propanol mixture 
(95:5) as eluent. Chromatographic conditions similar to 

those for Fig. 1. 

zones can correspond to the monochelate, and 
the cis- and trans-isomers of the bischelate with 
LGhydroxyquinoline. Similar results were ob- 
tained for rhodium 8-hydroxyquinolate.9 In our 
work the concentration of the chelates is one 
magnitude of order lower than that used by 
Fedorova et al.,’ and the fraction of these three 
species of the ruthenium and rhodium chelates 
appears negligible, or at least the detector is not 

(a) 
log k’ 

06 

0.4 

0.2 

0 

0.6 

sensitive enough for their detection. Conse- 
quently, the chromatograms obtained exhibited 
only one peak, corresponding to the tris-chelate, 
the principal form of the complex. 

As seen from Figs. 1-3, the chelates are eluted 
in the order (of retention times) Pt < Pd < 
OS < Ru < Ir < Rh, which is independent of the 
nature and composition of the mobile phase. 
For the pairs of elements in the same groups of 
the Periodic Table (Pt-Pd, Ir-Rh, OS-Ru) the 
elution order of the chelates correlates with 
the decrease in electronegativity (1.44-l .39, 
1.55-l .45 and 1.52-l .42, respectively). lo The 
chelates are retained on silica gel by hydrogen 
bonding of a ligand donor atom (most likely the 
oxygen atom) with the surface silanol groups. ” 
A decrease in the electronegativity of the ele- 
ments should increase their effective charge, the 
electron density on the donor atom of the ligand 
and, therefore, the adsorption capacity of the 
chelates, as observed experimentally (Fig. 2). 

Plots of log k’ vs. log Xs , where X, is the mole 
fraction of the polar component of the binary 
mobile phase, were prepared for both types of 
eluent and all the platinum metals (Fig. 4). The 
slopes of the plots are equal to the number of 
bonds formed by the chelates with the silica gel 
(Table 2).” According to the data in Table 2, the 
chelates should be eluted by the chloroform/ 
2-propanol mixture in the order Pt c Pd < 
Ru < Ir < Rh, and by the methylene chloride/Z 
propanol mixture in the order Pt < Pd < OS < 

(b) 

3 ‘0 

log k’ 

0.6 

0.4 

0.2 

0 

-0.2 

.0.4 

-0.6 

Fig. 4. The dependence of log k’ on log Xs for 8-hydroxyquinolinates of Pd (I), Pt (2), Rh (3), Ir (4) Ru 
(5) and OS (6). Mobile phase: (a)-methylene chloride/2-propanol; (b)--chloroform/2-propanol. 
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Table 2. The number of bonds formed by platinum metal 8-hydroxyquinolinates with silica 
gel (n = 4, P = 0.95) 
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Mobile phase Pd Pt Rh Ir Ru OS 

Chloroform/Z-propanol 0.7fO.l 0.5*0.2 l.lkO.2 l.Of0.2 0.9kO.4 - 
Methylene chloride/ 
2-propanol IS&O.2 l.OkO.2 2.250.1 2.1kO.5 2.1kO.3 2.OkO.4 

Table 3. Analytical characteristics of the procedure for the 
simultaneous determination of platinum metals by HPLC: 
mobile phase methylene chloride/2-propanol(97: 3); calibra- 
tion equation y = bx, where y is the peak height in mm and 

x is the metal concentration in ng per 5 ~1 of sample 

Range of 
calibration Detection 

graph linearity, limit, 
Element b ng ng 

Pd 3.51 + 0.02 l-300 0.3 
Pt 1 .OO f 0.03 3-300 1.0 
Rh 1.02 f 0.02 3-300 1.0 
Ir 0.22 f 0.01 15-300 5.0 
RU 0.73 + 0.02 3-300 1.5 
OS 0.78 f 0.05 50-200 25 

Ru = Ir < Rh, which is observed experimentally 
(Figs. 1 and 2). 

The methylene chloride/Zpropanol (97 : 3) 
mobile phase was used to develop a procedure 
for simultaneous determination of all the plat- 
inum metals. As seen from Fig. 2, all the peaks 
are sharp, Gaussian and completely resolved, 
and therefore can be quantified by measurement 

Table 4. Determination of platinum metals 
in synthetic mixtures (n = 5; P = 0.95; 5~1 

injection) 

Central 
ion Added, ng Found, ng rsd, % 

Pt(II) 50 46 + 2 4 
Pd(I1) 30 31+2 4 
os(IV) 150 157 + 13 7 
Ir(IV) 150 147 f 4 3 
Ru(III) 50 47 f 2 3 
Rh(III) 88 91*2 3 

Pt(II) 15 15.3*0.3 3 
W(H) 25 23 k 2 5 
Os(IV) 75 68 f 6 7 
Ir(IV) 25 24 f 2 4 
Rh(II1) 44 43 & 2 3 
Ru(III) 75 79 f 4 4 

Pt(II) 12 11.4*0.7 4 
Pd(II) 8 7.5kO.2 3 
Gs(IV) 62 59 f 6 8 
Ir(Iv) 10 9.7 f 0.5 3 
Ru(II) 38 41*3 6 
Rh(II1) 10 8.6*0.6 5 

of the peak heights. Some characteristics of the 
procedure developed are given in Table 3. The 
detection limits are calculated for a signal/noise 
ratio of 2. Calibration graphs are linear over a 
wide concentration range (two orders of magni- 
tudes for all six metals except osmium). For 
osmium the calibration is non-linear in the low 
concentration range, probably because of de- 
composition of the chelate in the course of the 
chromatography. Table 4 gives the results of 
determination of the platinum metals in syn- 
thetic mixtures. The relative standard deviations 
are about 3-4% except for osmium, for which 
the poor linearity results in an rsd of about 8%. 
The procedure developed allows the simul- 
taneous determination of all six platinum metals 
in one aliquot of solution, in 12 min, with 
detection limits of 0.3-25 ng. The procedure 
can be recommended for the determination of 
platinum metals in technological solutions, 
concentrates, alloys and catalysts. 

REFERENCES 

1. A. R. Timerbaev, 0. M. Petrukhin and Yu. A. Zolotov, 
Zh. Analit. Khtin., 1981, 36, 1160. 

2. G. Schwedt, Chromatographic Methods in Inorganic 
Analysis, Hiithig, Heidelberg, 1981. 

3. I. P. Alimarih, E. M. Basova, T. A. Bol’shova and V. M. 
Ivanov, Zh. Analit. Khim., 1986, 41, 5. 

4. B. Wenclawiak and F. Bickmann, Bunseki Kagaku, 
1984, 33, E67. 

5. H. Engelhardt, Hochdruck -jltissigkeits Chromatogra - 
phie, Springer, Heidelberg, 1977. 

6. E. L. Styskin, L. B. Itsekson and E. V. Braude, Prak- 
ticheskaya vysokoeffktivnaya zhidkostnaya khro - 
matografia, Khimiya, Moscow, 1986. 

7. B. Wenclawiak and M. Flemming, Z. Anal. Gem., 
1987, 326, 551. 

8. T. D. Fedorova, L. V. Znobishcheva and A. G. 
Kir’yanova, Izv. SO Akad. Nauk SSSR, 1987, 2, 95. 

9. A. B. Benediktov and A. V. Belyaev, Koord. Khim., 
1984, 10, 1516. 

10. A. J. Gordon and R. A. Ford, The Chemist’s Com- 
panion, Wiley, New York, 1972. 

11. A. R. Timerbaev, 0. M. Petrukhin and Yu. A. Zolotov, 
Zh. Analit. Khim., 1982, 37, 1360. 

12. E. Soczewinski and W. Golkiewicz, Chromarographiu, 
1973, 6, 269. 



Talanra, Vol. 37, No. 5, pp. 491-517, 1990 0039-9140/90 93.00 +o.oo 
printed in Great Britain. All rights nrrved copyright fQ 1990 Pergamon Pmss plc 

CHELATING POLYMERS AND RELATED SUPPORTS 
FOR SEPARATION AND PRECONCENTRATION 

OF TRACE METALS 

C. KANTIPIJLY, SKATRAGADDA, A. CHOW* and H.D.Gmm 

Department of Chemistry, University of Manitoba, Winnipeg, Manitoba, Canada R3T 2N2 

(Received 16 September 1988. Revised 15 July 1989. Accepted 19 October 1989) 

Snnunary-This review is concerned mainly with the applications of chelating polymeric resins for the 
separation and concentration of trace metals from oceans, rivers, streams and other natural systems. 
Commercially available resins, specially prepared polymers and a selection of other sorbents are described 
and their uses outlined. Special emphasis is placed on the preconcentration of uranium from sea-water. 

Metal ions and their chemical compounds find 
their way into ocean waters from streams, rivers 
and weathering of rocks, minerals, ores and 
soils. In addition, significant contribution is 
possible from all avenues of human endeavour, 
ranging from large industrial enterprises to 
home activities. A thorough understanding and 
characterization of Ocean water calls for an 
accurate determination of trace elements and 
their species. 

The chemical speciation of these elements is 
primarily determined by complexes formed by 
inorganic anions (OH-, Cl-, CO:-, HFQ-, 
SO:-, F-, etc.) and organic complexing agents 
such as carboxylic, humic and fulvic acids. In 
this connection, trace elements are defined here 
as those elements that are present in ocean 
waters at concentrations less than 1 ppm 
(1 pg/ml) and are difficult to determine directly 
by instrumental methods, mainly because of the 
high salt content in these waters. 

Accurate analysis of ocean waters, especially 
at trace levels, is one of the most difficult and 
complicated analytical tasks, because the oceans 
contain very many of the naturally occurring 
elements and radioactive isotopes. The current 
interest of analytical chemists in the constituents 
of ocean waters emphasizes determination at 
ppm levels or below, with special attention to 
monitoring of radionuclides. Despite their low 
concentrations, these latter constituents are of 
interest because they are both geochemically 
and biologically “reactive”. The analyst is pre- 
sented with a difficult task by the increasingly 
rigorous requirements of versatility, specificity, 

*To whom reprint requests should be addressed. 

sensitivity and accuracy in the analyses. During 
the past three decades rapid development of 
electronic instrumentation has created powerful 
analytical tools for trace-element determination. 
However, these tools can give erroneous results 
for ocean-water samples because of matrix 
effects, if the limitations of the devices go un- 
heeded. Kantipuly and Westland, in their recent 
review, ’ made evident the matrix effects in- 
volved and the importance of separation chem- 
istry in instrumental methods such as 
neutron-activation analysis, plasma-source 
emission and mass spectrometry, X-ray fluores- 
cence spectrometry, atomic absorption and 
spectrophotometric methods. To obtain reliable 
data, the best course is to separate the analytes 
of interest from the matrix constituents and 
determine them in the isolated state. This results 
in greater sensitivity, but calls for elegant sepa- 
ration and concentration techniques involving 
chelating resins and ion-exchange resins. There 
have been several reviews24 dealing with chelat- 
ing polymers in separation and preconcentra- 
tion methods. The purpose of this review is to 
document various practical chelating polymers 
available for preconcentration and separation of 
trace metals and radionuclides from natural 
water systems. 

CHELATING POLYMER!3 
GENERAL PROPERTIES 

The chemistry underlying the use of ion- 
exchange and chelating polymers for the 
separation and preconcentration of trace 
elements is reasonably well understood 9~10 
and progress today is mainly in improving the 
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POLYMER SORPTION MATERIALS 

I 
I 

Organic polymers 

I 

I 

Inorganic polymers 

Non-co-drdinoting 
(simple ion -exchange) 

H+,Cl- 

Co-ordinoting chelating resin 
(co-ordinate covalent bond) 

I 

Unidentote &dentate and multidentote 

I I I I I 
Hord llgond Intermediote ligond Sot t ligand Hard Mixture Soft 

atom otom atom (O,O) (O&N) (S,S) 
(0) (NJ (3 

Fig. 1 

specificity of the resins and the techniques of 
application. The analytical application of 
chelating polymers depend on many factors. 
Normally a metal ion exists in ocean water as a 
hydrated ion or as a complex species in associ- 
ation with various anions, with little or no 
tendency to transfer to a chelating polymer. To 
convert a metal ion into an extractable species 
its charge must be neutralized and some or all 
of its water of hydration replaced. The nature of 
the metal species is therefore of fundamental 
importance in extraction systems. Most signifi- 
cant is the nature of the functional group and/or 
donor atom capable of forming complexes with 
the metal ions in solution, and it is logical to 
classify chelating polymers on this basis. Also, 
for simplicity, it is desirable to classify chelating 
polymers according to Fig. 1. This method of 
classification is not meant to imply that these 
systems are mutually exclusive. Indeed, some 
polymers can belong to more than one class, 
depending on ex~~mental conditions. 

Functional groups 

The functional group atoms capable of form- 
ing chelate rings usually include oxygen, nitro- 
gen and sulphur. Nitrogen can be present in a 
primary, secondary or tertiary amine, nitro, 
nitroso, azo, diazo, nitrile, amide and other 
groups. Oxygen is usually in the form of phen- 
olic, carbonyl, carboxylic, hydroxyl, ether, 
phosphoryl and some other groups. Sulphur is 
in the form of thiol, thioether, thiocarbamate, 
disulphide groups etc. 

These groups can be introduced into the 
polymer by chemical transformation of the 
matrix or by the synthesis of sorbents from 

monomeric ligands. The insertion of suitable 
specific functional groups into the polymeric 
matrix makes them capable of reacting with 
metal ions or metal species under certain favor- 
able conditions, to form chelate rings. The 
selective concentration and separation of ele- 
ments from natural water systems depends both 
on elemental speciation and the chelating prop- 
erties of the polymer. Examples of chelating 
groups and their application for selective pre- 
concentration of inorganic elements were re- 
cently reviewed by Myasoedova and Savvin,* 
but these authors did not include an important 
class of commercially available chelating resins, 
namely the Chelite, Duolite and Amborane 
series of resins. However, Schwochau3 has doc- 
umented the application of some of these resins 
for the extraction of metals from sea-water and 
these form the basis of Table 1. It is interesting 
to note than an entire section of his review was 
devoted to the extraction of uranium from 
sea-water, and the data are included in Table 2. 
It is the prime objective of the present review to 
document the available chelating polymers and 
their various applications comprehensively. 
Special emphasis is placed on the extraction of 
uranium from sea-water, because of the increas- 
ing attention it has received over the past two 
decades. 

Selection of chelating polymers 

Synthetic chelating polymers have almost en- 
tirely displaced inorganic ion-exchange poly- 
mers, with a few exceptions such as metal 
phosphates (zirconium and stannic phosphates) 
and some oxides (MnO,, Al,Oj, Si02 gel, etc.). 
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Conventionally, the resin materials can be 
classified into three main divisions: (a) cation- 
exchangers, (b) anion-exchangers, and (c) 
chelating polymeric resins. These can further 
be subdivided into strong, weak, or inter- 
mediate types, depending on the functional 
group. 

The choice of an effective chelating resin and 
its value in analytical method development is 
dictated by the physicochemical properties of 
the resin materials. These are the acid-base 
properties of the metal species and the resin 
materials, and the polarizability, selectivity, 
sorptive capacity, kinetic and stability charac- 
teristics of the resin. Chelating polymers usually 
contain polyfunctional groups. In view of the 
complex nature of sea-water, selection of the 
proper chelating polymeric material for a spe- 
cific suite of trace metals is of most importance. 
Akaiwa and Kawamoto” have discussed the 
advantage of having a synergic agent on a 
chelating resin to improve the sensitivity and 
separation of trace metals. The distribution 
coefficient of the analyte of interest should differ 
from that of the matrix constituents in the 
sea-water by several orders of magnitude. One 
of the rules of selection is based on the concept 
of hard and soft acids and bases.89s90 The func- 
tional groups in the chelating polymer materials 
usually act as bases; oxygen-containing func- 
tional groups are hard and sulphur-containing 
groups soft. Functional groups with a basic 
nitrogen atom have an intermediate character. 
Two aspects of extraction of uranium from 
sea-water have to be considered: analytical re- 
producibility and commercial recovery. These 
are not necessarily incompatible, though they 
may have different requirements as regards ca- 
pacity, cost, re-use, etc. Since uranium acts as a 
hard acid, chelating polymers having oxygen- 
containing functional groups can be used to 
extract uranium from sea-water. Also, it is 
reasonable to use sulphur-containing func- 
tional-group materials for soft acids such as the 
precious metals, Hg, Ag, etc. Although this 
guide is highly useful in practical selection and 
synthesis of chelating polymers, it should be 
borne in mind that there is a substantial differ- 
ence in the stability of complexes formed by 
metal ions with macromolecular and low molec- 
ular-weight functional ligands. This is primarily 
caused by the polymeric structure for the resin 
material, 

The kinetic characteristics of a chelating poly- 
mer are of considerable importance and depend 

on the nature and properties of the polymeric 
matrix and the degree of cross-linkage. Whereas 
in the ordinary type of exchanger the exchange 
processes are more rapid and controlled mainly 
by diffusion, those in a chelating exchanger are 
slower and controlled either by a particle-diffu- 
sion mechanism or by a second-order chemical 
reaction. For complexation or sorption to oc- 
cur, it is not sufficient that surface functional 
groups are present; they must also be accessible 
for the chelation of the metal ion without steric 
hindrance. Thus within chelating resin particles, 
many surface functional groups may remain 
inactive in complexation because equilibrium 
cannot be attained. 

On comparing the kinetic properties of differ- 
ent chelating sorbents, it quickly becomes 
obvious that the sorbents with the best charac- 
teristics are those based on hydrophilic macro- 
porous co-polymers and cellulose, or on fibrous 
materials. Sorbents based on synthetic fibers 
are successfully used for various purposes. Re- 
cently, a new type of chelating sorbent has 
been proposed, made of fine fibrous materials 
with a porous structure which holds very fine 
particles (up to several pm) of chelating 
sorbents.“*‘* These sorbents have high selec- 
tivity and excellent kinetic properties, i.e., the 
time needed to reach equilibrium is only a few 
minutes. 

SOME NOVEL CHELATING POLYMERS 

Iminodiacetic acid resin 

Among the earliest chelating resins to be 
studied were analogues of EDTA, viz. Dowex 
A-l, Chelex-100 and Chelex-20. The uses of 
Chelex resins have been well documented93T94 
and these resins continue to be useful in a 
wide variety of systems. Some of the metals 
extracted from sea-water and other systems 
with Chelex-100 and Dowex A-l are listed in 
Table 1. 

Boniforti et al.” compared five methods for 
the preconcentration of trace metals (Mn, Fe, 
Co, Zn, Ni, Cu and Cr) from sea-water: (a) 
retention on Chelex-100, (b) APDC/&quino- 
linol complexation followed by extraction with 
4-methyl-2-pentanone, (c) APDC/8-quinolinol 
complexation followed by extraction with 
Freon-l 13, (d) co-precipitation with Mg(OH),, 
and (e) co-precipitation with Fe(OH),. They 
reported that (a) gave the best recovery for Mn, 
Fe, Co, Zn, Ni and Cu, whereas preconcentra- 
tion of only Cr(II1) and Cr(V1) was achieved by 



Separation and prostration of trace metals SO1 

co-precipitation with iron(H) hydroxide. Van 
Berkel ef al.” and Paulson’3 studied in detail the 
effects of flow-rate and pretreatment on the 
extraction of trace metals from estuarine coastal 
sea-water and artificial sea-water. 

In an interesting paper, Chiba er ~1.‘~ ex- 
amined the effect of using a magnetic field 
during the extraction of metal ions by Dowex 
A-l. They reported an increase of l-6% in 
the amount sorbed per unit mass of resin. 
Sasaoka et al. used a chelating filter paper 
(“Expapier F-2”, Z-hydroxypropyliminodiacetic 
acid loaded on cellulose fiber) to preconcentrate 
and separate thorium from monazite. I7 They 
also used this chelating paper” to preconcen- 
trate and separate Sc(II1) and Zr(IV) from 
Fe(II1) and Al(II1). The pH-de~ndence of the 
extractions was used to develop a separation 
scheme. Various matrices or resins9s97 contain- 
ing aminoacetic acid or iminodiacetic acid have 
been synthesized, mainly to improve the phys- 
ical and chemical stability. 

1.15 x IO’), but though the product was fairly 
effective in extracting uranium from synthetic 
sea-water, it crumbled in column operation, and 
its stability was poor. However, if supported on 
a durable material, this resin may be suitable 
for extracting uranium and trace metals from 
sea-water. 

Tabushi et al. ‘O” have described the prepar- 
ation of a macrocyclic hexaketone (tris-/?-dike- 
tone) and cyclic tetraketone (his-B diketone) 
which were effective in extracting UO:+ selec- 
tively. The hexaketone was subsequently 
bonded to a polystyrene resin,” to give a 
product that was highly selective for extracting 
UO$+ from sea-water. Similar cyclic bis-p- 
diketone resins were synthesized” and shown 
to extract Cu2+, Ni’+ and Co2+. Djamali 
and Lieser” have synthesized a resin with a 
1,3-diketone as anchor group, by treating 
aminopolystyrene with diketene; the product 
was shown to extract UO:+, Cu’+, NiZ+ and 
Fe3+. 

Porous chelating polymers Immobilized po~y~ydro~ya~t~ra~inones 

Kaczvinsky et a1.98 have described the synthe- 
sis of porous phenol-formaldehyde polymers 
containing iminodiacetic acid. The porosity was 
introduced by the addition of a finely divided 
solid material (“template”) that was insoluble 
under the reaction conditions, and was re- 
moved by dissolution after the polymerization 
was complete. Silica gel, carbonates and various 
other salts were used as templates. Resins 
containing different phenols were synthesized 
and their effectiveness for the removal of 
radioactive cesium and strontium from alka- 
line concentrated sodium salt solutions 
was examined. These solutions typify the solu- 
ble nuclear waste obtained from the defence 
industry. 

Nine polyhydroxyanthraquinones and two 
polyhydroxynapthoquinones have been 
screened to determine which have the greatest 
ability to accumulate uranium. lo’ l,ZDihy- 
droxyanthraquinone and 3-amino- 1,2-dihy- 
droxyanthraquinone have extremely high 
accumulation abilities, and to improve their 
adsorption characteristics have been im- 
mobilized by coupling with diazotized amino- 
polystyrene. 

0 OH 0 OH 

Poly@ -diketone) resins 

A water-soluble poly(p -diketone) chelating 
resin has been prepared by the controlled oxida- 
tion of poly(viny1 alcohol) (PVA) with chromic 
acid.* This polymer forms stable complexes 
with bivalent and tervalent cations, such as 
Co’+, CL@, Mn2+, N?+, Fez+, Au3+ and UO:+ 
and removes them completely from dilute 
aqueous solution. The ions may be recovered 
quantitatively from the resin complex by elution 
with dilute aqueous acid and it is claimed that 
the resin is re-usable. We have attempted to 
synthesize this material by oxidizing PVA (m.w. 

0 

I ,ZDihydroxy- 
anthraquinone 

0 

3-Amino-l,Zdihydroxy- 
anthraquinone 

The immobilized 1,2-dihydroxyanthmquinone 
had the most favorable features, such as high 
selectivity, rapid sorption rate, and applicability 
in both column and batch methods. The authors 
examined the selective sorption of heavy metal 
ions from a solution containing 4 x 10-5M 
Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Cd’+ and UO:+ 
at pH 5. The relative order of magnitude of 
metal sorption appeared to be UO$+ > 
Cu2+ >>Ni2+ > Cd2+, Co’+ , Zn2+ > Mn2+. The 
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sorbent takes up far larger amounts of uranyl tions (0.5-6M) of hydrochloric acid and AU)+ 
and copper ions than of other metal ions, and was eluted with thiourea solution. 
can recover uranium almost quantitatively from 
natural sea-water. Almost all the uranium ex- Phenylalanine resin 

tracted could be desorbed in 1M hydrochloric This polystyrene-based macroreticular resin 
acid, and the ability of resin to extract uranium containing phenylalanine groups was synthe- 
from sea-water was found not to be decreased sized by Sugii et aLlo 
after 10 such sorption-desorption cycles, show- 
ing good mechanical properties. 

Sirorez-Cu 

This copper-selective polymer has been 
& 

i 
CH2- C-NH2 

I 
COONa 

prepared by the reaction of phenol, formalde- 
hyde and piperazine under neutral Mannich- It showed high selectivity for Hg*+ and Cu*+ 
reaction conditions to give the product shown 
below.‘02T’03 

H-N@H+HCHO+ & - fH,-Ni-CH,&CH2-N~-&) 

n 

This polymer was found to chelate Cu*+ ions 
selectively, with capacities of up to 2.4 mmole/g, 
over a pH range of 3-10.5. Alkali and alkaline 
earth metal ions are not chelated or retained at 
any practical pH values. 

Other metal ions studied in selectivity tests 
included Zn*+, Sn*+, Ag+, Hg:+, Fe*+and Fe’+. 
None of these ions except Fe3+ was chelated by 
the resin at pH 7. The authors claimed that 
“Sirorez-Cu” can be used as a normal ion- 
exchanger, the only restricting factor being the 
slow physical breakdown of the resin particles 
on prolonged use. Similar resins, “Sirorez-Fe” 
and “Duolite A-7”, have been used as a means 
of selectively separating Fe3+ from univalent 
and multivalent metal ions by extraction.‘04 

HTG -4 resin 

This resin has a hexylthioglycollate group 
attached to an XAD4 polymer matrix through 
an ester linkagelo as shown below: 

s ii ii C-O(CH&-0-C-CHpSH 

The authors claimed that HTG-4 is highly selec- 
tive for Ag+, Hg’+, Bi3+ and Au3+ in acidic 
aqueous solution. The first three metal ions were 
sequentially eluted with increasing concentra- 

in the pH region 2-3. The authors examined 
the sorption of copper in detail, with the 
intention of using the resin analytically. The 
important characteristics of the resin were 
fast equilibration, high selectivity and small 
volume change between its hydrogen-form 
and metal-forms. These features enable it to 
be applied for the rapid concentration of 
trace amounts of copper in the presence of 
large amounts of diverse metal ions. The 
authors also suggested use of the resin for 
determination of copper in sea-water and 
for separation of copper from cobalt and 
nickel. 

Macrocyclic polythioethers 

Polymer-supported macrocyclic polythio- 
ethers”’ have been prepared from chloro- 
methylated polystyrene resins and 14- or 
20-membered polythioethers carrying a hy- 
droxyl group, which were synthesized by reac- 
tion of the corresponding dithiols with 
1,3-dichloro-2-propanol. The polymer-sup- 
ported polythioethers were found to be highly 
efficient sorbents for Ag+, moderately effective 
for Cu*+, but less effective for Cd*+. Ag+ or 
Cu*+ could be removed from the polymer-sup- 
ported macrocyclic polythioethers, which could 
be re-used without a significant decrease in 
binding ability. 
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@ = polymer support ; X = S Or 0 

Chelating resins with a nitrosoresorcinol group 

A macroreticular polystyrene-based chelating 
resin with nitrosoresorcinol as functional group 
was synthesized by Sugii and Ogawa.“* 

-CH2-CCH- 
I 

OH 

The resin shows selectivity for Cu2+, Fe3+ and 
Co2+. The sorption behaviour of Co’+ was 
examined in detail, with the intention of 
using the resin analytically. Fe3+ and Co2+ 
were separated on a column by stepwise elu- 
tion with oxalic acid and hydr~hlo~c acid 
respectively. 

Chelating resin containing an oxime group 

Sugii et al.‘@ synthesized a macroreticular 
polystyrene-based chelating resin with oxime 
and diethylamino functional groups. The resin 
was stable in acid and alkaline solutions. 

iOH 

The resin had higher selectivity for Cu*+ 
than for other metal ions tested and the time 
required for 50% uptake of copper from 0.03M 
copper nitrate was 15 min. The highest capacity 
for Cu2+ was 2.0 mmole/g at pH 6.0. In a 

column operation, copper was quantitatively 
recovered by elution with 1M hydrochloric acid 
and the resin could be reused. The presence of 
neutral salts such as sodium chloride or sodium 
nitrate (0.5&f) did not affect the sorption of 
cu2+. 

Poly(iminoethylene)dithiocarbamate co-polymer 

This was prepared by substitution of CS, at 
the primary and secondary amino groups of 
poly(iminoethylene).“” 

H+ 

I 

I 
CH&H,-NH-cS, 

The binding of the transition metal ions VO*+, 
Fe’+, Fe3+, Co”, Co3+, Ni2+ and Cu*+ was 
investigated by uptake studies and physical 
measurements. The metal ions may be bound by 
both the dithiocarbamate and amino groups of 
the co-polymer. Factors such as the binding 
sites and stereochemistry of the co-polymer, 
which determine the relative uptake of the metal 
ions, were discussed. Binding to nitrogen (in 
addition to binding to sulphur) increased in the 
order Fe’+’ < Ni2+ c Cu2+ and accounted for 
the metal ion uptake by the co-polymer increas- 
ing in the same order. 

A similar resin was characterized by Horvath 
and Barnes,“’ who reported that the presence 
of SCN- reduced the capacity of the resin 
for Cu2+, Co’+ and Fe3+. King and F&z”~ 
studied complexation of metal ions with 
sodium bis(2-hydroxyethyl)dithiocarbamate 
to form neutral complexes. Different XAD 
resins were then used for the preconcentration 
of these complexes. The metal ions that are 
completely retained on the XAD-4 resin at 
all pH values between 1.0 and 10.0 are 
Bi3+, Co*+, Cu2+, Pb2+, Hg2+, Tl+ and Sn2+. 
Wagner et a1.‘13 synthesize cross-linked poly- 
styrene-dithiocarbamate polymers and then 
studied their uptake of heavy metals from 
water. 

Tabushi et aLiS synthesized a linear tris- 
(dithiocarbamate) specific for the extraction of 
uranium from dilute carbonate solutions. 
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Strong ligands specific for a given metal ion 
have generally been designed by considering (a) 
the size-fitting factor, (b) the nature of the 
ligand-metal interaction, and (c) the orientation 
in the binding. These authors have designed and 
synthesized several uranophiles, 1, 2, 3 and 4, 
which are specific for the uptake of uranyl ions. 
In particular, O- or S- groups were introduced 
into the ligands, since the formation of U-O- or 
U-S- bonds is generally favored. It is of interest 
that molecule 4 showed a unique macrocylic 
effect which unexpectedly led to slow rate-deter- 
mining U-S bond formation. This finding 
prompted the design of uranophiles capable of 
rapid U-ligand bond formation together with 
satisfactorily high stability constants. The same 
authors also reported the successful “kinetic 
design” of a new type of uranophile, 3, having 
high values of both the formation rates and 
stability constants. It was observed that the 
macrocyclic uranophile 4 showed a much slower 
exchange rate than the monomeric uranophile 
Et,(NCS);, in spite of the fact that it forms a 
much more stable uranyl complex. This unex- 
pectedly slow carbonate ligand exchange by 4 is 
due to the S,2 type mechanism, in which the 
specific “topological requirement” for macro- 
cyclic binding is important, whereas the fast S, 1 
type mechanism was observed for carbonate 
exchange by Et*(NCS); . 

On this basis, it was predicted that fast uranyl 
binding might be achieved by avoiding such a 
restricted transition state, while maintaining the 

high stability constant by using intramolecular 
terdentate ligands. A linear tris(dithiocar- 
bamate) should satisfy both requirements. 

Compound 3 binds UO:+ strongly and may 
be useful for extracting it from sea-water in a 
rapid ocean current. 

Ion -exchange resins with S-bonded dithizone 

This novel type of anion-exchanger was syn- 
thesized by Grote and Kettrup.“’ The ex- 
changer P-TD, based on polystyrene (P), 
contained S-bonded dehydrodithizone and re- 
duction of this product yielded the chelating 
resin, P-D, characterized by S-bonded dithizone 
groups. 

P P 
CH, 

P P 
CHa 

1 2H+ 7 

,//“\, - ,/“\\, 

1 i+ II I 

cJN- b dNH’Nb 

P = polystyrene 

P-TD P-D 

Each sorbent was loaded batchwise with pre- 
cious metals, singly or in combination, and then 
treated with excess of various extracting agents. 
Strong retention of some metals and instability 
during the loading and elution stages were 
found with the P-D resin, but selective separ- 
ation of palladium and gold from accompany- 
ing metals was possible. The P-TD resin has 
superior properties. Pd and Pt, loaded individu- 
ally, were desorbed quantitatively by thiourea, 
but co-extracted Ir(IV) completely inhibited 
their elution. The regeneration of P-TD by a 
special sequence of eluents was utilized for 
selective chromatographic separation of Pd, Pt, 
OS, Au and (with restrictions) Ir from each 
other and also from large amounts of base 
metals and salts. 

Poly(allylamine) 

The chelating properties of poly(allylamine), 
PAA for Ni*+, Cu*+ Zn*+, Cd*+ and UO:+ 
have been examined quantitatively. Three resins 
for recovery of uranium from sea-water were 
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studied; cross-linked PAA (CL-PAA), PAA 
modified by acrylic acid, and cross-linked 
(AcCL-PAA), and CL-PAA modified with 
phosphorous acid and formaldehyde (phos 
CL-PAA).& 

M-CHCH,---M 

i 
cn,NncnIr-on 

I 
On 

AcCL-PAA phos CL-PAA 

The last resin (phos CL-PAA) showed the 
highest sorption for uranium, viz. 500 mg of 
resin recovered 12.9 mg of uranium from 5 litres 
of sea-water at 25” within 24 hr, which corre- 
sponds to 78% of the uranium in the original 
sea-water. 

Other nitrogen-containing polymers, such 
as those of pyridine, have been well docu- 
mented. It has been shown that poly(C 
vinylpyridine) can bind CO~+,“~ as well as 
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Ni*+ Cu*+ and Zn2+.“’ A summary of their 
uses ‘in separation and concentration of metal 
ions has been given by Sugii et al.“” More 
varied pyridine resins have recently been used 
for the extraction of Cu*+ in the presence of 
zn2+ “9 

Macroreticular chelating resins containing 
phosphorus 

Marhol and co-workers’20*‘2’ have described 
the preparation and extraction properties of 
several phosphorus-containing resins, which 
were treated as ion-exchangers. Manecke 
et al.‘** synthesized a polymer containing a 
methylphosphonic acid anchor group and 
studied its ability to bind Cu*+, Zn*+, Ni*+ 
and Mg*+. A polystyrene-divinylbenzene tri- 
butyl phosphate resin has been used for the 
extraction chromatography of U, Pu, Np, Nb, 
Ru, Rh, and Am.“’ Akio and Yoshiaki’24 
synthesized a chelate resin containing methyl- 
ene phosphonate groups. They reported that 
this resin was selective for extracting uranium 
from sea-water. Macroreticular chelating 
resins (RSP, RSPO, RCSP and RCSPO) con- 
taining dihydroxyphosphino and/or phosphono 
groups were prepared and their sorption 
capacity for UO:+ and the recovery of uranium 
from sea-water were investigated by Egawa 
et a1.‘25 
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The order of recovery of uranium from sea- 
water with these four resins was RC- 
SPO w RCSP > RSPO > RSP. The sorption of 
uranium was affected not only by the chemical 
structure but also by the physical structure of 
the resins. Uranium was eluted with 0.25-1M 
sodium carbonate or bicarbonate in batch 
and column methods. The average recovery 
of uranium from sea-water with the Na+-form 
and H+-form RCSP in 10 recycles were 
84.9% and 90.5% respectively when 20 litres of 
sea-water were passed through the column 
(resin 4 cm3, 50 x 10 mm) at 60 bed-volumes per 
hr. RCSP had a high physical stability and 
resistance to acid and alkali. Since RCSP exhib- 
ited high sorption capacity, high sorption rate of 
uranium from sea-water, and high chemical 
stability and physical stability, it should be an 
excellent resin for recovery of uranium from 
sea-water. 

For recovery of uranium from sea-water by a 
column method, the resin must have a high 
sorption rate. The sorption of UO:+ with RCSP 
having various degrees of cross-linking was 
investigated. The resins were identified as RSP- 
10, RCSP-5, RCSP-10, etc. The authors claimed 
that RSP-10 and RSPO-10 exhibited lower re- 
covery than RCSP-10 for uranium from sea- 
water. RSP-10 exhibited the lowest recovery 
because RSP has only one pK, value, which is 
low. RCSP-10 exhibited higher recovery than 
RSP-10 because RCSP has phosphono groups 
bound to methylene groups, and these can easily 
form a chelate with UO;+ because of their high 
flexibility. 

Both the H+-form and Na+-form of RCSP- 
10 were used to recover UO:’ from sea-water, 
and the sorption-elution cycle was repeated 10 
times. Although H+-form RCSP gave higher 
recovery of uranium from sea-water, the Na+- 
form RCSP was more favourable for the recov- 
ery of uranium, because after the uranium had 
been eluted and the resin washed with water or 
sea-water, the resin could be re-used immedi- 
ately. Furthermore, the sorption capacity for 
UO:+ was claimed not to decrease even after 
treatment of the resin with 1M sodium hydrox- 
ide or hydrochloric acid at 60” for 24 hr, 
showing the resin had high resistance to acid 
and alkali. 

Bifunctional ion -exchange /co -ordination resins 

Alexandratos et al. ‘X have recently synthe- 
sized bifunctional resins that complex metal 
ions by both ion-exchange and co-ordination. 

These resins are a class of polymer-supported 
bifunctional complexing agents for specific 
metal-ion extraction by a dual mechanism. 
The synthesis of new bifunctional ion-exchange 
co-ordination resins containing phosphonic 
acid ligands for ion-exchange and either phos- 
phonate ester or amine ligands for co-ordina- 
tion to the metal ion is described in Schemes I 
and II. 

Initial extraction studies with these resins 
were focused on complexation of americium 
from 4M nitric acid and varying amounts of 
sodium nitrate at different pH values. 

The phosphinic acid resins (I) have been 
studied lz7 for the extraction of europium, thor- 
ium, uranium, americium and plutonium from 
acid nitrate media as a function of acid concen- 
tration and ionic strength. 

)-@” P-OH 

I 

(I) 

The phosphinic acid resins show better ex- 
traction than the sulphonic acid resins for these 
ions, expecially from more acid solution (4M 
nitric acid), owing to the superior co-ordination 
ability of the phosphoryl oxygen atom. The 
resins also exhibit a higher selectivity, relative to 
sodium, for the ions tested. Under conditions 
where sulphonic resins absorb 85% of the plu- 
tonium in solution, the phosphinic acid resins 
absorb 99.7%. 

Polyethyleneimine -supported resins 

Resins with retention properties for Cu2+ and 
UO:+ have been synthesized by cross-linking of 
polyethyleneimine with 1 ,Cdibromo-Zbutene 
and subsequent alkylation with dimethyl sul- 
phate. ‘28 

That paper reported the synthesis of the resins 
and their retention properties for Cu2+, UO:+ , 
Fe’+ and Fe3+. The resin 1 M-l did not 
retain copper appreciably at pH < 1. However, 
at pH 2-4 it retained 94% of the copper 
added. The resin lM-1 M did not extract copper 
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between pH 0 and 4 but selectively retained 
44.8-99.9% of the uranium present. Also, 
this resin had a greater maximum capacity 
for uranium (3.2 meq/g) than did IM-1 (2.8 
meq/g). According to these results the 
resins retain copper and uranium by different 
mechanisms. Usually copper is retained by ion- 
exchange and possibly by chelate ring for- 
mation; uranium was apparently held by adduct 
formation with the protonated tertiary amine 
group. Rivas and co-workers have also synthe- 
sized several other resin materials,‘29-‘3’ by 

were stable up to 140”. From 140 to 300”, 
ILM-1 loses 60% by weight. Resin IML-1M 
shows better thermal stability, does not lose 
weight until 200”, and loses 83% by weight at 
400”. 

Chelating resins containing mercapto groups 

Egawa et a1.‘32 have synthesized certain chel- 
ating resins containing mercapto functional 
groups, as shown below. 

-CH,-CH-CH2-CH- 

-CHt-CH- CH,SH 

RSS - 

cH3 

I 

CHs 

I 
H&-C- 
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0 SH SH 

RGS-KSH 

SH SH 

-H,C-CH- 

RES 

I 

cross-linkage of polyethyleneimine with 1,4- 
dibromo-2-butene, 1,9-dibromononane and 
1, IO-dibromodecane, and subsequent alkylation 
with dimethylsulphate. The influence of pH on 
the retention, maximum load capacity and elu- 
tion was studied for Cu*+, UO:+, Fe*+ and 
Fe3+. The morphology of the resin materials 
was examined by scanning electron microscopy 
and the thermal stability by TGA. All the resins 

Removal and recovery of arsenic from a geo- 
thermal-power waste solution with three 
macroreticular chelating resins containing mer- 
capto groups were investigated. The resin (RES) 
prepared from 2,3-epithiopropyl methacrylate- 
divinylbenzene co-polymer beads, exhibited 
high affinity for arsenic(II1) and high resistance 
to hot water. Arsenic(II1) in aqueous solution 
was favourably sorbed on the RES when a 
sodium arsenite solution (pH 6.2) containing 
3 mg/ml arsenic(II1) was passed through 



an RES column at 15 bed-volumes per hr. The 
arsenic(II1) was eluted with 2M sodium 
hydroxide containing 5% sodium hydrogen 
sulphide. Sorption/elution cycling was found 
to be satisfactory. The RES also exhibited high 
sorption ability for arsenic(II1) in the geother- 
mal-power waste solution. 

Since this waste solution contains large 
amounts of Na+, Ca’+, Mg2+, Li+ and K+, 
the sorption of arsenic(II1) on RES was tested 
in the presence of sodium chloride and calcium 
chloride, and found not to be influenced by 
l&40 mg/ml Na+ or Ca2+. 

Volkan et al.” modified silica gel by incor- 
poration of mercapto chelating groups, and 
used it to preconcentrate Zn2+, Cu2+ and Pb2+ 
from sea-water, obtaining g&95% recovery. 
Egawa et al.“’ used chelating resins containing 
epithio groups to determine methylmercury in 
sea-water. Methylmercury can be selectively 
eluted with 4M hydrochloric acid containing 
0.5 mg/l. sodium thiosulphate, leaving inor- 
ganic mercury on the resin. 

Chelating amide resin 

Synthetic routes for the incorporation of a 
tertiary aliphatic amide group in a macro- 
porous polystyrenedivinylbenzene resin have 
been discussed.‘34 
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solutions containing hydrochloric acid. The 
capacity of the resin for gold was 1.7 mmole/g. 
Many resins that are selective for gold(II1) 
cause its partial reduction, perhaps to the 
metal. This does not occur nearly so readily 
on the amide resin, although the yellow 
band corresponding to the gold(II1) on the 
resin column does turn black if left for a 
long period; however, this can easily be re- 
moved by elution with cyanide and the resin 
can be used for many sorption and elution 
cycles. 

Immobilized 8-hydroxyquinoline 

Simple methods for the immobilization of 
8-hydroxyquinoline on silica have been de- 
scribed.‘35*‘36 The suitability of the immobilized 
quinolinol for trace enrichment has been tested 
for Cu2+, Ni’+, Co’+, Fe’+, CT’+, Mn2+, Zn2+, 
Cd2+, Pb2+ and Hg2+ in the pH range from 4 
to 6. The metal uptake capacities were found 
to range from 0.2 to 0.7 mmole/g and the 
distribution ratios from 1 x lo3 to 9 x 104. 
McLaren et al. ‘37 have employed B-hydroxy- 
quinoline immobilized on silica for preconcen- 
tration of trace metals (Mn, Co, Ni, Cu, Zn, 
Cd, Pb, Cr and Cd) from sea-water samples, 
with the final determination performed by in- 
ductively-coupled argon plasma-mass spec- 
trometry (ICAP-MS). 

I SiO2 
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The amide resin retains UO:+, Th4+and Zr4+ 
selectively from aqueous solution at pH 3.0. 
A liquid chromatographic separation scheme 
using the resin was developed and quantitative 
results were obtained for uranium in syn- 
thetic and actual samples and for thorium 
in synthetic samples. Au3+ and Pd2+ were 
selectively retained by the resin from aqueous 

- 

% \ / 
N 

The work has recently been extended by 
using ICP-MS for samples concentrated by 
chelation with 8-hydroxyquinoline immobi- 
lized on silica.“* The effect of the silica support 
on the capacity of the chelation system has been 
studied.13’ The synthesis and characteristics of 
nine chelating groups immobilized on silica have 
been described and their use in metal-ion sepa- 
ration by liquid chromatography was evalu- 
ated.‘& The use of macroporous resins (XAD4 
and XAD-7) impregnated with 7-dodecenyl-8- 
quinolinol for the preconcentration of trace 
metals from sea-water has also been evalu- 
ated.!@ The bonding of 8-hydroxyquinoline to 
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glycidyl methacrylate ge1,14* epoxide “sepa- 
ronv143 and styrene+ethylene dimethacrylate co- 
polymer’” has been studied for the uptake of 
Cu*+. The preconcentration and complexation 
properties ofpoly-(7-acetyl-8-hydroxyquinoline- 
5-aldehyde) chelating polymer have been de- 
scribed.‘45 The rate of attainment of equilibrium 
was established for UOs+, Fe3+, Zn*+, Cu*+ 
and Mn*+. Different chelating agents immobi- 
lized on glass have been compared with Chelex 
100 for the preconcentration of CU*+,‘~~ and the 
8-hydroxyquinoline material was found the 
most suitable for preconcentration work. 

Modijied silica gel with 3-(1 -imidazolyl)propyl 
groups 

Silica gel modified with 3-( l-imidazolyl)- 
propyl groups and packed in a glass column has 
been used to sorb and preconcentrate metal ions 
from ethanol solutions. 14’ Elution was done with 
O.lM hydrochloric acid and ethanol/water 
mixture (15 : 85 v/v). The modified silica was 
used for preconcentrating metal ions (Cu, Ni, 
Fe, Zn and Cd) from commercial ethanol, nor- 
mally used as engine fuel. The method was 
suitable for determining these metals at low 
p g/l. levels. 

Chelating resins containing polyethylene poly- 
amine side-chains and mercapto groups 

Macroreticular chelating resins containing 
both polyethylene polyamine side-chains and 
mercapto groups have been prepared by the 
reaction of 2,3-epithiopropyl methacrylate- 
divinylbenzene macroreticular co-polymer 
beads with polyethylene polyamine. I48 The sorp- 
tion behaviour of metal ions on the resins was 
then investigated. 

exchange capacity of the resins but also by their 
porosity. Hg*+ , Ag+ and Cu*+ were effectively 
sorbed by the resins even at pH < 3, whereas 
Co*+, Ni*+ and Cd*+ were sorbed at pH > 3, 
Mn2+ at pH > 7 and Ca*+ at pH > 8. The 
results suggest that these metal ions can be 
effectively separated by varying the pH of the 
loading solution and of the eluent. The metal 
ions sorbed on the resins could easily be eluted 
with dilute mineral acid with or without 
thiourea present. 

Propylenediaminetetra -acetic acid resin 

Moyers and Fritz I49 have synthesized a new 
chelating resin (PDTA4) containing propylene- 
diaminetetra-acetic acid functional groups at- 
tached to a carboxylic acid divinylbenzene resin 
by an esterification reaction. 
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The resin was found to retain multivalent metal 
cations at pH > 3. It retained Cu*+ , UO:+, 
Th4+ and Zr4+ from more acidic solutions. A 
scheme was given for clean, rapid chromato- 
graphic separation of the last three elements 
from each other. The resin was claimed to retain 
quantitatively a number of trace elements from 
simulated sea-water, and the results are given in 
Table 3. 

A macrocyclic hexacarboxylic acid resins2 has 
been used to remove uranium from sea-water in 
a batch process. The rate of complexation 
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The macroreticular co-polymer beads could 
effectively be aminated by treatment with appears to be too slow for column use. Takeda 
polyethylene polyamine in an organic solvent et al.“’ have synthesized a number of chelating 
(benzene or tetrahydrofuran) or in the absence resins with aminopolyacetic acid moieties such 
of organic solvent at 80 or 100” for 1 hr. It was as iminodiacetic acid, ethylenediaminetetra- 
found that the sorption capacity of the resins for acetic acid and diethylenetriaminetetra-acetic 
metal ions is affected not only by the ion- acid. A chromatographic gel coupled to 
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Table 3. Recovery of trace elements from spiked sea-water; 
sorbent propylenediaminetetra-acetic acid resin (reproduced 
by permission from E. M. Moyers and J. S. Fritz, Anal. 
Chem., 1977, 49,418; copyright 1977, American Chemical 

Society) 

Ion added Added Recovered, % Eluent 

Cr(III) 100 Ci 83.1 3_ 0.7 2.0&f HCI 
Fe(II1) 25 Ci 94.4 rt 0.2 2.OM HCI 
Mn(I1) 25 Ci 102.0 + 0.6 2.OM HCl 
UorI) 0.5 ppm 98.5 + 0.2 O.lM HCl 
Zn(I1) 25 Ci 102.8 * 0.4 2.OM HCl 

carboxymethyl(imino)-bis(ethylenenitrilo)tetra- 
acetic acid (DTPA) has been used to extract 
Cu2+ from sea-water with high selectivity.“’ 

SELECTED COMMERCIAL RESINS 

A few selected commercially available chelat- 
ing resins suitable for extracting uranium and 
other trace metals from sea-water are listed in 
Table 4. The donor atoms listed are those which 
may be covalently bound to the metal ions or 
metal species in solution. Duolite resins could be 
used in solving problems of water and process- 
liquid treatment, but also for many applications 
in the pharmaceutical, food, nuclear and hy- 
drometallurgic industries and environmental 
protection. The principal application of these 
chelating resins is in removing calcium and 
magnesium from the brine feed for chloralkali 
cells. Duolite ES467 is capable of reducing the 
concentration of Ca*+ and Mg*+ to a few pg/l., 
as required for the membrane cells.“* The 
Chelite series resins have complex-forming 
chemical configurations fixed to a porous 
matrix. They can specifically retain and remove 

various multivalent cations from solutions. 
Furthermore, they have ion-exchange proper- 
ties, so it is necessary to equilibrate the resins 
with the matrix solution before use, to avoid 
changes in the overall ionic imposition of the 
liquid phase. At INCO’s Fort Colborne refinery 
in Canada,ls3 trace amounts of nickel and 
copper are removed by use of picolylamine 
(2-aminomethylpyridine) resin (XF54195). 

This is a granular weak-acid cation-exchange 
resin containing both carboxylic acid and phe- 
nolic functional groups. It has a rigid macro- 
porous structure which is unusually resistant to 
attrition. The swelling of this resin is much less 
than that of most weak-acid cation-exchangers 
and very little resin breakdown is encountered 
in acid-base cycling. Phenolic resins are more re- 
sistent than polystyrene exchangers to radiation. 
Duolite CS-100 has unusually high selectivity 
for 13’Cs, ?3r and some multivalent cations, and 
thus is suitable for the effective treatment of 
alkaline low-level radioactive waste solutions. 
This high degree of selectivity may suggest other 
uses for this resin. The presence of the phenolic 
group increases the selectivity for caesium by a 
factor of 10-100. This very weakly acidic group 
is activated at pH > 9. This resin has been 
particularly useful in the selective removal of 
13’Cs and ?3r from alkaline low-level radioac- 
tive wastes. This process, originally developed at 
the Oak Ridge National Laboratory,4s consists 
of pr~ipitation with alkali to remove suspended 
solids and hardness, removal of sludge, then 

Trade name 

Chelex-100 
Duolite ES-466 

Not named 
Duolite ES-467 
Chelite-P 
Duolite ES-465 
Chelite-S 

Duolite ES-346 

Table 4. Commercial chelating resins 

Functional group Nature of functional group 

CH, N(CH, CO, H)? Iminodiacetate 
CH,N(CH,CO,H), Iminodiacetate 

8-Hydroxyquinoline 
CH,NCH,PO(OH)z Aminophosphonic acid 
CH,NCH,PO(OH)s Aminophosphonic acid 
-SH Mercapto 
-SH Mercapto 

H,N-C==N-OH Polyacrylate with amidoxime 

Donor atoms Company 

N, 0, 0 Bio-rad 
N,O, 0 Duolite 

N, 0 Seakem 
N, 0, 0 Duolite 
N, 0, 0 Duolite 

S Duolite 
S Duolite 

0, N Duolite 

Chelite-N 1 HzN -N-OH Macroporous polymer with 0, N Duolite 
amidoxime 

MISS0 ALM NC&H Dithiocarbamic acid N, S, S 
KRUPTOFIX 221B 

Nippon Soda 
Cryptand Cryptand N, 0 Parish 

CR20 CH, N(CH, CH,N),, - H Polyamine N Mitsubishi 

R 

XFS4195 
Amborane 345 
Amborane 355 

1: -CH,N H--C,H,N Weak base N, N Dow Chemicals 
P-BH, Amine-borane - Rohm and Haas 
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filtration through a column of Duolite CS-100 
to remove residual radionuclides. The resin is 
regenerated with dilute nitric, hydrochloric or 
sulphuric acid. According to published reports, 
this integrated approach of ravening precipi- 
tation~ion-exchange removes more than 99.9% 
of the caesium and strontium, leaving levels well 
below the maximum permissible concentration 
of these radionuclides. 

All these resin materials are cross-linked co- 
polymers in spherical form containing amid- 
oxime groups, -C(NH,) = NOW. The resin also 
contains a small proportion of hydroxamic acid 
groups which function in the higher pH ranges. 
Because of their three-dimensional cross-linked 
structure, these resins are insoluble in common 
organic and aqueous solvents. They offer a 
number of possibiliti~ for the separation and 
isolation of trace metals from various matrices, 
including sea-water. “W The amidoxime group 
forms strong complexes with a \ride variety of 
metal ions such as Ct.?+, Au3+, Ru3+, V2+, V3+ 9 
VO*+, VO:, UO:+ , Fe3+, Mob’, Th4+, Cd*‘, 
Cr3+, Pu4+_ A@, Hg’+, Sb3+, Pb2+ e&.‘35 It does 
not form chelates with alkali and ~ka~ne-Barth 
metal ions. The resin can be employed for 
removal of unwanted ions such as copper and 
iron from water or other polar solvents, and for 
the recovery of trace amounts of valuable 
materials {such as noble metals) from metal- 
finishing wastes. Also, a resin confining an 
amidoxime functional group has been employed 
to recover gallium from Bayer liquor, js6 and a 
similar resin to preconcentrate vanadium. ‘57 

A possible chelation mechanism for the com- 
plexation is: 

resin should be buffered to a suitable pH follow- 
ing acid regeneration. 

Owing to the immense worldwide interest 
during the last two decades in the extraction of 
Urania from sea-water there have been many 
papers dealing with this problem. Amidoxime- 
containing sorbents have shown to be usable for 
the purpose, and this has prompted a number of 
papers mainly dedicated to synthesis of these 
materials. 

Egawa et a~.‘s8~‘5Q prepared a macroreti~ular 
chelating resin containing amidoxime by reac- 
ting acrylonitrile-divinylbenzene co-polymer 
beads with hydroxylamine. They reported an 
average recovery of 82.9% in the extraction of 
uranium from sea-water. 

A number of ~lyac~l~idoxime resins 
made from various co-polymers of acrylonitrile 
and cross-linking agentsim have been synthe- 
sized and tested for the extraction of uranium. 

Recently, Egawa et af.‘61 have synthesized 
macroreticular chelating resins (RNH) contain- 
ing amidoxime groups, with various degrees 
of cross-linking obtained by using various 
amounts of ethyleneglycol dimethacrylate (IG), 
dimethyleneglycol dimethacrylate (2G), triethyl- 
eneglycol dimetha~~late (3G), ~traethylenegly- 
co1 dime~a~~late (4G) and enneaethyleneglycol 
dimetha~rylate (9G) as cross-linking reagents. 
The effect of cross-linking reagents on the pore 
structure, ion-exchange capacity, swelling ratio, 
and sorption ability for uranium(V1) in sea- 
water by RNH was investigated. 

In similar work, chelating resins confining 
amidoxime groups were synthesized from aikyl- 
methacrylate, acrylonitrile-divinylbenzene- 
alkylacrylate, or vinylpyridine co-polymer 
beads. A resin containing acrylonitrile divinyl- 

I 

Since the resin contains a weak-base functional 
group, the chelation and ion-exchange capacity benzene-methyl acrylate proved to be the 
depends on the PH. Regeneration with mineral most ef&tive for the sorption of panic from 
acid converts the weak-base function into its sea-water. To improve the flow-rate through 
protonated form. ff it is not neutralized, this the column and the mechanical stability of 
conjugate acid will dissociate in the succeeding the resin, various libres carrying amidoxime 
loading cycle and may depress the pH below the groups were synthesized. Commercial acrylo- 
point of optimum chelation. In such cases the nitrile fibres were treated with hydroxylamine in 
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methanol to give the required acrylonitrile 
amidoxime fibres. I”) Fibres were also made 
by radiation-induced graft polymerization of 
acrylonitrile onto polymeric fibres, followed by 
amidoximation.i6~‘63 

Duolite GT- 73, Duolite ES-465 and Chelite-S 

All three resins have a thiol functional group, 
with minor quantities of sulphonic acid groups, 
and are bound to a macroporous cross-linked 
polystyrene matrix. It has long been recognized 
that the mercury-sulphur bond is very strong, 
and in fact, thiols are also called mercaptans, 
from the Latin mercurium captans, “seizing 
mercury”. The thiol groups in these resins 
give them a very high selectivity for mercury, 
and also a high tendency to bind metal ions 
such as copper, silver, cadmium and lead, 
the selectivity sequence is Hg> Ag > Cu > 
Pb>Cd>Ni>Co>Fe>Ca>Na. In the 
early 197Os, AKZO Chemicals Co. of the 
Netherlands developed a process for the re- 
moval of mercury with Duolite GT-73, which 
has been well documented in the literature.166’68 

AmboraneTM-345 

This resin material offers a convenient means 
for metal recovery. Amborane-345 is a highly 
porous, solid polymeric amine-borane reducing 
agent.‘69 Amborane-345 has reducing power 
comparable to that of monomeric amine- 
boranes, but it offers greater stability, selectivity 
and processing advantages for precious metal 
recovery and reduction. Amborane-345 is 
acrylic-based and is supplied as spherical parti- 
cles usable in column or batch type operations. 
It removes the metal ions from solution by 
reduction, concentrating the reduced metal 
within the highly porous matrix of the bead. 
Amborane-345 has a wide operational pH range 
of l-10, and a high capacity of 2 g of precious 
metal per g of dry resin. Unlike ion-exchange 
resins, where mass action and equilibria effects 
often limit the removal of low concentrations of 
ions from solution, the reductive mechanism of 
this resin permits the complete removal of the 
reduced species even at low levels. The stoi- 
chiometry of the metal ion reduction is as 
follows: 

n@-BH,+6M~;-+-*n@--H’ 

+6M+%H++nB(OH), 

The effective capacity of Amborane-345 is influ- 
enced by temperature and pH. The hydrolytic 

stability is excellent at room temperature and 
pH 7. At elevated temperature and lower pH, 
the capacity of the resin decreases. 

Certain non-precious metal ions such as ionic 
species of mercury (including methylmer~~), 
arsenic, antimony and bismuth can be reduced 
by the resin. Amborane-345 can also be em- 
ployed for selective removal and recovery of 
precious metals from process or waste streams. 

Koster reported the use of an active chelating 
resin (containing two resonating amino groups 
on a bound carbon) for the separation of noble 
metals.i70 Myasoedova et al.“’ have described 
the properties of some new chelating sorbents 
(PolyorgsTM) for the selective concentration of 
noble metals. Yasuda and Yamauchii72 have 
examined the extraction ability of Amberlite 
IRA-743, Diaion CRB 02, Duolite ES-371 and 
Uniselec UR-3500 for the recovery of boron 
from brines. The use of chelating sorbents has 
not been limited to synthetic resins. Many natu- 
ral products have been evaluated, including tree 
bark, wool, cotton and onion skin.“> 

In our own laboratory, various chelating 
polymers have been evaluated for the extraction 
and determination of uranium, zinc, chromium, 
copper, lead, silver, manganese, cerium, zirco- 
nium and nickel in synthetic sea-water and 
freshwater. The chelating polymers tested were 
Chelite-P, Chelite-N, Duolite ES-467, Duolite 
ES-346, suitably immobilized 8-hydroxyquino- 
line and Chelex- 100. The effects of flow-rate, pH 
and temperature on the extraction efficiency 
were investigated. The selectivity and stability of 
these materials were adequate for preconcentra- 
tion of trace metals from synthetic sea-water 
and freshwater. The results will be published 
separately. 

CONCLUSION 

Chelating polymer resin materials are mainly 
used in analytical, industrial and radiochemical 
laboratories, but only to a limited extent in 
solving environmental problems. Metal pollu- 
tion of the environment poses unique problems. 
Predominantly, metal pollution originates with 
trace contamination in waters and soil systems. 
The behavior of trace metals in the environment 
is primarily determined by the specific forms 
(s~iation) of the metals rather than by their 
bulk concentration. Since metals are not subject 
to biodegradation, for practical purposes they 
have infinite lifetimes. The most promising way 
to decontaminate aqueous systems such as 
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wastewater treatment sludges and recover the 
trace metals from them is by employing specific 
chelating resin materials. Although almost all 
common chelating polymers are non-selective, 
research efforts are being directed to synthesize 
selective chelating polymers with high physical 
and chemical stability, for metal extraction. 
These chelating polymers can also play a vital 
role in environmental monitoring of toxic trace 
metals. 

It is difficult to make a critical evaluation of 
the usefulness of the various chelating resins, 
because of the limited published application of 
the resins specifically synthesized for uranium or 
other metal extraction. Presumably the com- 
mercial availability of several successful sor- 
bents, as indicated by the large number of 
papers published, combined with the cost and 
difficulty of production, has prevented the com- 
mercial development of many materials which 
may have been shown to have good applicability 
in laboratory tests. 

A survey of the recent literature (1983-88) on 
three commercially available chelating resins 
gives some indication of their relevant suitabil- 
ity and use in the extraction of uranium from 
sea-water. There were only two references each 
to Chelex-100’4*‘74 and phosphonic acid,‘75*‘76 
but 43 to amidoxime.‘54~‘6’*‘62*‘64~‘77-2’6 Japanese 
workers, in particular, have shown considerable 
interest in this resin and only 6 of these 43 
contributions were not from Japan. Amidoxime 
resins were shown to take up uranium rapidly 
from solution and to have stronger preference 
for uranium and several other metal ions than 
for alkali and alkaline-earth metal ions. Other 
advantages include cheapness, good physical 
and chemical stability in sea-water, and (de- 
pending on the method of preparation) a 
high loading capacity. Another major factor 
affecting the number of recent publications is 
that the longer availability of Chelex-100 has 
served to diminish the number of new applica- 
tions of this material, although it is still widely 
used. It is obvious that in other specific applica- 
tions the relative suitability would probably be 
different. 

The procedures based on chelating polymers 
seem to offer unexplored opportunities that may 
deserve the attention of scientists concerned 
with environmental pollution abatement in gen- 
eral, and decontamination to remove hazardous 
species. Preconcentration with chelating sor- 
bents improves the sensitivity and reliability of 
determination of elements in a wide variety of 

samples, including natural waters, geological, 
biological and industrial materials. 
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Summary-The direct ato~c-adoption dete~ination of chromium in argiliites, without p~liminary 
concentration and separation, has been studied. A map of selective flame zones for determining Cr in 
argillites has been designed. An express method for determining Cr in Estonian argillites has been 
suggested. 

Atomic-abso~tion spectromet~ is one of the 
best methods for determining chromium in 
argillites. Two types of flame are usually used 
for this purpose-nitrous oxide-acetylene and 
air-acetylene. With the first, the determination 
is affected by the oxidation state of the 
chromium,’ as well as by interferences from Al, 
Fe, La, Ti, V, MO, Wand other elements. These 
interferences depend on the observation height 
above the burner, the chromium oxidation state, 
the concentration of the interfering elements, 
and the nature and concentration of the acids in 
the solution.2 

Determination in the air-acetylene flame is 
also subject to interferences and is useful only 
for solutions with relatively simple composition, 
unless the standard-addition technique is used. 

In reducing flames the influence of acids and 
such elements as Al, Co, Fe, Mn, MO, Ni, Ti 
and V is observed,3 and the effect depends on the 
chromium oxidation state.4 Prior reduction of 
Cr(V1) to Cr(II1) in the samples and standards 
(with hydrogen peroxide in hydrochloric acid 
medium) is recommended. For det~~ination of 
chromium in particular matrices, by AAS with 
the air-acetylene flame, l-2% NH,Cl solution,’ 
1% NH,HFr + 0.2% Na$O, solution6 0.025M 
sodium dodecyl sulphate? and other additives 
are recommended. However, none of these 
eliminates the influence of the argillite matrix 
(consisting of IO-20% organic matter, 2040% 
clay minerals and B-55% aleurite). 

We have investigated various matrix- 
modifiers to develop a completely matrix- 
independent method, requiring use of only 

*To whom correspondence should be addressed. 

pure analyte solution (plus mat~x-modifier) for 
calibration. 

Apparatus 

A Pye Unicam SP-1900 s~trophotometer 
with a three-slot burner was used. 

Reagents 

All reagents were of analytical grade. The 
standard solutions of chromium were prepared 
according to Price8 The potassium thiocyanate 
solution (10%) was prepared by dissolving the 
required amount in demineralized water, and 
the dodecylamine hydrochloride solution (2%) 
was prepared in ethanol. Argillite solutions were 
prepared by heating a l-g sample with 20 ml 
of concentrated hydrofluoric acid, 10 ml of 
concentrated perchloric acid and 6 ml of con- 
centrated nitric acid in a platinum dish until 
perchloric acid fumes were evolved, then cool- 
ing, rinsing down with a little demineralized 
water, heating again until perchloric acid was 
completely removed, cooling, taking up the 
residue with 40 ml of hydrochloric acid (1 + 1), 
and finally diluting to volume in a loo-ml 
standard flask with demineralized water. 

Procedure 

Aliquots of the argillite and additive solutions 
were placed in a 25-ml standard flask and 
diluted to the mark with demineralized water. 
Calibration solutions were matched with sample 
solutions in acid and additive contents. The 
solutions were aspirated into the air-acetylene 
flame and the atomic absorption was measured 
under the conditions given in Table 1 for 
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Table 1. Instrumental conditions for 
determination of Cr without additives 

Wavelength, nm 357.9 
Slit-width, mm 0.4 
Observation height, cm 0.8 
Air Bow, I.lmin 7 
Acetylene flow, I./min 1.4 
Lamp current, mA 8 
Integration period, set 4 

samples without additives and in Table 2 for 
samples with additives. 

RESULTS AND DISCUSSION 

Flame composition and observation height 

Changing the acetylene flow-rate from 1.0 
to 1.8 I./min, at constant air flow-rate, resulted 
in an approximately fivefold increase in the 
chromium absorbance (Fig. 1). The maximum 
absorbance was obtained with an acetylene 
flow-rate of 1.8 l./min, air flow-rate of 7.0 l./min 
and an observation height, in the flame, of 
5 mm, presumably because these conditions 
corresponded to the optimal carbon to oxygen 
ratio in the flame. Molybdenum displayed simi- 
lar behaviour. Though these conditions, which 
correspond roughly to the acetylene flow-rate 
of 1.0-1.2 l./min and air flow-rate of 5 l./min 
recommended by Pye Unicam, gave the highest 
sensitivity, the chromium signal was subject to 
matrix effects when Estonian argillites were 
analysed. We therefore investigated the depen- 
dence of the apparent chromium concentration 
found for a particular argillite (with calibration 
by means of pure chromium solutions), on the 
flame composition and observation height 
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Fig. 1. Dependence of Cr absorbance on observation height 
and flame composition. Acetylene flow-rate (l./min): 1.0 (I), 
1.2 (2), 1.4 (3), 1.5 (4), 1.6 (S), 1.7 (6), 1.8 (7). Air flow-rate 

7.0 I./mitt. 

above the burner (Fig. 2). The argillite solution 
contained no chemical additives. The shaded 
area in Fig. 2 corresponds to the confidence 
interval of the true chromium concentration, 
determined by the standard-addition method 
and confirmed by neutron-activation analysis.’ 

As can be seen from Fig. 2, the apparent 
chromium concentration found in the argillite 
solution strongly depends on which flame zone 
and composition are chosen for measurements, 
and the direct determination of chromium, i.e., 
without preliminary separation, in the argillite 
solution leads to a systematic positive relative 
error ranging from 20 to 100% under the con- 
ditions examined, as can be seen in Table 3. 

Eflects of additives 

The experiments just described were repeated 
with the addition of two spectroscopic buffers, 
which in our opinion are potentially useful for 

Table 2. Instrumental conditions for the determination of Cr in 
argillites in the presence of additives (air flow-rate 7 l./min) 

Characteristic Acetylene Observation 
Cr concentration, flow-rate, height, 

Additive pgcnlml I./min mm 

Dodecylamine 0.07 1.7 9 
hydrochloride 0.08 1.7 11 

Potassium 0.07 1.6 5 
thiocyanate 0.08 1.5 2 

0.08 1.6 7 
1.7 11 

0.10 1.5 8 
0.20 1.3 4 
0.3 1.2 8 

Potassium 0.07 1.6 4-5 
thiocyanate + 0.08 1.6 7 
perchloric acid 0.08 1.7 11 

0.10 1.5 8 
0.20 1.35 7 
0.3 1.20 8 
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precision, sensitivity and economy in acetylene. 
For dodecylamine hydrochloride as additive 
the most sensitive and selective conditions are 
1.7 l./min acetylene flow-rate and 8 mm obser- 
vation height. Under conditions for which 
the characteristic concentration is greater than 
0.15 pg/ml, no determination at all is possible. 
Potassium thiocyanate, first used by us as 

3 ._ 

ti 

a matrix modifier for Mo,~ and later for V,” 

L 
also proved effective for Cr. The corresponding 
diagrams for argillite solutions containing 

3 5 7 9 11 13 15 

Observation height, mm 
potassium thiocyanate as additive (Fig. 4) show 
this to be more effective than dodecylamine 

Fig. 2. Dependence of the Cr contents detected in argillite 
solution on observation height and flame composition 

hydrochloride. 

(curve marking as in Fig. 1) in the absence of additives. The 
The efficiency of potassium thiocyanate in the 

shaded area denotes the true Cr ~n~ntration (here and in air-acetylene flame is attributed to the change in 

Figs. 3-S). the reaction products in the analytical zone, the 
formation of CN and NH radicals, and the 
decrease in the carbon effect. 

use with Estonian argillites, viz. dodecylamine It is interesting that in the fuel-lean flame (see 
hydrochloride7 and potassium thiocyanate.’ In Fig. 4) at an acetylene flow-rate of 1.2-l .6 l./min 
the presence of the first of these, the pattern of there are two selective zones. Also, it is only at 
the relationship of the signal to the parameter the two extremes of this range that the selective 
varied changes sharply (Fig. 3), and this is zone exists over an appreciable length of 
obviously associated with a change in the the flame (4-8 mm at 1.2 l./min, 4-l 1 mm at 
aerosol generation mechanism and reactions 1.6 l./min). This is presumably due to variations 
in the flame. To illustrate this, the apparent in the atomization mechanism of argillite par- 
chromium values found were plotted as func- ticles in the flame. At the two critical flow-rates 
tions of both observation height and acetylene (1.2 and 1.6 l./min) a radical atomization 
flow-rate at constant air flow-rate (Fig. 3A). mechanism predominates and the presence of 

In Fig. 3B the same data were plotted in a potassium thiocyanate affects the whole of the 
different way, with the observation heights cor- inner flame zone. At 1.3-1.5 l./min acetylene 
responding to the upper and lower confidence flow-rate it is effective only in the central zone 
limits for the true chromium concentration for of the inner cone and in the secondary reaction 
each acetylene flow-rate being plotted as points. zone (i.e., at 4 and 8 mm), where the tempera- 
It was then assumed that this set of observation ture is nearly maximal for a given gas mixture. 
heights would change linearly with change in It is probably a thermal reaction mechanism 
flow-rate, and the points were accordingly that prevails here. For determination, an acetyl- 
joined by straight lines. The shaded area ene flow of 1.3 l.fmin and observation height of 
bounded by these lines was taken as delineating 4 mm, or a flow-rate of 1.7 l./min and height 
“correct” combination of observation height of 11 mm are optimal, the latter permitting 
and acetylene flow-rate. In addition, contours determination of chromium at a concentration 
were drawn through points corresponding to of 0.08 hgg/ml. 
equal characteristic concentrations of chrom- Thus, in a certain flame zone the addition of 
ium. Even minor changes in the combination of potassium thiocyanate allows direct determin- 
observation height and flow-rate strongly affect ation of chromium with higher accuracy than 
the accuracy and precision of the chromium that attainable with dodecylamine hydrochlor- 
determination. For example, at an acetylene ide as additive. The addition of perchloric acid 
flow-rate of 1.5-1.6 l./min and observation has been recommended because the chromium 
height of 6-l 1 mm the error ranges from -8 to oxidation state affects the absorption signal.” In 
+ 24%. Overlap of the characteristic concen- the flame zone diagram obtained with argillite 
tration contour with the “correct combination” solutions containing both potassium thio- 
zone indicates the flame zone and composition cyanate and perchloric acid (Fig. 5), it is seen 
with which chromium can be determined with- that the selective zone widens, giving a wide 
out preliminary separation, and with maximum range of combinations of observation heights 
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Table 3. Determination of Cr without using additives 

Apparent 
Cr in Observation Added recovery 

sample Cr height above C,H, Cr of Cr 
solution, added, burner, flow-rates, found, added, 

Sample Pglml pgglml mm Llmin Pgcglml % 

1.2 0.84 168 
5 1.4 0.69 138 

1.6 0.64 128 
Argillite 1 0.65 0.5 

1.2 - - 
I 1.4 0.90 180 

1.6 0.69 138 

1.2 
9 1.4 

1.6 0.81 162 

1.2 0.66 165 
5 1.4 0.55 137 

1.6 0.52 130 
Argillite 2 0.38 0.4 

1.2 - 
1 1.4 0.70 175 

1.6 0.57 142 

1.2 - - 
9 1.4 - - 

1.6 0.62 155 

Mineral fraction 0.78 0.8 

1.2 1.16 145 
5 1.4 0.89 111 

1.6 0.92 115 

1.2 
7 1.4 1.12 140 

1.6 1.07 134 

1.2 
9 1.4 - - 

1.6 1.09 136 

1.2 2.29 153 
5 1.4 1.15 117 

1.6 1.71 114 
Organic fraction 1.56 1.50 

1.2 - 
I 1.4 2.28 152 

1.6 2.08 139 

1.2 - - 
9 1.4 - 

1.6 2.13 142 

from 4.5 to 8.5 mm with acetylene flow-rates of predominates over reduction by the graphite. 
1.2-l .8 l./min. In this case, a reliable determin- The presence of chromium in lower oxidation 
ation of chromium is possible at characteristic states promotes rapid reduction to non-volatile 
concentrations of 0.07-0.2 pg/ml. The deter- products, even in the solid aerosol particles. 
mination is practically independent of choice Moreover, in the presence of Cr3+ and other 
of flame composition and observation height. refractory elements in low-oxidation states in 
Thus, in the presence of potassium thiocyanate, the aerosol, part of the potassium thiocyanate is 
perchloric acid increases not only the sensitivity used for complex formation and part for the 
of the chromium determination but also the formation of CN and NH radicals. The presence 
selectivity. This is presumably because per- of perchloric acid considerably increases the 
chloric acid favours the oxidation of chromium efficiency of the potassium thiocyanate buffer, 
to volatile chromyl chloride and volatilization probably because formation of chromium(VI), 
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Argillite + dodecylamine hydrochloride (02%) 
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Fig. 3. The Cr contents detected in argillite solution (A), and 
the map of selective zones (B) in the air-acetylene flame, 
in the presence of dodecylamine hydrochloride (0.2%). 
Acetylene flow-rate (l./min): 1.2 (I), 1.3 (2), 1.4 (3), 1.5 (4). 

1.6 (5), 1.7 (6), 1.8 (7) (here and in Figs. 4 and 5). 

Argillite + KCNS 

Observotion height, mm 

I I I I 

1200 1400 1600 1600 

Acetylene flow-rate, mUmin 

Fig. 4. The Cr contents detected in argillite solution (A), and 
the map of selective zones (B) in the air-acetylene flame, in 

the presence of potassium thiocyanate (0.4%). 

Fig. 5. The Cr contents detected in argillite solution (A), and 
the map of selective zones (B) in the air-acetylene flame, in 
the presence of potassium thiocyanate (0.4%) and per- 

chloric acid (0.3%). 

which does not form thiocyanate complexes, 
frees all the buffer for formation of CN and 
NH radicals. However, as shown above, 
with a proper choice of the flame zone and 
composition, potassium thiocyanate can be 
used alone as the additive, without perchloric 
acid. 

Figures 3-5 show that the selective zones 
change their boundaries according to the type of 
modifier used. It should be stressed, however, 
that the absence of a selective effect under the 
most sensitive instrumental conditions does not 
necessarily mean that the modifier has no selec- 
tivity at all, but only that a set of conditions 
under which it can act effectively as a matrix 
modifier has not yet been found. 

Thus, a thorough study of flame zones, con- 
struction of the zone map and elucidation of an 
analytical zone with its help, permit chromium 
determination over a wide concentration range 
with high sensitivity, speed and reliability. 
Neither separation of the chromium nor matrix- 
matching of the standard and sample solutions 
is necessary. The results of chromium deter- 
mination in some oil-shale samples and their 
fractions by the method developed are shown in 
Tables 3-6. 
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Table 4. Determination of Cr in the presence of 0.2% dodecylamine hydrochloride (air 
flow-rate 7 I./min) 

Apparent 
Cr in Observation Added recovery 

sample Cr height above C2H, Cr of Cr 
solution, added, burner, Row-rates, found, added, 

Sample Irglml HImI f?U?l I./min Irglml % 

1.2 0.81 162 
5 1.4 0.56 112 

1.6 0.45 90 
Argillite 1 0.65 0.50 

1.2 0.64 128 
7 1.4 0.59 118 

1.6 0.46 92 

1.2 0.67 134 
9 1.4 0.73 146 

1.6 0.49 98 

Argillite 2 

1.2 0.62 155 
5 1.4 0.43 107 

1.6 0.33 82 
0.38 0.40 

1.2 0.51 127 
7 1.4 0.49 122 

1.6 0.36 90 

Mineral fraction 0.78 

1.2 0.53 132 
9 1.4 0.62 155 

1.6 0.38 95 

1.2 1.20 150 
5 1.4 0.85 106 

1.6 0.71 89 
0.80 

1.2 1.00 125 
7 1.4 0.91 114 

1.6 0.74 92 

1.2 1.08 135 
9 1.4 1.16 145 

1.6 0.76 95 

Organic fraction 1.56 

1.2 2.34 156 
5 1.4 1.59 106 

1.6 1.27 85 
1.50 

1.2 1.89 126 
7 1.4 1.72 115 

1.6 1.33 87 

1.2 1.98 132 
9 1.4 2.24 149 

1.6 1.47 98 
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Table 5. Determination of Cr in the presence of 0.4% KSCN (air flow-rate 7 I./min) 

Apparent 
Cr in Observation Added recovery 

sample Cr height above C,H, Cr of Cr 
solution, added, burner, flow-rates, found, added, 

Sample pgglml &ml mm I./min h-glml % 

1.2 0.49 98 
5 1.4 0.40 80 

1.6 0.51 102 
Argillite 1 0.65 0.50 

1.2 0.51 102 
7 1.4 0.44 88 

1.6 0.49 98 

Argillite 2 

1.2 0.52 104 
9 1.4 0.54 108 

1.6 0.49 98 

1.2 0.39 97 
5 1.4 0.31 77 

1.6 0.42 105 
0.38 0.40 

1.2 0.41 102 
7 1.4 0.35 87 

1.6 0.40 100 

Mineral fraction 0.78 

1.2 0.40 100 
9 1.4 0.42 105 

1.6 0.38 95 

1.2 0.78 97 
5 1.4 0.64 80 

1.6 0.83 104 
0.80 

1.2 0.82 102 
7 1.4 0.70 87 

1.6 0.81 101 

1.2 0.81 101 
9 1.4 0.88 110 

1.6 0.79 99 

Organic fraction 1.56 

1.2 1.48 99 
5 1.4 1.14 76 

1.6 1.53 102 
1.50 

1.2 1.53 102 
7 1.4 1.32 88 

1.6 1.50 100 

1.2 1.54 103 
9 1.4 1.59 106 

1.6 1.48 99 
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Table 6. Determination of Cr in the presence of 0.4% KSCN + 0.3% HClO, (air flow-rate 
7 l./min) 

Apparent 
Cr in Observation Added recovery 

sample Cr height above C,H, Cr of Cr 
solution, added, burner, flow-rates, found, added, 

Sample pgcglml pgglml mm I.lmin wlml % 

1.2 0.50 100 
5 1.4 0.51 102 

1.6 0.50 100 
Argilite 1 0.65 0.50 

1.2 0.49 98 
7 1.4 0.51 102 

1.6 0.51 102 

1.2 0.53 106 
9 1.4 0.52 104 

1.6 0.50 100 

1.2 0.41 102 
5 1.4 0.39 97 

1.6 0.41 102 
Argillite 2 0.38 0.40 

1.2 0.40 100 
7 1.4 0.40 100 

1.6 0.39 97 

1.2 0.42 105 
9 1.4 0.41 102 

1.6 0.39 97 

Mineral fraction 0.78 

Organic fraction 1.56 

1.2 0.82 102 
5 1.4 0.83 104 

1.6 0.83 104 
0.80 

1.2 0.82 102 
7 1.4 0.79 99 

1.6 0.80 100 

1.2 0.84 105 
9 1.4 0.83 104 

1.6 0.79 99 

1.2 1.52 101 
5 1.4 1.52 101 

1.6 1.53 102 
1.50 

1.2 1.54 103 
7 1.4 1.51 101 

1.6 1.50 100 

1.2 1.56 104 
9 1.4 1.54 103 

1.6 1.48 99 

1. 
2. 

3. 

4. 

5. 
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HETEROCYCLIC DITHIOPHOSPHATES AS 
ANALYTICAL REAGENTS 

INDIRECT EXTRACTION-SPECTROPHOTOMETRIC DETERMINATION 
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Summary-The proposed method is based on the exchange reaction between the complex of copper(H) 
with 4,7-dimethyl-2-thiol-2-thion-l,3,2-dioxophosphorinan (DOPh,,,) in toluene and an aqueous solution 
of silver(I). The decrease in the absorbance of the Cu(DOPh,,,), solution is proportional to the silver(I) 
concentration for 5-90 pg of silver in 5 ml of toluene extract and S-30 pg in 10 ml of toluene extract. 
The method is applied to the determination of silver in copper concentrates and ores. 

The heterocyclic dithiophosphates of general 
formula 

R/“\p/s 

‘0’ ‘SK 
where R is CH,CH,CH2 (DOPh,) CH(CH,) 
CH2CH2(DOPh,,) or CH(CH,)CH,CH,CH 
(CH,)(DOPh,,,) are reagents utilized for the 
direct spectrophotometric determination of 
copper’ and moybdenum.z A study of the inter- 
action of copper(I1) with various dithio- 
phosphates was reported in a previous paper’. 
These complexes are coloured, and less stable 
than the corresponding colourless complexes of 
silver(I).3 

The present paper describes a new method for 
determination of silver, based on the exchange 
reaction 

2Ag&, + Cu(DOPh,,, )z(org) 

=2Ag(DOPh,,, )(orBj + Cu:,+,, ( 1) 

EXPERIMENTAL 

Reagents 

DOPh,,, was synthesized as described else- 
where.4 Its purity was checked by thin-layer 
chromatography. Aqueous O.OlM solutions of 
the reagent were prepared. 

Standard silver solution, 1000 ,ugg/ml, was 
prepared from high-purity silver nitrate and 
diluted to give a 5 pg/ml working solution. 

Toluene (pro analysi grade) was treated with 
concentrated sulphuric acid, washed with dis- 
tilled water until acid-free (pH-paper), dried 
with anhydrous sodium sulphate for 24 hr, and 
finally distilled. The purified toluene was stored 
in dark glass bottles and was stable for some 
months. 

Copper(II)DOPh,,, solution in toluene was 
made as follows. Dissolve 0.9828 g of pure 
CuSO,. 5H,O in distilled water, add 10 ml of 
6iU sulphuric acid and dilute accurately to 
250 ml with distilled water; 1 ml contains 
1000 pg of Cu(I1). Take 25 ml of this solution, 
acidify it with 10 ml of sulphuric acid (1 + 2) 
add 30 ml of 1 x 10e2M aqueous solution of 
DOPh,,, and leave it for 15 min. Extract with 
150 ml of toluene. Leave the phases to separate 
then wash the organic layer with three portions 
of 100 ml of copper(I1) solution (1000 pg/ml) 
and three portions of 500 ml of distilled water. 
The toluene extract should not contain any 
excess of DOPh,,, . It is checked for traces of 
DOPh,,, as follows. Shake 5 ml of the toluene 
solution with 10 ml of aqueous phase (5 ml of 
1 OOO-pgg/ml copper solution + 1 ml of perchloric 
acid + 4 ml of water) for 3 min. The ab- 
sorbances of the initial and treated toluene 
layers should not differ. Washing of the toluene 
extract is continued until it gives a negative 
reaction for free DOPh,,,, then the extract is 
filtered through a fine filter paper, dried with 
anhydrous sodium sulphate and stored in a dark 
bottle. The solution is stable for more than 
5 months. 

527 
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All other reagents used were of analytical- 
reagent grade and were not purified further. 

Procedures 

Calibration graph. Pipette 1.0, 3.0, 5.0, 10.0 
and 15.0 ml of the 5 pg/ml silver solution into 
lOO-ml separating funnels. To each add 5 ml 
of concentrated perchloric acid and dilute to 
50 ml with distilled water, then add 5 ml of 
Cu(DOPh,,,), solution in toluene and shake the 
mixtures for 2 min. Centrifuge (or let stand for 
45 min) to separate the layers. Filter the organic 
layer through a filter paper previously impreg- 
nated with toluene. Measure the absorbance at 
420 nm in a l-cm cell against toluene. Plot the 
calibration graph. 

Analysis of copper concentrate. Weigh 1.0 g 
of the concentrate into a 150-ml conical flask. 
Add 10 ml of nitric acid (1 + I), cover the 
flask with a watch glass, and heat on a hot-plate 
until evolution of nitrogen oxides ceases. 
Remove the watch glass and evaporate almost 
to dryness. If the samples are to be analysed for 
gold, repeat the evaporation step, with 15 ml 
of aqua regia. Add 20 ml of concentrated per- 
chloric acid and heat until the volume has 
decreased to 8-10 ml, cool, wash down the walls 
of the flask with water, and heat until fumes of 
perchloric acid are evolved. Cool, dilute with 
2&30 ml of distilled water and filter through a 
double filter paper into a lOO-ml standard flask. 
Wash the conical flask and residue with 6 
portions of distilled water. Dilute the filtrate 
and washings to volume and analyse 50 ml 
of the solution as described above for the cali- 
bration graph. 

Analysis of copper ore. Weigh 4 g of the ore 
into a beaker and add 16 ml of aqua regia. 
Evaporate on a hot-plate almost to dryness then 
add a few ml of concentrated hydrochloric acid 
and evaporate again (repeat this step twice 
more). Finally add 20 ml of perchloric acid and 
proceed as for analysis of copper concentrate, 
except that the filtrate and washings should be 
diluted to 50 ml, and the total volume extracted 
with Cu(DOPh,,,), solution. 

RESULTS AND DISCUSSION 

Extraction of the silver complex 

When an aqueous solution of silver and a 
toluene solution of Cu(DOPh,,,), (silver and 
copper in stoichiometric ratio) was shaken for 
1 min, the toluene layer became colourless, 
indicating that silver completely replaced the 

0.6 

r 

Acid concentration, M 

Fig. 1. Plot of absorbance vs. acid concentration: (1) HNO, , 

(2) H,SO.,, (3) HClO,. 

copper in the complex [see reaction (l)]. In all 
further experiments the phases were shaken for 
2 min. 

The effect of mineral acid concentration on 
the exchange reaction (1) was studied by acidi- 
fying 10 ml of 5 pg/ml silver solution, diluting 
to 20 ml with water, shaking the solution with 
5 ml of Cu(DOPh,,,), solution for 2 min, then 
measuring the absorbance of the organic layer 
as described above. Plots of the absorbance 
vs. acid concentration (Fig. 1) show that the 
reaction occurs in 0. l-l .OM nitric acid, 0.14M 
sulphuric acid and 0.1-4M perchloric acid. At 
concentrations above lit4, nitric acid causes 
destruction of the Cu(DOPhi,,),. The exchange 
reaction can also be done in 0.8-1.5M hydro- 
chloric acid, but in 2M hydrochloric acid it is 
strongly hindered, and does not occur when the 
acid concentration is above 3.5M. 

A study of the effect of changing V,_: Vas 
showed that at ratios of up to 1: 50 the replace- 
ment of Cu(I1) and Ag(1) was not affected, 
making preconcentration of silver possible. 

The plot of absorbance vs. silver concen- 
tration was linear in the range 5-90 pg of silver 
in 5 ml of toluene extract and 5-l 30 pg of Ag 
in 10 ml of extract. 

The effect of various ions that commonly 
occur with silver in natural samples was studied 
by analysing model solutions containing 50 pg 
of Ag. Up to 80 mg of iron(III), 100 mg of 
copper( magnesium(II), calcium(II), stron- 
tium(II), barium(II), zinc(II), cadmium(II), 
aluminium(III), chromium(III), nickel(II), 
molybdenum(VI), tungsten(VI), manganese(II), 
uranium(VI), cobalt(II), 70 mg of rhenium(VII), 
40 mg of tin, 15 mg of lead(II), 5 mg 
of antimony(III), 1 mg of platinum(I1) and 
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Table 1. Determination of silver in reference standard samples and copper concentrates 
(6 replicates, probability 0.95) 

Sample 

MDK-1 
MDK-2 
MDK-3 
Cu concentrate 1 
Cu concentrate 2 
Cu concentrate 3 
Cu concentrate 4 

Certified 

Silver,* g/ton 

This work 
By fire-assay BY AAS 

value -method - method Lab. 1 Lab. 2 

II - - ll.lkO.3 - 
17 - - 17.1 f 0.3 
23 - - 23.0 f 0.3 
- 21.2 21.2 21.1 f 1.5 26.4 f 2.0 
- 22.6 & 2.7 24.2 + 3.0 24.9 f 1.6 25.6 f 2.0 
- 20.9 f 2.5 22.3 + 3.8 22.6 f 2.8 29.3 f 3.1 
- 18.9 f 3.8 21.9 f 3.3 22.0 f 3.1 26.2 f 0.8 

*According to the Bulgarian Standard Method,6 the tolerable differences between parallel 
determinations are < 5 g/ton for the l&20 g/ton range, and $7 g/ton for the 20-40 g/ton range. 

arsenic(III), 0.5 mg of selenium(V1) and 
tellurium(VI), 0.5 mg of selenium(IV) and 
tellurium(N), 0.25 mg of bismuth(III), pal- 
ladium(I1) and gold(I1) and 100 mg of sulphate 
and 25 mg of nitrate will not interfere in the 
determination of silver by the proposed method. 
More than N 0.25 mg of bismuth(III), gold(III), 
palladium(I1) and 0.5 mg of selenium(IV), selen- 
ium(VI), tellurium(IV) and tellurium(V1) will 
cause a positive error. Fluoride, thiocyanate, 
thiosulphate and mercury(I1) interfere with the 
exchange reaction. 

The proposed reaction was applied to the 
analysis of reference standard samples of silver 
in metal matrices. The results are shown in 
Table 1. 

APPLICATIONS 

Silver in copper concentrate is usually deter- 
mined by fire assay or atomic-absorption spec- 
trometry.6 The fire assay is slow and requires 
special equipment and a skilled operator. The 
precision is poor. The second method gives 
better precision but an expensive piece of equip- 
ment is needed. Of the spectrophotometric 
methods available, those based on dithizone and 
rhodanine’ are suitable for determination of 
traces of silver and compete favourably with the 
fire-assay method. However, the rhodanine 
method is inapplicable to copper concentrates5 
and the dithizone method suffers from serious 
matrix interference5. 

Four industrial samples were analysed by the 
proposed method. The results are shown in 
Table 1. They are compared with data from the 
fire-assay and atomic-absorption spectrometric 
determination.6 The results agree very well. The 
chi-square values (P = 0.95, n = 6) calculated 
for concentrates 2 and 3 are 2.41 and 0.958, 
respectively. The critical values for x’(P,f) are 
7.81 (P = 0.95) and 11.3 (P = 0.99).’ 

Six industrial samples of copper ores were 
analysed by the proposed method. The results 
were in good agreement with those of semi- 
quantitative spectral analyses. 

The proposed indirect extraction- 
spectrophotometric method is advantageous 
for determination of traces of silver in copper 
concentrates and ores and competes favourably 
with the classical fire-assay analysis. 

4. 

5. 

6. 
7. 
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Summary-The proposed spectrophotometric determination of Ag+ with 5-[p(dimethylamino)benzyl- 
idenelrhodanine has the following improvements: (1) more effective control of pH; (2) use of poly(viny1 
alcohol)-200 as the protective colloid to enhance the molar absorptivity to 3.5 x 104 1. mole-‘. cm-’ and 
to lengthen the period of stable absorbance to 50 min; (3) use of lactic and hydrofluoric acids as maskants 
to improve the selectivity. Beer’s law is obeyed over the range 10-40 pg of Ag. The standard deviation 
is 0.39 pg of Ag (n = 14). 

5-[p-(Dimethylamino)benzylidene]rhodanine 
(DMABR) is well known as a spectrophoto- 
metric reagent for silver,’ but the nature of the 
reaction product is not yet fully understood,2 
and the reaction characteristics reported vary 
from author to author. Hence the system 
needs further study. In this paper an improved 
procedure is proposed, with use of a purified 
reagent. 

EXPERIMENTAL 

Reagents 

Analytical-reagent grade chemicals were used 
unless otherwise specified, and demineralized 
water was used for preparation of reagents and 
for dilutions. 

Nitric acid, chloride-free. The concentrated 
acid and a 50-fold dilution with water were used. 

Poly (vinyl alcohol)-200 solution, 0.5%. 
Lactic acid, (1 + I). 
DMABR solution, 0.02% in acetone. 
Standard silver solution, 20 ,uglml. Freshly 

prepared by dilution of a 1 .OO mg/ml solution in 
1M nitric acid. 

*This work was financially supported by the Chinese 
TDMI Science Foundation, Project No. 87J51203, and 
presented at the 2nd National Symposium on Analysis 
of Noble Metals in 1988. 

tAuthor for correspondence. Present address: 99 Handan 
Road, 200433, Shanghai, People’s Republic of China. 

Calibration graph 

Pipette 0.5, 1.0, 1.5 and 2.0 ml portions of 
standard silver solution into four separate 50-ml 
standard flasks. To each add 25 ml of water, 1 
drop of 2,4_dinitrophenol indicator, and satu- 
rated sodium bicarbonate solution dropwise 
until the yellow colour appears, then add 15 ml 
of nitric acid (1 + 49), 4.0 ml of poly(viny1 
alcohol)-200 solution and 2.50 ml of DMABR 
solution by pipette. Dilute to volume with water 
and mix. Let stand for 15 min, then measure the 
absorbance at 470 nm against a reagent blank, 
with 3-cm cells. Plot absorbance vs. pg of silver 
to construct the calibration graph. 

Procedure 

Pipette an appropriate volume of analyte 
solution (in ca. 1M nitric acid), containing 
10-40 pg of silver, into a 50-ml standard flask, 
and proceed as for calibration. 

RESULTS AND DISCUSSION 

The following modifications are made to the 
earlier procedures. The chosen pH (1.1 k 0.1) is 
lower than that used previously, viz. 1.8,24 3.0,5 
and 9.3.6 In this spectrophotometric system the 
DMABR species HL and H2L+, and the silver 
complexes AgL and AgL;, all co-exist and their 
molar absorptivities at the specified wavelength 
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(de infru) differ, so any change in pH would 
affect the distribution pattern of the ligand and 
complex species, respectively, thus affecting 
simultaneously the absorbances of the sample 
and blank solutions. It was found, however, that 
the net absorbance of the sample solution re- 
mains virtually constant over the pH range 
1.0-l .2. 

Poly(viny1 alcohol)-200 is used as a protective 
colloid to sensitize the reaction and stabilize the 
predominating reaction product, which is in 
linear polymerized form.’ The period of con- 
stant absorbance is thus lengthened to at least 
50 min instead of 15-30,’ or 20-30,7 reported 
earlier. The optimum amount is 4 ml of 0.5% 
solution. In these respects the poly(viny1 alco- 
hol) is superior to gum arabic2 starch,4 gelatin4 
sucrose,’ or organic solvents such as ethanol.3g4 

Rigid control of pH is realized by first adding 
saturated sodium bicarbonate solution dropwise 
to the analyte solution (25 f 5 ml, in ca. 1M 
nitric acid) until appearance of the yellow 
colour of 2,4-dinitrophenol (added as indica- 
tor), then between 14 and 20 ml of nitric acid 
(1 + 49) is added. After dilution of this solution 
to 50 ml, the pH does not differ by more than 
0.02, irrespective of the volume of acid (in the 
specified range) that has been added. This 
technique would seem much better than evapo- 
rating to dryness,” which is time-consuming 
and could cause loss of silver by adsorption on 
the vessel wall, or use of a sulphate buffer,8 
which would decrease the absorbance and also 
precipitate any Pb(II), Ba(I1) and Sr(I1) present, 
which are themselves non-interferents. 

Less DMABR (purified) is used, to reduce 
the blank; its final concentration in the spectro- 
photometric system is 10 pg/ml. The solution 
would be turbid in the presence of 15 pg/ml 
DMABR, and the absorbance would be lowered 
if a 5 pgg/ml concentration were used. A 0.02% 
solution in acetone is used, since the optimum 
amount of acetone is 2.5 ml. 

Hydrofluoric and lactic acids are added to 
prevent hydrolysis, olation or oxolation of 
metal ions during the pH adjustment. 

The absorption maximum of Ag-DMABR 
(470 nm) is taken as the wavelength for determi- 
nation, despite the closeness of the absorption 
maximum of DMABR (480 nm), since at this 
wavelength the net absorbance is the largest 
between 400 and 580 nm, even though the 
reagent blank is quite appreciable. 

These modifications give the proposed 
method some special features. The sensitivity 

Table 1. Effect of diverse ligands and cations on detetmina- 
tion of 21.4 pg of silver 

Added 

w ml Ag found, pg 

Lactic acid (1 + 1) 0.1 22.0 
HF 0.15 22.1 
Na tartrate 10.0 20.5 
Cu(II) 10.0’ 22.2 
Sn(IV) 4.60’ 21.2 
Pb(I1) 4.50; 21.6 
Ni(II) o.oso* 21.0 
In(III) 0.150 20.6 
Zn(I1) 1.65* 20.5 
Fe(II1) 0.076; 21.4 
Sb(III) 0.024* 21.4 
WVI) 10.0; 32.2t 

*Plus 0.1 ml of lactic acid (1 + 1) and 0.05 ml of HF. 
t42.8 pg of Ag taken 

is increased, the molar absorptivity of 
3.5 x lo4 l.molee’.cm-’ being much higher 
than the values reported earlier (2 x 104,2 or 
2.32 x 104,8). The true value would be 
3.8 x lo4 l.molee’.cm-’ if a correction for the 
overcompensation of the blank is made by the 
method of Kroll and Elin. ” The blank over- 
compensates because the amount of free 
DMABR left in the sample solution is always 
less than that in the blank, and the molar 
absorptivity of DMABR at 470 nm is 3.4 x 10’ 
1 .mole-’ .cn-‘. 

The upper limit of determination is 40 ,ug of 
silver. Beer’s law is obeyed over the range of 
10-40 p g and the standard deviation is 0.39 pg 
(n = 14). The method is more selective, as the 
reaction takes place in a more acidic medium 
and in the presence of complexing agents. 
Considerable amounts of Cu(II), Sn(IV) and 
Pb(I1) are tolerable (Table l), but anions that 
form insoluble silver salts, e.g., tungstate, 
molybdate, vanadate, will still interfere. 

A mixture of hydrofluoric acid and nitric 
acid may be used for sample dissolution if 
necessary. 

Application 

The proposed method is suitable for direct 
determination of 0.25-1.0% of silver in copper, 

Table 2. Analysis of simulated samples 

Ag found, % 

Proposed 
Sample composition, % AAS method* method 

Cu 90.7; Sn 8.23; Ag 1.07 1.06 1.08 
Sn 98.9; Ag 1.07 1.03 1.06 
Sn 99.5; Ag 0.43 0.43 0.43 
Pb 99.2; Sb 0.25; Ag 0.50 0.48 0.49 

*Measured at 328.1 nm. 
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tin and lead alloys, with a coefficient of vari- 
ation varying from 1.0 to 3.9%. It is more 
convenient to use than the dithizone and 
Cu-DDTC methods, which require a solvent 
extraction. Simulated samples were prepared by 
mixing solutions of the high-purity metals 
and analyzed by both the proposed and AAS 
methods. Some examples are given in Table 2. 
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Summary-The colour reaction of TMB-4 and palladium(I1) chloride has been investigated. The optimum 
reaction conditions, spectral characteristics, stability constant and composition of the yellow water-soluble 
complex have been established. A new spectrophotometric method is proposed for microdetermination 
of TMB-4. 

It is generally accepted that the best therapeutic 
or prophylactic approach to the problem of 
exposure to highly toxic organophosphorus 
compounds is the application of atropine in 
combination with oximes that act as cholinester- 
ase re-activators. Among the mono- and bis- 
pyridinium oximes, only PAM-2, obidoxime 
and TMB4 are used in standard therapy.‘*’ 
SmeriC ef ~1.~ have proposed use of the ammino- 
pentacyanoferrate(I1) (AmPF) and nitrosyl- 
pentacyanoferrate (NP) anions as reagents for 
spectrophotometric determination of TMB4 by 
formation complex, and Karas-Gagparec and 
Weber have studied the reaction of TMB4 with 
the aquapentacyanoferrate(I1) (AqPF) anion.4 
Vashek determined TMB-4 by a spectrophoto- 
metric method based on the modified Zinke- 
Koning reaction, and in the same paper 
described the polarographic determination of 
TMB-4.’ 

In earlier work we developed spectrophoto- 
metric methods for the determination of quino- 
linium oximes6 and obidoxime chloride in water 
and injection solutions’ with palladium(I1) 
chloride as reagent. We have now extended this 
to determination of TMB-4. 

EXPERIMENTAL 

Reagents 

TMB4, 1,3-bis(4-hydroxyiminomethylpyri- 
dinium)propane dichloride (purity > 99.5%) 
was synthesized in the Laboratory of Organic 
Chemistry, Bosnalijek, Sarajevo. All other 
chemicals were of analytical-grade purity 
(Merck). Redistilled water was used through- 
out. 

A freshly prepared 2 x 10p3M aqueous sol- 
ution of pure TMB4 was used as the stock 
solution; it was stable for several days. Pal- 
ladium(I1) chloride standard solution (2.08 x 
1 Om2M) was prepared by dissolving the requisite 
amount of the compound in distilled water 
containing 0.60 ml of concentrated hydrochloric 
acid, with warming on a water-bath, then cool- 
ing and diluting to volume with water in a 
250-ml standard flask. The solution was 
standardized gravimetrically with dimethylgly- 
oxime,’ and diluted as required. 

B&ton-Robinson buffer solutions’ covering 
the pH range 3.3-7.03 were prepared. The pH 
6.05 buffer was prepared by mixing 100 ml of a 
mixture of phosphoric, boric and acetic acids 
(each 0.04M) with 42.5 ml of 0.20M sodium 
hydroxide and 1.45 ml of 2M potassium chlor- 
ide. The ionic strength of the final solution for 
determination was kept constant at 0.50M by 
addition by 2M potassium chloride solution. 

Apparatus 

A Pye Unicam SP-6-500 spectrophotometer 
and a Varian Super Scan TM-3 spectropho- 
tometer were used, with lo-mm fused-silica 
cells. A Radiometer PHM-62 pH-meter, cali- 
brated with appropriate standard buffer sol- 
utions, was used. 

Procedure for calibration (Method A) 

Potassium chloride solution (2M, 2.25 ml) 
and palladium(I1) chloride solution (5 x lo-‘M, 
1.0 ml) were placed in a lo-ml standard flask 
and a portion (0.05-1.0 ml) of 2 x 10e4M 
TMB4 was added, followed by 5.00 ml of 
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0.4 t_ nt=ruon Ht=NOH 

A 

0.2 

0 
350 400 

nm 

Fig. 1. Absorption spectra of TMB4 (curve 1); pal- 
ladium(I1) chloride (curve 2); and complex (curve 3): 
c,,, = I x l0-SM; cp@j$) = I x 10-“&f; pH = 6.05; p = 0.5. 

pH 6.05 buffer, and the solution was diluted to 
volume with water. The absorbance at 350 nm 
was measured after 10 min, against a reagent 
blank. 

Procedure for calibration ~~ethud B) 

A portion (0.05-0.8 ml) of 2 x IO-*M TMB-4 
was placed in a lo-ml standard flask, 1.0 ml of 
O.lM hydrochloric acid was added, and the 
solution was diluted to volume with water. The 
absorbance at 280 nm was measured against a 
reagent blank. 

RESULTS AND DISCUSSION 

Absorption spectra 

The reaction between TMB-4 and Pd(I1) 
chloride in B&ton-Robinson buffer solution 
in the pH range 3.30-7.03 was studied. The 
spectra of the solutions containing the water- 
soluble yellow complex of TMB4 with Pd(I1) 
were recorded over the wavelength range 
300-450 nm. The complex gave a sharp absorp- 
tion peak at 350 nm (Fig. 1, curve 3), where the 
absorbance of Pd(I1) was low (curve 2) and that 
of TMB-4 negligible (curve 1). Since the reagent 
absorbed at the wavelength of maximum ab- 
sorbance of the complex, all measurements were 
performed against a reagent blank. 

Reaction conditions 

The complex is produced only at pH above 
about 4 and is quantitative at pH 6-7 (Fig. 2). 
The shape of the spectra is independent of pH, 
indicating the formation of only one type of 
complex under these conditions. A Britton- 
Robinson buffer of pH 6.05 was used to provide 
the working pH. At this pH at least a tenfold 

4 5 6 7 

PH 
Fig. 2. Dependence of the absorbance on pH for the 
TMB-4-Pd(II) complex at L,,,,, = 350 nm: cTMa_, = 

1 x lo-s&f; Cpdcnl = 1 x IO-‘M; p =os. 

molar ratio of reagent to analyte is necessary for 
maximum complex formation. 

It was found that increasing the ionic strength 
in the range 0.25-0.75 decreases the absorbance 
of the complex. On the other hand, at ionic 
strength (p) lower than 0.5 the colour fades with 
time, particularly at p < 0.25. Hence an ionic 
strength of 0.5 was selected. Under these condi- 
tions the colour takes 10 min for full develop- 
ment, and is then stable for at least 2 hr. At 
higher ionic strength the absorbance is lower 
than at p = 0.5, but is still stable for >2 hr. 

Physicochemical properties of the TMB-4- 
Pd (II) complex 

The composition of the complex was estab- 
lished by the continuous-vacations method,‘O*l’ 
the molar-ratio method,12 the Bent and French 
methodi and Nash’s method.i4 All four meth- 
ods showed that a 1: 1 complex was formed. 

To determine the conditional stability con- 
stant (K’), we used the methods of Sommer,ls 
Asmusi6 and Nash14 and Job’s method with 
non-equimolar solutions. The mean values of 
log K’ obtained by the first three methods, 5.18, 
5.23 and 5.13 respectively, were in good agree- 
ment. For the results obtained by the Sommer 
method the relative standard deviation was 
0.2% (15 replicates). 

Beer’s law and sensitivity 

Under the optimum conditions described 
above, the calibration graph for method A was 



Determination of TMB4 

Table 1. Spectrophotometric determination of TMB4 

Method A (,I 350 nm) Method B (,I 280 nm) 
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Taken, PM 
X, PM 
&lu,* P M 
x-3 PM 
SD*, i.cM 
RSD, % 
Calculated r-value 
Tabulated r-value 0, ..,) 

3 5 10 :.94 5 10 
3.03 4.97 9.92 4.95 9.85 
2.92 4.89 9.83 2.86 4.79 9.77 
3.17 5.07 10.05 3.11 5.04 10.05 
0.09 0.05 0.09 0.0798 0.07 0.08 
3.0 0.9 2.7 1.4 0.8 
0.004 1.878 

*Inter-assay standard deviation (n = 11). 

a straight line over the range l-20pM; the molar 
absorptivity was 3.07 x IO4 1. mole-‘. cm-‘. The 
detection limit was found to be 0.357 pg/ml. 

For method B the linear range was l-16@I 
and the molar absorptivity was 4.05 x 
IO4 l.mole-‘.cm-‘. 

Precision and accuracy 

Table 1 shows the comparison of results 
obtained by the two methods; both methods 
gave results with a similar relative standard 
deviation. Student’s t-test showed no significant 
difference between the means obtained by these 
methods. 

The proposed method is suitable for rapid 
determination of TMB4. The relative standard 
deviation varies over the range 3.0-0.9% 
(N = II) for TMB-4 concentrations of 3310@4. 
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Summary-A sensitive spectrophotometric method for the determination of carbon monoxide is described, 
based on the reduction of palladium(I1) by carbon monoxide. The resulting elemental palladium is reacted 
with iodate in acidic medium in the presence of chloride, to produce an ICl; species that is readily 
extracted as an ion-pair with Pyronine-G into benzene. Measurement of the absorbance of the extract at 
535 nm permits the determination of carbon monoxide down to 1 pi/l. in air. The effect of interfering 
gases is discussed. The method is suitable for determination of carbon monoxide in motor vehicle exhaust 
gases and ambient air. 

The method based on the reaction with iodine 
pentoxide to produce iodine’ is the best chemi- 
cal method for the determination of carbon 
monoxide in flue gases and exhaust gases. The 
method is not sufficiently sensitive, however, for 
determination of carbon monoxide in ambient 
air. Among other chemical methods, a few 
calorimetric procedures based on the catalytic 
effect of palladium(I1) on the reducing prop- 
erties of carbon monoxide have been evaluated 
for its determination. These include formation 
of heteropoly molybdenum blue from phospho- 
molybdic acid,2 ferroin from the iron(III)- 
EDTA complex3 and Crystal Violet from leuco- 
Crystal Violet.4 Another approach proposed 
by Ciuhandu’ and later modified by Levaggi 
and Feldstein” involves reduction of silver p- 
sulphamoylbenzoate by carbon monoxide to 
form yellowish-brown colloidal silver. Bell et 
al.’ used this method, in conjunction with a 
silicone rubber membrane as a permeation 
device, to establish the concentration of carbon 
monoxide in the range 2-80 pi/l. in a polluted 
atmosphere. The major drawback of these re- 
duction methods is their slowness and hence 
limited use for field applications. 

The reduction of iodate in an acidified 
chloride medium to produce an anionic iodine 
chloride complex which is extractable as 
its ion-associate with cationic dyes has been 
successfully applied for the spectrophotometric 
determination of low levels of sulphur dioxides 

and hydrogen sulphide.9 When this reaction was 
extended to carbon monoxide, considerable 
diminution in sensitivity was noticed, even in 
the presence of palladium(I1). Detailed study 
revealed that in the absence of a mineral acid 
and chloride, reduction of palladium(I1) to el- 
emental palladium is fairly fast when air con- 
taining carbon monoxide is drawn through the 
solution. The elemental palladium formed will 
then reduce iodate in an acidic chloride solution, 
to produce the anion that is extractable. 
Pyronine-G is used as the counter-ion, and 
the absorbance of the extract is measured at 
535 nm. This paper describes the development 
of the method and its application to determi- 
nation of carbon monoxide in ambient air and 
automobile exhaust gases. 

EXPERIMENTAL 

Apparatus 

A Cecil linear read-out grating spectro- 
photometer, model CE 373, with 10 mm silica 
cells, was used. Fritted glass bubblers (frit 
diameter 12 mm, pore-size 90-l 50 pm, internal 
diameter of outer tube 22 mm) were used 
with a suitable suction device for sampling air. 
Air flow-rates were measured with a wet 
flowmeter or rotameter. Hamilton gas-tight 
syringes with Teflon tips were used for drawing 
known volumes of standard carbon monoxide 
mixtures. 
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Reagents 

All chemicals used were of analytical grade, 
and distilled water was used for preparing 
reagent solutions. 

Pure carbon monoxide was prepared by 
adding formic acid dropwise to concentrated 
sulphuric acid maintained at about 80”. The 
liberated gas was passed successively through 
a trap containing 10% potassium hydroxide 
solution, and a U-tube containing potassium 
hydroxide pellets. The purity of the resulting gas 
was established by using two absorbers in series, 
one containing acid cuprous chloride solution 
and the other cuprous chloride-/?-naphthol 
solution.‘O 

Potassium iodate (O.OOS%), Pyronine-G 
(O.OS%), sodium chloride (25%), sodium hy- 
droxide (50%) and sodium sulphate (10%) sol- 
utions were prepared by dissolving appropriate 
amounts of the reagents in water. Sulphuric acid 
(3.75M) was prepared by suitable dilution of 
concentrated sulphuric acid with water. 

Potassium tetrabromopalladate(I1) solution 
(0.04%) was prepared by dissolving 0.2 g of 
palladium(I1) sulphate and 0.4 g of potassium 
bromide in 500 ml of water. 

Ammoniacal cuprous chloride solution was 
prepared by adding 75 g of cuprous chloride to a 
solution of 15 g of ammonium chloride in 80 ml 
of water and then adding concentrated am- 
monia solution until dissolution was complete.” 

Benzene, free from thiophene, was used for 
extractions. 

Procedures 

Sampling. Up to 20 litres of air is drawn at 
300 ml/min through a series of three traps 
containing 50% sodium hydroxide solution, 
ammoniacal cuprous chloride solution and 
dilute sulphuric acid (to remove the escaping 
ammonia), respectively, and finally through a 
solution consisting of 5 ml each of the pot- 
assium tetrabromopalladate(I1) and sodium 
sulphate solutions and 25 ml of water, contained 
in a f&ted-glass bubbler. This solution should 
be analysed within 6 hr after sampling. 

Determination. The palladium solution, after 
sampling, is transferred into a 50-ml standard 
flask containing 3 ml each of the 3.75M sul- 
phuric acid and potassium iodate, pyronine-G 
and sodium chloride solutions, made up to 
volume with distilled water, and mixed. After 5 
min, the solution is transferred into a 125-ml 
separatory funnel and shaken with 5 ml of 

benzene for 15 sec. The organic layer is separ- 
ated, drained into a test-tube, and treated with 
about 1 g of anhydrous sodium sulphate to 
remove traces of water, and the tube is stop- 
pered. The absorbance of the benzene extract is 
measured at 535 nm in lo-mm cells against a 
reagent blank carried through the procedure. 
The concentration of carbon monoxide is estab- 
lished by reference to a calibration graph pre- 
pared from the results obtained by injecting 
20400 ~1 of pure carbon monoxide into 1 litre 
of air (freed from reducing gases) as it is drawn 
at 300 ml/min through 35 ml of the palladium 
reagent mixture, and following the procedure 
described above. 

RESULTS AND DISCUSSION 

Initial studies were made by equilibrating air 
containing 10 ~1 of carbon monoxide for 3 hr 
with a reagent solution consisting of 5 ml of 
0.04% potassium tetrachloropalladate(I1) sol- 
ution and 3 ml each of the potassium iodate and 
sodium chloride solutions and the 3.75M sul- 
phuric acid, in a 500-ml stoppered bottle. After 
equilibration, the solution was treated with 3 ml 
-of 0.05% pyronine-G solution, made up to 
50 ml with water and extracted with 5 ml of 
benzene. The coloured extract had its absorp- 
tion maximum at 535 nm but the reaction was 
very slow. 

Direct analysis was then examined. One litre 
of air (with 500 ~1 of carbon monoxide injected 
into it) was drawn at 300 ml/min through the 
mixed reagent solution (diluted to 35 ml with 
water and contained in a fritted-glass bubbler). 
The absorption solution was then analysed by 
addition of Pyronine-G, dilution, and extraction 
with benzene. The low absorbance of the extract 
at 535 nm indicated that under these conditions 
the reaction of carbon monoxide is again kin- 
etically slow. 

Varying the composition of the sampling 
solution and (after the sampling was complete) 
restoring it to that used for the determination, 
and completing the analysis as in the procedure, 
showed (Table 1) that at pH 4 the presence of 
potassium iodate in the sampling solution was 
not necessary and that the presence of sulphuric 
acid or sodium chloride caused a decrease in the 
absorbance. Hence it was decided to add the 
potassium iodate, sulphuric acid and sodium 
chloride to the palladate solution after the 
carbon monoxide sample had been taken. 
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Table 1. Effect of different parameters affecting sampling of carbon monoxide (CO = 250 pi/l.) 

(1) Acidity* 0.23M 0.15M O.lM 0.05M pH 4.0 pH 5.0 pH 6.0 pH 7.0 
Absorbance 0.02 0.03 0.06 0.08 0.10 0.03 0.02 0.01 

(2) Sodium chloride 

solution (25%),t ml 3.0 2.0 1.0 Absorbance 0.10 0.12 0.14 i.20 

(3) Potassium iodate 
solution (0.005%),5 ml 2.0 1.0 0 
Absorbance 0.20 0.20 0.20 

*Sampling solution contains 5 ml of 0.04% solution of potassium tetrachloropalladate(II), 3 ml each of 0.005% solution 
of potassium iodate and 25% solution of sodium chloride and O-2.1 ml of 3.75M sulphuric acid per 35 ml; pH was 
adjusted with sodium hydroxide. 

TSampling solution contains 5 ml of 0.04% solution of potassium tetrachloropalladate(II), 3 ml of 0.005% solution of 
potassium iodate and tk3 ml of 25% solution of sodium chloride per 35 ml. 

@ampling solution contains 5 ml of 0.04% solution of potassium tetrachloropalladate(I1) and t&3 ml of 0.005% solution 
of potassium iodate per 35 ml. 

Since the presence of chloride was found to 
affect the results, tetrabromopalladate(I1) and 
palladous sulphate were tested for sampling 
carbon monoxide (Table 2). Tetrabromopalla- 
date(I1) proved superior, and 3 ml of 0.04% 
tetrabromopalladate(I1) solution in 35 ml of the 
sampling solution was found adequate to 
provide maximum absorbance. However, this 
was still only 6% of the absorbance obtained 
with solutions that were first equilibrated for 
3 hr with identical amounts of carbon monoxide 
and then subjected to colour development. With 
a view to improving the sensitivity and reducing 
the analysis time, impinger devices containing 
the optimal concentration of tetrabromopalla- 
date(I1) and packed with glass beads to provide 
a reagent column height ranging from 15 to 
50 cm were tested. In all instances, the results 
were found to be considerably lower than those 
obtained with a fritted glass bubbler containing 
35 ml of sampling solution. Subsequent studies 
with the fritted glass bubbler and variation of 
the volume of the sampling solution from 10 
to 35 ml, which provided a solution depth of 
22-85 mm above the frit, showed that the 
absorbance for a fixed amount of carbon 
monoxide gradually increased with increasing 
depth of the sampling solution (0.01 absorbance 
per 6 mm). However, with depths between 72 
and 85 mm, i.e., 30-35 ml of sampling solution, 
there was no marked change in the absorbance. 
No attempt was made to increase the volume of 
the sampling solution beyond 35 ml, as larger 

Table 2. Choice of palladium salts (CO = 250 pi/l.) 

Palladium salt Absorbance 

Palladium(I1) sulphate 0.16 
Potassium tetrachloropalladate(I1) 0.20 
Potassium tetrabromopalladate(I1) 0.36 

volumes would affect subsequent manipulations 
prior to extraction into benzene. 

When 35 ml of the sampling solution was 
used, a constant and maximum absorbance was 
obtained for flow-rates of 0.2-0.4 l./min. At 
higher flow-rates, the shorter contact time 
resulted in a gradual fall in the results. 

The effect of temperature on the determi- 
nation was examined. One litre of air containing 
250 ~1 of carbon monoxide was drawn at 
300 ml/min through 35 ml of sampling solution 
maintained at different temperatures. Increasing 
the temperature from 15” to 45” slightly more 
than doubled the absorbance, showing that 
sampling should be done at the same tempera- 
ture for standards and field samples. Slight 
variation in sampling temperature, however, is 
not likely to affect the results seriously, as a 
temperature change of 1” changes the absorb- 
ance by only 0.007, corresponding to 5 ,~l/l. 
carbon monoxide. In practice, it was found that 
20 litres of air containing carbon monoxide 
could be sampled in 1 hr with no variation in 
temperature during the sampling period. How- 
ever, a temperature correction of +2% per 
degree should be applied when the sampling 
temperature and calibration temperature differ 
by more than 1”. 

There was an appreciable decrease in the 
absorbance when large volumes of air or oxygen 
containing 250 ~1 of carbon monoxide were 
drawn through the sampling solution, but not 
when volumes of nitrogen up to 50 litres, con- 
taining 250 ~1 of carbon monoxide, were drawn 
through the solution (Table 3). The effect is 
clearly due to oxidation. Attempts were made to 
minimize the solubility of oxygen by adding an 
‘indifferent electrolyte to the sampling solution.” 
The addition of 5 ml of 10% sodium sulphate 
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Table 3. Effect of passage of air, nitrogen and oxygen 
(CO = 250 PI) 

Absorbance 

Volume, 1. Air Nitrogen Oxygen 

0 0.36 0.36 0.36 
5 0.32 0.36 0.32 

10 0.30 0.36 0.28 
15 0.28 0.36 0.24 
20 0.26 0.36 0.20 
25 0.23 0.36 0.18 
50 0.16 0.36 0.10 

solution was found to overcome the problem 
(Table 4). 

The results in Table 5 for analysis of samples 
that were allowed to stand for up to 24 hr after 
sampling indicated that the analysis should be 
completed within 6 hr. 

Experimental variables which could affect the 
formation of the ion-pair between the ICI; com- 
plex and the Pyronine-G cation were then inves- 
tigated. They were optimized by using 35 ml of 
sampling solution containing 5 ml each of the 
tetrabromopalladate(I1) and sodium suphate 
solutions, and drawing 1 litre of air, containing 
250 ,ul of carbon monoxide, through the solu- 
tion at 300 ml/min. The solution, after addition 
of all the reagents (in systematically varied 
amounts), was made up to 50 ml with water and 
allowed to stand for 5 min before equilibration 
with 5 ml of benzene to extract the ion-pair. 

The optimum acidity for the formation of the 
anion species was established by varying the 
hydrogen-ion concentration of the solution 
from 0.2 to 0.7M in the final volume of 50 ml. 
A constant and maximum absorbance was 
obtained when the acidity of the medium was 
greater than 0.4M. 

Similar studies showed that 2 ml of 0.05% 
Pyronine-G solution and 2.5 ml each of 0.005% 
potassium iodate solution and 25% sodium 
chloride were adequate and their presence in 
higher amounts did not affect the absorbance. 

The ion-pair formation was almost instan- 
taneous, and equilibration of the phases for 

Table 4. Effect of passage of air (CO = 250 ~1) 

Absorbance 

Volume In absence of 
of air, 1. Na, SO, 

0 0.36 
5 0.32 

10 0.30 
20 0.26 
25 0.23 
50 0.16 

In presence of 
5 ml of 10% 

Na, SO, solution 

0.36 
0.36 
0.36 
0.36 
0.36 
0.34 

Table 5. Effect of delayed analysis (CO = 250 rl/l.) 

Delay time, hr 0 6 9 12 18 24 
Absorbance 0.36 0.36 0.34 0.30 0.24 0.21 

about 15 set was sufficient for its quantitative 
transfer into benzene. The colour of the extract 
remained stable for 15 min and then slowly 
faded. 

Benzene, toluene, n-hexane, cyclohexane, 
carbon tetrachloride, n-butyl acetate, isoamyl 
acetate and chloroform were tested as extrac- 
tion solvents, and benzene gave the highest 
absorbance. 

A linear calibration graph was obtained over 
the concentration range 20-400 ppm v/v carbon 
monoxide. The slope of the calibration graph 
was found to be 0.0015 per ppm of CO. This 
corresponds to a detection limit of 20 ~1 of 
carbon monoxide in a sample volume of 1 litre, 
or 1 pi/l. in 20 litres of sample. 

The precision of the method was checked by 
analysis of 10 samples containing 200 ~1 of 
carbon monoxide in a sample volume of 1 litre. 
The mean recovery was found to be 194 ~1, with 
a coefficient of variation of 7%. 

Interferences 

The interference of common air pollutants 
was examined by drawing 1 litre of air contain- 
ing known volumes of the test gases along with 
250 ~1 of carbon monoxide through the reagent 
solution and then analysing. Sulphur dioxide, 
hydrogen sulphide, acetylene and formaldehyde 
in excess of 55 nl, 15 nl, 2 ,~l and 20 p 1 respect- 
ively, interfered seriously, giving positive errors. 
Nitrogen dioxide, when more than 2.5 ~1 was 
present, caused low recovery. A pre-trap con- 
taining a 50% solution of sodium hydroxide 
eliminated the interference of 250 ~1 each of 
sulphur dioxide, hydrogen sulphide, nitrogen 
dioxide and formaldehyde. The interference 
caused by up to 100 ~1 of acetylene was elimin- 
ated by using a pre-trap containing 20 ml of 
ammoniacal cuprous chloride solution.” How- 
ever, when a large volume of air was drawn 
through this solution, some copper(I) was oxi- 
dized to copper(I1) and hence the capacity to 
trap acetylene was reduced. Incorporation of 
about 7 g of hydrazine sulphate was found to 
keep the copper as copper(I) even when 20 litres 
of air were drawn through the solution. 

Application of the method to field samples 

Exhaust gases from automobiles were col- 
lected in a gas-collecting bottle by displacement 



Determination of carbon monoxide 543 

Table 6. Recovery study and analysis for carbon monoxide in automobile exhaust gases 

Volume of 
sample Percentage 
used in Carbon monoxide, of CO in exhaust 

Pyronine-G fillI. 
method*, Pyronine-G NDIR 

Sample ml Added Found method analyser 
Stratified charge engine 50 - 55 0.11 - 
Stratified charge engine 50 125 175 
Stratified charge engine 50 250 300 - - 
Stratified charge engine 100 - 100 0.10 - 
Stratified charge engine 100 125 230 - 
Stratified charge engine 100 250 350 - 
Scooter (I)-idling 5 - - 5.0 5.0 
Scooter (2eidling 5 - - 4.4 4.2 
Scooter (3~idling 5 - - 8.2 8.0 
Scooter (4pidling 10 - 2.5 2.6 
Car-idling 25 - 0.96 1.0 

*All samples were diluted to 1 litre with CO-free air. 

of a solution containing 20% sodium sulphate 
and 5% sulphuric acid. ” The carbon monoxide 
contents of emissions were monitored with an 
MEXA-441 infrared on-line analyser while the 
gas was being collected. Known volumes of the 
collected gas were introduced into 1 litre of 
air being drawn at 300 ml/min through three 
pre-traps, containing 50% sodium hydroxide 
solution, ammoniacal cuprous chloride solution 
and dilute sulphuric acid (to remove the escap- 
ing ammonia) respectively, and finally through 
35 ml of the sampling solution contained in a 
fritted glass bubbler. The analysis was com- 
pleted by the recommended procedure. To test 
for possible interference by unknown gases 
present in automobile exhaust, the determi- 
nations were repeated with known amounts of 
carbon monoxide introduced along with the 
exhaust gas into the air stream. The results of 
these studies are shown in Table 6 which clearly 
demonstrates the suitability of the method for 
the analysis of automobile exhausts. 

Table 7. Recovery study and determination of carbon 
monoxide in ambient air 

Volume of Carbon monoxide, ~1 Concentration 
sample of CO in air, 
used, I. Added Found pill. 

IO - 45 4.5 
10 100 150 - 
10 200 240 - 
20 95 4.8 
20 100 190 
20 200 305 
18 150 8.4* 
18 - 190 10.6t 
18 - 90 5.05 

*Early hours of the morning. 
710 a.m. (peak traffic period). 
$5 p.m. (sea-breeze had set in). 

Though for field evaluation the proposed 
method should be compared with non-disper- 
sive infrared spectroscopy as the reference 
method, the instrument available was not suited 
to monitor the levels of carbon monoxide in 
ambient air. Consequently, the suitability of the 
method was evaluated by the standard addition 
technique. Air in the vicinity of a traffic junction 
was collected in a 100~litre plastic container. 
A known volume of the collected air was drawn 
at 300 ml/min through a series of traps as 
described above and finally through 35 ml of 
sampling solution contained in a fritted glass 
bubbler, and analysed by the recommended 
procedure. The determination was repeated 
with known amounts of carbon monoxide intro- 
duced along with the air sample. The results are 
shown in Table 7, which clearly demonstrates 
the suitability of the method for the analysis of 
ambient air. The results obtained when fixed 
volumes of air, freed from interfering gases, 
were drawn through the sampling solution at a 
traffic junction are also furnished in Table 7. 

Conclusions 

The observations made indicate that during 
the sampling step palladium(I1) is reduced by 
carbon monoxide to elemental palladium. The 
colloidal palladium produced reacts with iodate 
in acid medium in the presence of chloride ions 
to form an ICI; species which may be ICI; or 
ICI,. This ion forms with Pyronine-G an ion 
pair which is readily extracted into benzene for 
spectrophotometric measurement. 

The method developed is useful for the deter- 
mination of carbon monoxide at levels as low as 
1 pi/l. The calibration graph is linear over the 
range of 20-400 pi/l. of carbon monoxide in a 
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sample volume of 1 litre. The coefficient of 5. 
variation is 7% at the 200 ,ul/l. level. The 6 
method is suitable for determination of carbon 
monoxide in motor vehicle exhaust gases and 

, 
’ 
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Surmnary-A graphite-furnace AAS method using the stabilized-temperature platform furnace (STPF) 
concept, mixed palladium and magnesium nitrates as chemical modifier and Zeeman background 
correction has been applied to the direct determination of As, Cd, Pb and Se in highly mineralized waters 
used for medicinal purposes. These contain 20-40 g/l. concentrations of salts, mainly sodium and 
magnesium chlorides, bicarbonates and sulphates. The use of a pre-atomization cool-down step to 20 
in the graphite-furnace programme reduced the background absorption. Increasing the mass of mag- 
nesium nitrate modifier to 5 times that originally proposed improved the analyte peak shape. Under these 
conditions, no interference was found in analysis of the chloride/bicarbonate type of water, but the sodium 
and magnesium sulphate type of water had to be diluted, and even then an interference remained. 
Calibration with matrix-free standard solutions was used, but use of spike recovery is strongly 
recommended for testing the accuracy. The limits of determination (4.650) of the proposed method for 
undiluted samples are 2.0 pg/l. for As, 0.05 pg/l. for Cd, 1.0 pg/l. for Pb and 1.5 pg/l. for Se. 

A direct, automated method without any matrix 
separation or preconcentration is desirable for 
the routine analysis of water for trace elements 
and of highly mineralized water samples. The 
method should be free from interferences over 
the concentration range of the concomitant 
species. For public health protection, the ana- 
lytical method used should be able to measure 
10% of the maximum allowable contaminant 
level in drinking water.’ Graphite-furnace 
atomic-absorption spectrometry (GF-AAS) is 
one of the few analytical techniques which fulfils 
these requirements, and is the method most 
frequently used. 

The maximum allowable contaminant levels 
of arsenic, cadmium, lead and selenium in drink- 
ing waters are 50, 5.0, 50 and 10 pg/l. respect- 
ively,’ so the corresponding required limits of 
determination for the analytical methods should 
be 5.0, 0.5, 5.0 and 1.0 ,ug/l. respectively. It has 
been proposed3 in the water industry that the 
limit of determination be defined as 4.65 times 
the within-batch standard deviation of measure- 

*Author for correspondence. 

ments of the concentration at levels near the 
blank. Consequently, any proposed method 
should achieve these limits. 

Two highly mineralized Hungarian waters 
(which we will call mineral waters in this paper) 
were selected for this study. “Salvus” mineral 
water contains sodium, bicarbonates and chlor- 
ides as the main components and is a natural 
stomach-pH buffer, whereas “Hunyadi” water 
contains sodium and magnesium sulphates, 
and can be taken as a laxative. The concen- 
trations of the major constituents in these min- 
eral waters are summarized in Table 1. The 
purpose of the present work was to establish 
methods for the determination of arsenic, cad- 
mium, lead and selenium in these mineral waters 
by GF-AAS. 

The stabilized-temperature platform furnace 
(STPF) concept introduced by Slavin has made 
possible some interference-free graphite-furnace 
analyses of complex matrices and when used 
with Zeeman background correction makes 
possible the direct determination of trace ele- 
ments in sea-water. ‘q6 However, to the best of 
our knowledge, the STPF concept has not been 
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Table 1. Major constituents of mineral waters 
examined 

Constituent 

Sodium 
Calcium 
Magnesium 
Chloride 
Sulphate 
Bicarbonate 
Total solids 

“Salvus”, “Hunyadi”, 
mglml mglmi 

5.90 5.20 
0.007 0.54 
0.022 3.24 
2.46 0.79 
0.068 27.0 

13.4 1.01 
22.9 39.5 

applied to the determination of trace elements in 
highly mineralized drinking waters. 

We have applied the STPF concept (with 
Zeeman background correction), using either 
the manufacturer’s earlier recommended con- 
ditions’ or those recently published by Welz 
et al.* In the latter method, a mixed modifier 
consisting of palladium and magnesium nitrates 
was recommended for the determination of 
trace elements in water. This method* was 
modified to meet the requirements of direct 
determination of trace elements in highly 
mineralized waters. 

EXPERIMENTAL 

Instrumentation 

A Perkin-Elmer Zeeman/5000 atomic- 
absorption spectrometer was used for most of 
this work, with an HGA-500 graphite furnace 
and an AS-40 autosampler. The data were 
evaluated with a Perkin-Elmer Data System 
10 using HGA-Graphics software modified by 
Perkin-Elmer, which allows the simultaneous 
display and printing of the analyte and back- 
ground signals. The program has been improved 
to enable calculation of the background peak 

height. The integrated absorbance was used for 
all calculations of analyte concentrations. 

For part of the investigations, a Perkin-Elmer 
Zeeman/3030 atomic-absorption spectrometer, 
equipped with an HGA-600 graphite furnace 
and an AS-60 autosampler, was used. The 
instrumental conditions are given in Table 2. 
Tubes coated with pyrolytic graphite (Perkin- 
Elmer Part No. BOlO-9322) and solid pyrolytic 
graphite platforms Perkin-Elmer Part No. 
BOlO-9324) were used for all experiments. The 
sample volume was 20 ~1. A lo-p1 volume of 
modifier was pipetted on top of the sample. 

Reagents 

All reagents used were of the highest purity 
available and at least of analytical-reagent 
grade. Stock solutions (1000 mg/l.) were pre- 
pared from Merck Titrisol materials. All sol- 
utions, including diluted samples, were prepared 
with 0.3% v/v nitric acid (high-purity grade, 
Merck “Suprapur”). Palladium nitrate and 
magnesium nitrate chemical modifiers were pre- 
pared as previously reported.* We represent the 
various chemical modifiers by the code shown 
below. The weight of Pd, Ni or salt quoted is 
the, weight in the 10 ~1 of modifier added; 
palladium and nickel nitrates were used to make 
the solutions. 

200 pg NHdHzPOd + 10 pg M&NO,)2 

15 c1g Pd+ 10 pug Mg(NQ)z 

15 clg Pd + 50 pg Mg(NG& 

20 ,ug Ni + 25 pg Mg(NOA 

20 pg Ni 

P04Mg10 

PdMglO 

PdMg50 

NiMg25 

Ni 

Table 2. Graphite-furnace temperature programme and instrumental parameters for the 
determination of As. Cd. Pb and Se in mineral water. with PdMn50 chemical modifier 

StelJ 1 2 3 4 5 6 7 

Temperature, “C 90 110 varied 20 varied 2650 20 
Ramp time, set 1 20 10 1 0 1 1 
Hold time, set 9 20 30 15 6 5 5 
Read ON 
Internal Ar 
flow, mllmin 300 300 300 300 0 300 300 

Element 

Temperature, “C 
Wavelength, Band-pass, EDL power, 

Pyrolysis Atomixation nm nm W 

Arsenic 1300 2300 193.7 0.7 6 
Cadmium 800 1650 228.8 0.7 5 
Lead 1100 2100 283.3 0.7 8 
Selenium 1000 2300 196.0 2.0’ 6 

*0.7 on the Z/3030. 
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RESULTS AND DISCUSSION 

Method improvement 

The analyte and background absorbances of 
“Salvus” water, diluted 1 + 3 and spiked with 
1.0 fig/l. Cd are shown in Fig. la. The con- 
ditions used were a pyrolysis temperature of 
900”, an ato~~tion tem~ratu~ of 1600”, and 
PO.,MglO as chemical modifier.’ The large mass 
of sodium-containing matrix in the atomizer 
generated a high background absorbance of 
2.3, which distorted the analyte absorbance, so 
these conditions were unsuitable for this type of 
sample. 

Welz et al.8 recommended the use of the 
PdMglO modifier for Cd, with a pyrolysis 
temperature of 800” and an atomization tem- 
perature of 1650”. Figure lb shows the result 
obtained by using these conditions. The back- 
ground absorbance is reduced to 1.5, and an 
undistorted signal is produced. As the pyrolysis 
temperature is 100” lower than that in the 
original conditions, it would appear that the 
PO,MglO modifier, used in combination with a 
matrix containing large amounts of sodium 
salts, is responsible for the high background 
absorption. The matrix is less volatile in the 
presence of the phosphate modifier, as indicated 
by the greater delay before appearance of 
the background absorbance (compare Fig. la 
with Fig. lb). This is in ag~ment with data 

J 
OO Tim k4?c) 

- 
30 

Fig. 1. Direct determination of cadmium in “Salvus” min- 
eral water, diluted 1 + 3 and spiked with 1.0 rg/l. Cd. The 
dotted line is the background signal. (a) PO,MglO chemical 
modifier, furnace program’ including 900” pyrolysis tem- 
perature and 1600” atomkaation temperature. (b) PdMglO 
chemical modifier, furnace program’ including 800” pyro- 
lysis temperature and 1650” atomization temperature; 
m, = 0.73 pg. (c) PdMglO chemical modifier, furnace pro- 
gram* with pi-at~i~tion cool-down step, and the same 

temperatures as for (b); m, = 0.61 pg. 

reported by Yin et aLg for the determination of 
Cd in urine. In Fig. lb, there is no evidence of 
spectral interference, although the characteristic 
mass (ma) of 0.73 pg/O.O04 absorbance,sec 
is significantly higher than the 0.45 pg/O.O044 
absorbance. set reported by Welz et al.* This 
indicates that there are some residual, un- 
identified, matrix effects. A pre-ato~~tion 
cool-down step, as recommended recently by 
Manning and Slavin” and first proposed by 
Chakrabarti et al.,‘” was introduced; its effect is 
shown in Fig. lc. The background and analyte 
signals are better separated and the analyte 
signal appears later. Under these conditions, 
the characteristic masses are consistent for the 
standards and spiked “Salvus” mineral water 
and the m. is 0.61 pg/O.O044 absorbance. sec. 

The effect of the pre-atomization cool-down 
step is even more apparent for the determi- 
nation of selenium in “Hunyadi” water, Fig. 2. 
Without it, there is a sharp rise in background 
absorption at the beginning of the atomization 
cycle (Fig. 2a). When the cool-down step is 
introduced, this initial background absorption 
disappears completely (Fig. 2b), but in both 
cases a pronounced background absorption 
occurs at the same time as the analyte signal. 
It is thought that the initial background peak 
is due to Rayleigh scattering by larger salt 
particles in the cooler regions at the tube ends. 
With the pre-atomi~tion cool-down step, the 
tube is heated more uniformly and the effect of 
the cool tube ends can be avoided almost com- 
pletely.” However, an interference due to the 
high-sulphate matrix is still present, indicated 
by the high characteristic mass of 43 pg/O.O044 
absorbance. set for selenium. 

Applying the earlier recommended con- 
ditions? for determination of lead in the two 

0 Time kc) L.0 

Fig. 2. Direct determination of selenium in “Wunyadi” 
mineral water diluted 1 + 3 and spiked with 100 kg/l. Se. 
PdMglO chemical modifier, pyrolysis temperature llOO”, 
atomization temperature 2100”. The dotted line is the 
background signal. (a) Without cool-down step, m, = 43 pg; 

(b) with pre-atomization cool-down step, m, = 43 pg. 
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Fig. 3. Direct determination of lead in mineral water samples 
diluted 1 + 3 and spiked with 20 pg/l. Pb. The dotted line 
is the background signal. PdMglO chemical mod&x, fur- 
nace program8 including 1000” pyrofysis temperature, 2200” 
atomization temperature. (a) “Salvus”, mass of Mg = 1.7 pg 
(including modifier), m,, = 23 pg. (b) “Hunyadi”, mass of 
Mg = 17.8 pg (including modifier), m,, = 25 pg. (c) “Salvus”, 

mass of Mg = 8.0 fig (incIuding m~ifier), m, = 22 pg. 

types of mineral water gave results similar to 
those for Cd. The method proposed by Welz 
et ai.* was also applied, and the results obtained 
by using 20 ~1. of the 1 + 3 diluted samples 
spiked with 20 fig/l. lead, a pyrolysis tempera- 
ture of 1000” and an ato~~tion temperature of 
2200” are shown in Fig. 3. It can be seen that the 
peak for “Salvus” water (Fig. 3a) is much 
broader than that for “Hunyadi” (Fig. 3b). 

From the different mineral water compo- 
sitions, it is clear that magnesium is one of the 
main matrix components in “Hunyadi” but is 
negligible in “Salvus”. The total weight of 
magnesium in the “Hunyadi” + modifier load 
is 17.8 bg, but only 1.7 pg for the “Salvus” + 
modifier load. The amount of magnesium added 
as modifier to the “Salvus” sample was in- 
creased to improve the atomization conditions: 
a total of 8 ,ug of magnesium (from sample plus 
modifier) was found to be sufficient. Figure 3c 
shows that under these conditions, the peak 
“Salvus” is much narrower than before (Fig. 3a) 
and close in shape to that for “Hunyadi” 
(Fig. 3b). This effect may be explained as due to 
analyte occlusion within the stable MgO crystal, 
which decomposes explosively over a narrow 
temperature range.13 

With a view to developing a general graphite- 
furnace program, a pre-atomization cool-down 
step was applied to the determination of 
lead. As in the case of cadmium, this increased 
the temporal separation of the background 

and analyte signals. The characteristic mass 
obtained under the optimized conditions was 
20 pg for lead in the matrix-free standard sol- 
ution, and in “Salvus” water, but the Hunyadi 
matrix had increased the characteristic mass by 
approximately 17%. 

Nickel has been recommended as a chemical 
modifier for arsenic determination, and sel- 
enium determination,7 but memory effects cause 
difficulty when nickel itself is also to be deter- 
mined. The use of nickel in the determination of 
arsenic and selenium in the “Hunyadi” water 
resulted in poor recoveries. The matrix also 
produced very high background absorption at a 
pyrolysis temperature of 900”. The conditions 
used for Pb and Cd, based on the method of 
Welz et aL8 were used with the PdMgSO modifier 
and a pre-atomization cool-down step, for the 
determination of As and Se, and gave signifi- 
cantly higher recoveries. 

Proposed method 

The graphite-furnace programme for the 
proposed method is presented in Table 2. The 
pyrolysis and atomization curves for the ele- 
ments investigated by the proposed method are 
shown in Figs. 4-7. The curves were established 
by use of matrix-free standard solutions and the 
1 + 3 dilution of mineral waters spiked with 1 .O 
hg/l. Cd, 20 pg/l. Pb, 50 pg/l. Se and 20 pg/l. 
As. The change in the background absorption is 
also shown. 

The pyrolysis temperature for Cd is critical 
and the reduction of the background absorption 
at higher pyrolysis temperatures has to be bal- 
anced carefully against the possibility of analyte 
losses (Fig. 4). There is no pronounced decrease 
of the background absorbance at the 228.8 nm 
Cd line when the pyrolysis temperature is varied 
between 800 and 8.50” for “Salvus”, and 800” is 
recommended as optimal. This is in good agree- 
ment with the conditions proposed for the deter- 
mination of Cd in complex biological matrices.’ 

From Fig. 5, it is clear that the specific 
Pb absorbance is not influenced by chloride 
(curve b) or sulphate (curve c) matrices when the 
pyrolysis temperature is in the range between 
900 and 1300”. The latter tem~rature is the 
maximum that can be used for interferent-free 
standard solutions (curve a) and mineral waters 
(curves b and c) before loss of analyte occurs. 
Even at pyrolysis temperatures as low as 900”, 
the background absorbance is only moderate 
when palladium is used as chemical modifier. 
From Fig. 5, it can be seen that the atomization 
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Fig. 4. Optimization of pyrolysis and atomization temperatures for determination of cadmium in mineral 
waters. PdMgSO chemical modifier, furnace program in Table 3. For the pyrolysis temperature study, 
an atomization temperature of 1650” was used and for the atomization study a pyrolysis temperature 
of 800” was used. The dotted line is the background absorption signal. (a) and (d), standard solution; 
(b) and (e), “Salvus”, diluted 1 + 3; (c) and (f), “Hunyadi”, diluted 1 + 3; (b’) and (e’), “Salvus”, diluted 

1 + 3; (c’) and (f’), “Hunyadi”, diluted 1 + 3. 

temperature has an influence on the background 
absorbance. An increase in the atomization 
temperature from 1900 to 2400” increases the 
background absorbance by a factor of 3 for 
the sulphate type mineral water “Hunyadi”. A 
similar effect can be observed for Cd in the 

range 1600-l 800” in the chloride-bicarbonate 
type mineral water “Salvus”. A pyrolysis tem- 
perature of 1100” and atomization temperature 
of 2100” were found to be optimum for lead, 
with respect to both analyte and background 
absorbances. 

1 I I I 
12m 1600 2000 2400 

Temperature ( OC 1 
Fig. 5. Optimization of pyrolysis and atomization temperatures for determination of lead in mineral 
waters. PdMg50 chemical modifier, furnace program in Table 3. For the pyrolysis temperature study, an 
atomization temperature of 2100” was used, for the atomization study a pyrolysis temperature of 1100” 
was used. The dotted line is the background absorption signal. (a) and (d), standard solution; 
(b) and (e), “Salvus”, diluted 1 + 3; (c) and (f), “Hunyadi”, diluted 1 + 3; (b’) and (e’), “Salvus”, diluted 

I + 3; (c’) and (f’), mineral water “Hunyadi”, diluted 1 + 3. 
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Fig. 6. Optimization of pyrolysis and atomization temperatures for determination of selenium in mineral 
waters, PdMg50 chemical modifier, furnace program in Table 3. For the pyrolysis temperature study, an 
atomization temperature of 2300” was used, for the atomization study a pyrolysis temperature of 1000” 
was used. The dotted line is the background absorption signal. (a) and (d), standard solutions; 
(b) and (e), “Salvus”, diluted 1 + 3; (c) and (f), “Hunyadi”, diluted 1 + 3; (b’) and (e’), “Salvus”, diluted 

1 + 3; (c’) and (f’), “Hunyadi”, diluted 1 + 3. 

In contrast to the lead and cadmium pyrolysis nm Se line. Even at a pyrolysis temperature as 
curves, for selenium the matrix influences the high as llOO”, the background absorbance is 
pyrolysis temperature at which loss of analyte still about 1.0, and loss of analyte starts at 
sets in, particularly in the case of the sulphate this temperature. The recommended conditions 
type mineral water (Fig. 6~). This matrix causes (pyrolysis at IOOO”, atomization at 2300”) for 
very high background absorption at the 196.0 the determination of Se in “Hunyadi” mineral 

4 
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, I 1 I I 1 
1000 1500 2000 2500 
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Fig. 7. Optimization of the pyrolysis and atomization temperatures for determination of arsenic in mineral 
waters. PdMg50 chemical modifier, furnace program in Table 3. For the pyrolysis temperature study, an 
atomization temperature of 2300” was used, for the atomization study a pyrolysis temperature of 1300 
was used. The dotted line is the background absorption signal. (a) and (d), standard solution; 
(b) and (e), “Salvus”, diluted 1 + 3; (c) and (f), “Hunyadi”, diluted 1 + 3; (b’) and (e:), “Salvus”, diluted 

1 + 3; (c’) and (f’), “Hunyadi”, diluted 1 + 3. 
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Table 3. Comparison of modifiers, pyrolysis and atomization temperatures, recovery and background signal (peak height) 
obtained from sniked mineral waters bv several STPF methods 

Element sample Dilution 

Method A’ Method B8 Proposed method 

Recovery, Recovery, Recovery, 
% Backgrd. % Backgrd. % Backgrd. 

cd 

Pb 

se 

1+1 
Salvus 1 -I- 2 

1+3 

-I 

l+I 
Hunyadi I + 2 

1+3 

Modifier 
Pyrolysis/atomization 

temperature, “C 

1 l-I-1 
Salvus I +2 

1+3 

Hunyadi 1 
l+l 
I+ 2 
1+3 

Modifier 
Pyrolysis/atomization 

temperature, “C 

1+1 
salvus 1 1 +2 

1+3 

Hunyadi 1 
1+1 
1 + 2 
1+3 

As 

Modifier 
Pyralysis/atomization 

temperature, “C 

1+1 
Salvus 1 1 f 2 

1+3 

1+1 
Hunyadi 1 f 2 

1+3 

_* :-II -* 3.4 101 1.6 
- - 2.3 99 0.8 - 2:3 101 1.6 102 0.6 

80 1.4 52 0.4 73 0.3 
88 1.4 60 0.2 81 0.1 
90 1.3 64 0.2 90 0.1 

PO,MglO PdMglO PdMg50 

900/1600 

- 2.1 
60 1.6 
64 1.5 

75 1.3 
77 1.3 
80 1.1 

PO, MglO 

800/1650 800/20?/ 1650 

91 0.1 98 0.2 
91 0.1 97 0.2 
97 0.1 99 0.2 

62 0.8 73 0.3 
62 0.8 80 0.5 
69 0.6 83 0.5 

PdMgfO PdMg50 

900/1800 

89 0.8 
Z 0.7 0.7 

- 2.3 
25 2.0 
25 1.5 

NiMg25 

1000/2200 1100/20t/2100 

99 0.2 99 0.2 
101 0.2 99 0.2 
100 0.2 100 0.2 

- 2.3 - 2.8 
- 2.1 - 2.1 
69 1.5 83 1.4 

PdMglO PdMg50 

900/2100 

93 0.1 
95 0.1 
94 0.1 

:: 0.7 1.0 

50 0.6 

1000/2200 

93 0.4 
97 0.4 

100 0.4 

- 2.5 
- 2.2 
75 1.8 

1000/20t/230 

96 0.1 

;: 8:: 

68 0.9 
81 0.7 
86 0.6 

*-signifies value not calculated, because of high background absorbance, 
tCool-down step. 

water can therefore only be a compromise a method recommended earlier’ and one pro- 
with respect to the analyte and background posed by Welz et ~1.’ The results presented are 
absorbances. the averages of 5 replicate determinations. 

From Fig. 7, it can be seen that a pyrolysis 
temperature of 1300” can be used for As, which 
makes it relatively simple to remove the bulk of 
the matrix prior to atomization. The recom- 
mended atomization temperature is 2300”. 

The proposed method was used for the deter- 
mination of Cd, Pb, Se and As in 1 + 1, 1 + 2 
and 1+ 3 diluted mineral water samples spiked 
with 1.0 pg/l. Cd, 20 pg/l. Pb, 50 kg/l. Se and 
20 pg/l. As, respectively. The recovery for a 
spiked sample was calculated with respect to 
the absorbance of the matrix-free standard 
solution. The background absorption was also 
measured. The results are summarized in 
Table 3. The recoveries were also calculated by 

The results in Table 3 show that the con- 
ditions recommended here are the most suitable 
for direct determination of Cd, Pb, Se and As in 
mineral waters. The recoveries for the “Salvus” 
samples are > 90% for all four elements investi- 
gated and the background signals are within the 
capabilities of the background correction sys- 
tem. There are still some matrix interferences in 
the case of the “Hunyadi” water, however, the 
recoveries being lower, and only 83-90% even 
in the 1 + 3 diluted samples. 

The characteristic masses found in this work 
(As 16 pg, Cd 0.42 pg, Pb 20 pg, Se 23 pg) with 
PdMg modifier agree with the data published 
for GF-AAS.14 The limits of determination 
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Table 4. Limits of determination (LD) for As, Cd, Pb and Se in water (sample volume 
20 ul. 10 reulicates) 

Element 

Measured LD, pgcgll. 

Undiluted Sample Sample 
samnle diluted 1 + 1 diluted 1 + 3 Reauired LD. uall. 

Arsenic 2.0 4.0 8.0 5.0 
Cadmium 0.05 0.1 0.2 0.5 
Lead 1.0 2.0 4.0 5.0 
Selenium 1.5 3.0 6.0 1.0 

(taken as 4.65 times the concentration equiva- 
lent to the standard deviation of the blank) 
found for the proposed method are presented in 
Table 4 and compared with the required limits 
discussed earlier. The values for undiluted 
samples in general meet these requirements, 
except for selenium. The dilution factor must be 
taken into consideration in calculating the 
detection limits for the water samples that 
require dilution. 

The mineral waters were analysed for As, 
Cd, Pb and Se in 1 + 1 dilutions for “Salvus” 
and 1 + 3 dilutions for “Hunyadi”. All the 
results were below the limits of determination 
except for As in the “Salvus” sample, which was 

16 pg/l. 

CONCLUSIONS 

Two significant analytical problems have to 
be overcome for the direct determination of 
trace elements in highly mineralized waters by 
GF-AAS. The limit of determination of the 
method should meet the requirements given 
for drinking water quality (0.1-10 pg/l.), and 
the interference caused by the high concen- 
tration of concomitants, i.e., sodium, mag- 
nesium, chlorides and sulphates must be dealt 
with. 

The use of the STPF concept in conjunc- 
tion with Zeeman background correction has 
proved useful for this analysis, but the choice 
of chemical modifier is very important. The 
addition of NH4H2P04 together with the high 
mass of sodium-containing matrix generates an 
extremely high background absorption, which 
causes interference. Use of nickel as a modifier 
results in serious contamination of the graphite 
furnace and significant interferences are 
observed in the presence of large amounts of 
sulphate-containing matrices. A mixed pal- 
ladium nitrate and magnesium nitrate chemical 
modifier has been found to be the most 
useful. However, with matrices containing a 
high level of sulphates, some interferences were 

still present, depressing the analyte signal 
by approximately 17%. The mechanisms and 
control of these interference effects are under 
investigation. Presumably use of standard- 
addition methods instead of matrix-free cali- 
bration would improve the performance, but at 
the cost of inconvenience. 

The background absorption was successfully 
reduced by introducing a pre-atomization cool- 
down step into the graphite furnace programme. 
Increasing the amount of magnesium nitrate in 
the chemical modifier helped to improve the 
analyte peak shape. Calibration with standard 
solutions can be used, but optimization of the 
dilution factor by testing recovery of spikes is 
strongly recommended. 

Except for selenium, the limits of determi- 
nation obtained are within the required range, 
provided the dilution of the samples is not 
greater than 1 + 3. 
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Summary-The combination of palladium/hydrogen matrix-modification and injection of samples into a 
graphite tube at 120” has allowed the accurate determination of copper, iron, lead and nickel in biological 
reference materials (urine, milk powder and bovine liver). Palladium modification allowed the use of a 
standard ashing temperature of 1000” for all four elements. Direct aqueous calibration was applied 
without the need for standard additions. The total heating cycle, from the start of sample injection, took 
45 sec. 

Electrothermal atomic-absorption spectrometry 
(ETAAS) is a well established technique for 
trace element determinations, but has a number 
of basic limitations such as (1) matrix inter- 
ference effects, (2) the need for a range of char 
temperatures for different elements and (3) a 
slow rate of sample throughput compared with 
flame AAS or inductively coupled plasma opti- 
cal emission spectrometry. Various procedures 
have been proposed to alleviate matrix interfer- 
ences in ETAAS and one of the most attractive 
is matrix modification. Although many different 
modifiers have been suggested, palladium has 
shown most promise as a general modifier.lW3 In 
common with other reagents, addition of pal- 
ladium(I1) to the sample and standard solutions 
allows the use of higher char temperatures 
without loss of the more volatile analyte ele- 
ments. It is therefore possible to remove a 
greater fraction of the interfering matrix prior to 
the atomization step. It is thought that thermal 
stabilization of analyte metals by palladium 
occurs through formation of intermetallic 
bonds.4.5 This requires the palladium to be in the 
elemental state early enough in the heating cycle 
to ensure reaction with the analyte before the 
tube reaches a temperature at which vaporiz- 
ation would normally occur. To aid reduction of 
the palladium(I1) it has been suggested that 

*Author for correspondence. 

hydrogen should be added to the argon or 
nitrogen furnace gas.6*7 One of the attractive 
features of modification with palladium is that 
a char temperature close to 1000” can be used 
for several elements without analyte loss. At this 
temperature, many chlorides known to cause 
matrix interferences begin to vaporize and are 
flushed from the furnace by the inert gas flow. 
This suggests that if palladium matrix-modifi- 
cation is used, a standard char temperature 
could be selected for a number of elements. 

The application of shortened atomizer heat- 
ing programmes has been discussed in a number 
of recent publications. Omission of the char step 
has been possible in some biological analyses’-” 
and reductions in the drying time have been 
achieved by rapid heating of the tube after 
sample injection.* The facility to inject liquids 
onto a hot graphite tube is now available with 
most modern electrothermal atomizers and the 
advantages of this feature have been illustrated 
in clinical and water analyses. Apostoli et af.” 
heated the electrothermal atomizer tube to 
150” before injection of 4-methylpentan-2-one 
(isobutyl methyl ketone, IBMK) in a solvent 
extraction procedure for the determination of 
vanadium in urine. Improvements in precision 
and a tenfold increase in sensitivity were re- 
ported. Hot-injection allowed KnowlesI to de- 
velop furnace programmes of less than 20 set 
for the determination of chromium, copper and 
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nickel in water, of chromium and cadmium in 
urine, and of copper in serum. The accuracy of 
the procedure was established by analysis of 
reference materials. The standard-additions 
technique was required for the analysis of urine 
and serum. We have recently reported the appli- 
cation of hot-injection for the rapid analysis of 
water samples by electrothermal AAS.14 Injec- 
tion of the water samples onto a graphite tube 
preheated to 120” and omission of an ashing 
stage enabled heating programmes of 10 set 
(excluding injection time) to be applied for the 
determination of aluminium, copper and lead. 
Interferences encountered in the determination 
of aluminium were removed by addition of 
palladium as a matrix modifier. 

In this study, palladium/hydrogen modifi- 
cation and a hot-injection procedure were com- 
bined to develop rapid methods for the 
determination of copper, iron, lead and nickel in 
urine, milk powder and bovine liver reference 
materials. By reference to the literature and 
from previous experience, a standard char tem- 
perature of 1000” was selected and 2 pg of 
palladium was added as the modifier (10 ~1 of 
200 pgg/ml palladium solution). Accurate deter- 
mination of the analyte elements in the reference 
materials was achieved by using the standard 
furnace programme, peak-area measurement 
and calibration with aqueous solutions. 

EXPERIMENTAL 

Instrumentation 

A Varian SpectrAA- atomic absorption 
spectrometer was used with a GTA-96 graphite 
furnace and programmable sample dispenser. 
The system was operated in conjunction with a 
DS-15 data station and results were printed on 
an Epson LX-86 printer. The manufacturer’s 
spectrometer parameters were selected for each 
of the analyte elements. The wavelengths used 

for copper, iron, lead and nickel were 324.8, 
248.3, 283.3 and 232.0 nm, respectively. The 
atomizer programme was compiled on the basis 
of literature information and previous experi- 
ence, and the results obtained with it served to 
test the validity of using this previously derived 
information to design a standard atomization 
programme for the elements to be determined. 
Injection at 2 pl/sec (injection rate 3) onto a 
tube heated to 120” was found to be suitable for 
each of the samples analysed. Heating the pal- 
ladium(I1) at 300” for 8 set in the presence of 
hydrogen was sufficient to convert the modifier 
into the elemental form. Thereafter, a char 
temperature of 1000” was selected for all four 
elements, on the basis that for many analytes 
thermal stability at this temperature can be 
achieved with palladium as modifier. In this 
work, undiluted hydrogen was used during the 
conditioning step and for the initial char step of 
the programme given in Table 1. Prior to atom- 
ization, the tube was purged with nitrogen 
(flow-rate 3 l./min) for 5 set to remove hydrogen 
from the atomizer. No problems were encoun- 
tered with this procedure. An atomization tem- 
perature of 2300 or 2400” was adopted, without 
specific optimization. The complete programme 
details for iron, lead and nickel are given in 
Table 1. When this programme was applied to 
the determination of copper, recoveries of ap- 
proximately 80% were obtained for each of the 
samples analysed. By replacing the hydrogen 
flow at stage 2 and the nitrogen purge at stages 
3 and 6 with a 3.0~l./min argon flow, recoveries 
closer to 100% were obtained, as discussed 
later. The modified programme for copper is 
given in Table 2. Argon can also be used during 
measurement of the other elements, and is 
preferred for general use. 

The procedure involved simultaneous injec- 
tion of 10 ~1 of the sample or standard solution 
and 10 ~1 of the modifier solution. A palladium 

Table 1. Atomizer programme for Varian GTA 96 used in analysis of 
bioloaical standards bv hot-iniection with Pd modifier 

Stage 

I 
2 
3 
4 
5 

6 

Temperature, Ramp Hold 
‘C time, set time, set Gas flow 

300 2 6 1.5 l./min H, 
1000 5 10 1.5 I./min H, 
1000 0 5 3.0 l./min N, 
1000 0 2 Gas stop 
2300 (Pb) 0 2 Gas stop 
2400 (Fe, Ni) 
2600 1 2 3.0 l./min N, 

Injection volume IO ~1 sample + 10 ~1 modifier (200 pg/ml Pd). Tube 
temperature 120’. Injection rate 2 pl/sec. 
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Table 2. Atomizer programme for Varian GTA 96 used in analysis of 
biological standards for copper by hot-injection with Pd modifier 

Stage 
Temperature, 

“C 
Ramp 

time, set 
Hold 

time, set Gas flow 

I 300 2 6 1.5 l./min H, 
2 1000 5 10 3.0 I./min Ar 
3 1000 5 3.0 l./min Ar 
4 1000 : 2 Gas stop 
5 2400 0 2 Gas stop 
6 2600 1 2 3.0 l./min Ar 

Injection volume 10 ,ul sample + 10 ~1 modifier (200 pg/ml Pd). Tube 
temperature 120”. Injection rate 2 ~l/sec. 

concentration of 200 pg/ml was selected, with- 
out investigation of the effect of varying it. 
Although a previous study showed successful 
use of lower palladium concentrations,14 it was 
considered that addition of 2 pg of palladium 
would ensure retention of the four elements 
under study, at temperatures up to at least 
1000”. 

Reagents 

At least four standard solutions were pre- 
pared for each analysis, by dilution of 1000 
pg/ml “atomic absorption” stock solutions of 
copper, iron, lead and nickel (BDH, Poole, 
U.K.). The palladium modifier (200 pg/ml) was 
prepared by dilution of a 1000 fig/ml palladium 
solution made with palladium chloride (“Spec- 
trosol” grade, BDH). Distilled water was used 
for all dilutions. Acids used in the digestion of 
the bovine liver SRM were of “Aristar” or 
“AnalaR” grade (BDH). 

Preparation of reference materials 

The artificial urine reference materials 
analysed in the study were Lanonorm-metalle 1, 
2 and 3 (Behring Institute, Behringwerke AG, 
Marburg, F.R.G.). They were supplied in 
freeze-dried form and were reconstituted by 
dilution with 50 ml of 1% v/v nitric acid. Prior 
to analysis, the Lanonorm solutions were di- 
luted with distilled water as follows: for copper, 
Lanonorm 1 undiluted: for lead, Lanonorm 1 
undiluted, Lanonorm 2 and 3 diluted 2- and 
IO-fold, respectively; for nickel, Lanonorm 2 
undiluted, Lanonorm 3 diluted 3-fold. 

Milk powder reference materials BCR RM 
150 and 151 were supplied by the European 
Community Bureau of Reference. The bovine 
liver reference material SRM 1577a was sup- 
plied by the U.S. National Bureau of Standards. 
About 1 g of material, accurately weighed, was 
transferred to a 150-ml tall-form beaker and 20 
ml of 50% v/v nitric acid were added. The 

beaker was heated gently to minimize frothing 
and heating was continued until the volume was 
reduced to about 5 ml. To this solution, 10 ml 
of a perchloric acid/nitric acid mixture (50 ml of 
60% perchloric acid and 250 ml of concentrated 
nitric acid, both “Aristar” grade) were added. 
The solution was heated gently until perchloric 
acid fumes were evolved, then a watch-glass was 
placed on the beaker and heating was continued 
until the solution was colourless. After cooling, 
the solution was diluted to about 30 ml with 
distilled water, then heated to boiling for 5 min 
to dissolve all salts. The solution was filtered 
through a Whatman No. 40 filter paper into 
a loo-ml standard flask, and the filtrate and 
washings were diluted to the mark with distilled 
water. Prior to analysis, the solutions were 
diluted with distilled water as follows: for cop- 
per, BCR RM 150 undiluted, SRM 1577a di- 
luted lOO-fold; for iron, BCR RM 150 and 151 
diluted 5- and IO-fold, respectively, SRM 1577a, 
diluted 50-fold; for lead, BCR RM 150 and 151 
undiluted. In all analyses, aqueous standard 
solutions were used for calibration. It was as- 
sumed that accurate analysis had been achieved 
if the analyte concentration found agreed with 
the certified or recommended value within 
f 10%. 

RESULTS AND DISCUSSION 

Copper 

When the programme given in Table 1 was 
applied to the determination of copper in the 
biological reference materials, a recovery of 
only 80% was achieved. By removal of the 
hydrogen in stage 2 and use of argon instead of 
nitrogen (see Table 2) more accurate results 
were obtained, as given in Table 3. The results 
of at least five repeat analyses indicated that the 
precision was better than 3% for the three 
different materials analysed. Spectral inter- 
ference of palladium at the 324.8 nm copper line 
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Table 3. Determination of canner in biological standards at 324.8 nm 

Sample Units 
Confidence 

range 
Certified 

value 
Value 
found* 

Recovery, 
% 

Lanonorm 1 
Milk BCR RM 150 
Bovine Liver SRM 1577a 

fig/l. 17.5-24.1 20.8 19.0 + 0.4 91+2 
2.23 f 0.08 2.1 f 0.02 94+1 
158+7 169+ 1 106+1 

*Mean f standard deviation (n = 3, range method). 

Table 4. Determination of iron in biological standards at 248.3 nm 

Certified value, Value found* Recovery, 
Sample &?I&? pglg % 

Milk BCR RM 150 11.8 f 0.6 11.1 50.2 94 * 2 
Milk BCR RM 151 50.1 46.4 f 0.8 93&2 
Bovine Liver SRM 1577A 194+20 177f8 91*4 

*Mean & standard deviation (n = 3, range method). 

Table 5. Determination of lead in biological standards at 283.3 nm 

Sample 

Lanonorm 1 
Lanonorm 2 
Lanonorm 3 
Milk BCR RM 150 
Milk BCR RM 151 

Confidence Certified Recovery, 
Units range value Found* % 

KS/l. 8.5-l 1.5 10 12.4 rf: 0.5 124+ 5 
PLg/l. 114-138 126 124+4 98 f 3 
pg/l. 470-626 548 618 f 5 113* 1 
PcglP 1.00 + 0.04 1.13 + 0.06 113+6 
Pglg 2.00+0.03 2.14kO.11 107k6 

*Mean + standard deviation (n = 3, range method). 

has been reported by other workers,3 but no similar observation was made when analysing 
problems were encountered in this study. the other reference materials. 

Iron Nickel 

The milk powder and bovine liver reference 
materials were analysed for iron (Table 4). 
Recovery was in the range 91-94%, and pre- 
cisions of 2 and 4.5% were obtained for the milk 
powder and bovine liver, respectively. 

Close to 100% recovery was achieved for the 
determination of nickel in two of the synthetic 
urine standards, Lanonorm 2 and 3. The results 
given in Table 6 shows that precisions of 9 and 
1% were obtained for nickel concentrations of 
32 and 72 pg/l. respectively. 

Lead 

The atomizer programme given in Table 1 
was used to determine lead in the three 
Lanonorm synthetic urine samples and two milk 
powder reference materials. The results are 
given in Table 5. Recovery ranged from 98 to 
124%. Although the results appear to have a 
high positive bias, particularly for Lanonorm 1, 
they are considered reasonable in comparison 
to those obtained by other procedures used for 
the direct determination of lead in biological 
materials, such as ETAAS with probe atomiz- 
ation.15 The precisions for the lead concen- 
trations found were between 1 and 6%. No 
significant difference was observed between the 
shapes of the AAS peaks for the aqueous stan- 
dards and the Lanonorm samples, suggesting 
that the components of the urine matrix which 
remained after the char step did not have a 
significant influence on lead atomization. A 

CONCLUSIONS 

It has been shown that it is possible to apply 
almost the same atomizer programme for the 
determination of copper, iron, lead and nickel in 
biological reference materials, without detailed 
optimization, on the basis of published infor- 
mation and previous experience. The use of 
matrix modification with palladium and hydro- 
gen allowed the use of a “standard” char tem- 
perature of lOOO”, after conditioning of the 
palladium in a hydrogen atmosphere at 300”. 

Table 6. Determination of nickel in synthetic urmes at 
232.0 nm 

Certified value, Found,* Recovery, 
Sample wll. Wcgll. % 

Lanonorm 2 31.0 32k3 103 
Lanonorm 3 71.0 72+ 1 101 

*Mean + standard deviation (a = 3, range method). 
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Injection of the standards and samples into a 
tube at 120” at a rate of 2 ~1 l/set provided almost 
instantaneous drying, which resulted in a com- 
paratively short programme cycle. From the 
start of sample injection to the end of the 
cleaning stage, the programme time was 45 sec. 
This does not include the time required for the 
autosampler to take up the next volume of 
sample and modifier, or for cooling of the 
atomizer tube. Both these operations are out- 
with the control of the operator, but presumably 
could be shortened to match the rest of the 
hot-injection procedure. 

The combination of palladium/hydrogen 
matrix modification and hot-injection has 
allowed accurate determination of copper in 
urine, milk powder and bovine liver reference 
materials, iron in the milk powder and bovine 
liver, lead in the urine and milk powder, and 
nickel in the urine reference material, by a 
method based on calibration with aqueous sol- 
utions and peak-area measurement. The relative 
standard deviations of the results obtained by 
the proposed method are acceptable for the 
concentrations determined and there is no indi- 
cation that the hot-injection procedure has an 
adverse effect on precision. 

The study has demonstrated that it should be 
possible to achieve rapid, precise and accurate 
analysis of biological materials by electro- 
thermal AAS with an almost standard furnace 
programme and aqueous standards, provided 

developments in graphite furnace methodology 
are fully exploited. 
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FLUORESCENCE WAVELENGTH, INTENSITY AND 
LIFETIME FOR MULTIDIMENSIONAL TRANSDUCTION 
OF SELECTIVE INTERACTIONS OF ACETYLCHOLINE 

RECEPTOR BY LIPID MEMBRANES 
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Sunnnary-Concurrent analysis of the fluorescence intensity, at different emission wavelengths, of lipid 
vesicles containing acetylcholine receptor (AChR) labelled with a nitrobenzoxadiazole (NBD) moiety 
shows that selective interactions with the agonist carbamylcholine can be detected reproducibly by a 
self-calibration method with pM detection limits. Concurrent analysis of the fluorescence intensity and 
lifetime of the new probe 4-dicyanomethylene-l,2,3,4-tetrahydrometylquinoline (DCQ) shows that 
general alterations of lipid membrane structure induced by temperature variation in the head-group region 
of lipid vesicles can be determined. A general approach to detection of selective interactions is introduced 
by observation of fluorescence intensity and lifetime changes of the probe NBD-phosphatidyl 
ethanolamine dispersed in lipid membranes containing unlabelled AChR. Detection and differentiation 
of selective interactions between carbamylcholine and the antagonist a-bungarotoxin are possible by 
correlation with intensity and lifetime at different emission wavelengths. 

Molecular receptor systems are desirable in a 
biosensing strategy as they exhibit high sensitiv- 
ity and selectivity, and the formation of recep- 
tor-ligand complexes is reversible. Generally, 
molecular receptors are proteins (found embed- 
ded in the cell membrane of many cell types) 
which detect the presence of certain target 
molecules, or agonists, in the external environ- 
ment and mediate some cellular response to the 
presence of the agonists.’ Biosensing is possible 
when the agonist-receptor complexation can 
be transduced to a measurable signal, as is the 
case for electrochemical studies of molecular 
receptors in artificial bilayer lipid membranes. 

Natural chemoreception, for processes such 
as neural communication, operates by using 
molecular receptors which transduce chemical 
signals into fast electrochemical events. The 
rapid response and extreme sensitivity of the 
gated electrochemical ion translocation pro- 
vides useful analytical characteristics. However, 
for in vitro use this system is limited by back- 
ground noise and the inability to distinguish 
between different agonists. Non-selective bind- 
ing events and spontaneous ion current tran- 
sients occurring in vivo are filtered and discarded 
by processing signals from multiple receptor 
arrays with respect to frequency and amplitude, 

in a manner analogous to the combination of 
hardware and software analysis in chemometric 
approaches. 2,3 This technology is in the fore- 
front of research in the area of sensor develop- 
ment, and its state of development sets limits to 
the analytical potential of biosensors based on 
electrochemical ion translocation across lipid 
membranes. However, a chemometric approach 
is possible when a biosensor is used in the 
fluorescence mode of transduction, which offers 
the opportunity for multidimensional analysis 
based on concurrent observations of intensity, 
wavelength, polarization and lifetime, as re- 
ported by Bright,4 Heiftje’ and Wolfbeis.6 Com- 
bination of the information gained from each of 
these properties can provide sufficient data for 
identification of selective binding processes 
and quantitative evaluation of non-selective 
interferences.’ 

The eventual goal of this research is the 
adaptation of a molecular receptor fluoroassay 
for incorporation into a reliable and self- 
calibrating optode which operates with a 
chemometric approach. The first step is to 
establish selective chemistry which can provide 
multidimensional fluorescence data. Selective 
interactions resulting in ion gating are common 
for neurotransmitter receptors, and apparently 
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involve the opening of conductive “pores” or 
“channels” in the interior of large protein as- 
semblies when binding of the agonist occurs.’ 
Little perturbation of the lipid environment is 
expected during gating events since large-scale 
conformational changes of proteins have not 
been observed in association with “channel” 
opening, especially in the absence of an electro- 
chemical gradient across the membrane. How- 
ever, molecular receptors can have specific 
physical associations with lipids, and may be 
involved in aggregative events that are related to 
selective binding of ligands.a This may provide 
significant perturbation of the lipid membrane 
and could provide a general transduction mech- 
anism which could be monitored by means of 
fluorescence from probes located within lipid 
membranes that support the receptor. 

Fluorescence spectroscopy provides high 
sensitivity, requires only small amounts of 
fluorescent probe (N 10W6M) and causes negli- 
gible perturbation of lipid membrane environ- 
ments at mole ratios of < 1: 100. The main 
objective of using a fluorescent probe in lipid 
membranes is to gamer information about the 
polarity, microviscosity and phase behaviour of 
the lipid environment. To study both the steady- 
state and dynamic physical properties of bilayer 
lipid membranes 4-dicyanomethylene-1,2,3,4- 
tetrahydromethylquinoline (DCQ) was pre- 
pared (Fig. 1) and used as a probe to determine 
the polarity, fluidity and phase behavior of 
artificial membranes, hence indicating how 
structural changes induced by selective binding 
events may be transduced.’ 

Acetylcholine receptor (AChR) is the best 
characterized neurotransmitter receptor with 
respect to both structure and function. The 
protein is a dimer in a natural environment, 
each monomer consisting of five discrete protein 
subunits which together are arranged to form a 
cylinder capable of ion conduction through lipid 
membranes.” It operates as a classical ion 

NC CN 
\/ 

Fig. 1. Structure of the fluorescent probe 4-dicyanomethyl- 
ene-1,2,3,4-tetrahydromethylquinoline (DCQ). 

gating system, being stimulated by the natural 
agonist acetylcholine and by many other similar 
compounds.” The present report also deals with 
an investigation of the multidimensional ana- 
lytical responses derived from perturbations of 
the lipid membrane by the interactions of acetyl- 
choline receptor with the agonist carbamyl- 
choline and the antagonist c1 -bungarotoxin 
(a -BTX). Transduction of selective binding 
events was monitored by means of the fluor- 
escence intensity and lifetime, obtained from 
perturbations of the environment of a fluoro- 
phore which was either a label for AChR-rich 
membranes or a label for only the lipids of the 
membranes. In all the cases examined, the 
fluorophore and receptor protein were located 
in bilayer lipid vesicles. 

EXPERIMENTAL 

Reagents 

The fluorescent probe 4_dicyanomethylene- 
1,2,3,4-tetrahydromethylquinoline (DCQ) was 
prepared from N-methyl- 1,2,3,4-tetrahydro- 
quinoline and malononitrile according to a pub- 
lished procedure, and purified.‘* Acetylcholine 
receptor (AChR) was obtained from Torpedo 
californica (Pacific Biomarine, Venice, CA) and 
purified according to standard methods,‘3-‘s and 
reconstituted in soybean lecithin (Sigma Chemi- 
cal Co., St. Louis, MO) in 1OmM disodium 
hydrogen phosphate, pH 7.4, aliquots of which 
were then stored over liquid nitrogen. The 
activity of the stock receptor solution was 
determined by incubation with ‘*‘I a-bungaro- 
toxin (a-BTX) (ICN Biomedicals Canada Ltd., 
Montreal) and found to be 1.3 pmole of toxin 
sites per litre. I6 The protein concentration was 
found to be 0.3 mg/ml as described elsewhere,” 
yielding a specific activity of 4.3 nmole of toxin 
sites per mg. The direct protein labelling used 
the fluorescent probe 4-[iV-(iodoacetoxy)ethyl- 
N-methyllamino-7-nitrobenz-2-oxa- 1,3-diazole 
(IANBD) (Molecular Probes, Eugene, OR). 
Study of the fluorescence derived directly 
from lipid membranes was based on the use of 
N-(7-nitrobenz-2-oxa- 1,3-diazol-4-yl)dipalmi- 
toyl+a-phosphatidyl ethanolamine (NBD-PE) 
(Molecular Probes). Carbamylcholine was ob- 
tained from Sigma, and non-radioactive a-BTX 
from Miami Serpentarium (Salt Lake City, UT). 
Solvents were of the highest purity commer- 
cially available and were further purified by 
standard procedures. All water used was 
purified first by reverse osmosis and then by a 
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Millipore system (Milli-Q, Type I reagent grade 
water system), and had a specific resistivity of 
not less than 18 MR.cm. Dimyristoyl phos- 
phatidyl choline (DMPC) was obtained from 
Avanti Polar Lipids Inc. (Pelham, AL) and was 
used without further purification. 

Apparatus 

The absorption and emission spectra of DCQ 
were recorded with a Beckman DU-50 spectro- 
photometer and an SLM 4800 spectrofluori- 
meter, respectively. The spectrofluorimeter 
used concave holographic monochromators of 
2 nm/mm dispersion and spectra were collected 
digitally, with a 1-nm bandpass. A CC-21 stan- 
dard block (Helma, & = 0.494) was used as a 
standard for relative quantum yield measure- 
ments. A constant-temperature sample holder 
was used, the temperature being monitored with 
a Fluke 80T-150 probe, which was immersed 
directly in the sample cell near the irradiation 
zone. Fluorescence decay times of DCQ were 
measured by the single-photon counting tech- 
nique with the PRA system 2000 lifetime ap- 
paratus (London, ON, Canada). Fluorescence 
spectra from vesicles containing AChR were 
obtained with an in-house assembled fluor- 
escence spectrometer consisting of an atmos- 
pheric-pressure nitrogen laser (Model LN 103, 
PRA) for excitation at 337.1 nm, a Bentham 
M300 monochromator with SMD 3B stepper- 
motor controller (Qptikon, Waterloo, ON, 
Canada), a Hamamatsu R928 photomultiplier 
tube (PMT) (Hamamatsu, Bridgewater, NJ) 
in a linearity-optimized housing (PRA) oper- 
ated at - 1250 V, and an SR 250 gated integra- 
tor/boxcar averager (SRS, Stanford, CA) 
operated by an IBM PC through an SR 245 
interface. A short length of optical cable 
placed in the laser output carried a small por- 
tion of the excitation pulse directly to a second 
photomultiplier tube for triggering the gated 
integrator. The PMT output was integrated 
over 30 nsec, triggered at the beginning of 
emission. Ten pulses were averaged for each 
point. 

Fluorescence lifetime measurements were 
obtained with the same in-house assembled 
fluorescence spectrometer, but with the PMT 
connected to a LeCroy model 9400 digital stor- 
age oscilloscope (DSO) (LeCroy, Chestnut 
Ridge, NY), which used a 50-n input impedance 
and random interleaved sampling to provide 
5 x lo9 samples/set. The DSO and the mono- 
chromator driver were controlled through an 

IEEE-488 interface by an IBM PC. The fast 
pulse of the nitrogen laser (300 psec) allowed 
time-resolved emission decay profiles to be 
obtained for the fluorescent samples. 

The data were read as integral intensity values 
from the DSO for each bin or time value. This 
prohibited use of the standard Poisson weight- 
ing normally applied in photon-counting sys- 
tems. To assess the variance of the data, several 
values were obtained for each bin and a simple 
standard deviation was calculated. This was 
used instead of the square root of the count, as 
a weighting parameter. The lifetimes were de- 
convoluted by an iterative fit, with use of the 
weighted least-squares to evaluate “goodness” 
of the fit. An instrument-response (“lamp”) 
function was obtained by sampling the laser 
pulse scattered from a non-fluorescent solution. 
Each iteration involved trapezoidal convolution 
over the instrument response to obtain a fitted 
curve for the exponential model being tested, 
which could be compared with the observed 
curve. Fit optimization by x2 and least-square 
minimizations were evaluated, the least-square 
method yielding much better success in achiev- 
ing convergence of the fit, especially for noisy 
data. 

Final evaluation was made by observing the 
autocorrelation function. The general inability 
to achieve a truly flat autocorrelation suggested 
a poor instrument-response function, indicating 
that a better profile might be obtained by use of 
the emission of a standard solution at a wave- 
length closer to the sample emission. 

Procedures 

Vesicles containing the phospholipid DMPC 
and DCQ (molar ratio < 250: 1) in 15mM Tris 
buffer, pH 7.4, were prepared by sonication for 
30 min at 5-10” above the lipid phase transition 
temperature, with a Model VC250 Sonicator 
(Sonics and Materials, Inc., Dunbury, CT) set at 
40 W and fitted with a microtip. All sonicated 
solutions were centrifuged (27,000 g for 30 min) 
to remove insoluble matter. The correction fac- 
tor for the emission monochromator and photo- 
tube of the SLM 4800 was obtained by using 
quantum counters ( 10v4M quinine sulphate and 
2 x 10m4M 3-aminophthalimide in 0.5M sulfuric 
acid’*). The fluorescence emission was moni- 
tored at right angles to the excitation light- 
beam. Fluorescence decay curves of DCQ were 
analyzed over at least a loo-fold range of inten- 
sity by iterative deconvolution as previously 
described.19 



564 U. J. KRULL et al. 

A receptor solution containing AChR and 2 
mole% NBD-PE was prepared by addition 
of the NBD-PE during the reconstitution step 
in the AChR purification. The appropriate 
amount of NBD-PE was added to affinity- 
purified receptor in 2% sodium cholate deter- 
gent before dialysis. The sample was centrifuged 
at 10,900 g for 15 min to remove residual 
NBD-PE solid. IANBD labelling of the AChR 
was done according to Dunn and Raftery.*O 
Excess of solid IANBD was added and the 
solution was stirred on ice and in darkness, for 
2 hr. Controls of soybean lecithin and soybean 
lecithin/bovine serum albumin (BSA) were pre- 
pared identically to the AChR/NBD-PE 
sample. Dry lecithin was suspended as vesicles 
by evaporation from chloroform followed by 
addition of 1OmM disodium hydrogen phos- 
phate, pH 7.4 and sonication for 2 hr with 
a probe-tip sonicator. Reagents such as 
carbamylcholine were added directly to the 
l-cm path-length fused-silica cuvettes used in 
the spectrofluorimeter. All spectral work with 
AChR was done at room temperature (21 + 1”). 
“Poisoning” of the receptor was accomplished 
by pre-incubation with a minimum threefold 
excess of cr-BTX for at least 2 hr, over ice. 

RESULTS AND DISCUSSION 

Wavelength and intensity analysis of labelled 
AChR 

The IANBD labelling of the AChR vesicle 
system was first done to reproduce the fluores- 
cence enhancement experiment of Dunn and 
Raftery,” and to establish a chemically selective 
system for the investigation of multidimensional 
analytical characterization. The solid water- 
insoluble fluorophore was added to the crude 
receptor preparation in aqueous solution. The 
protein-rich membranes in the crude prepara- 
tion were then isolated from the bulk tissue by 
homogenization and centrifugation. The greater 
solubility of the IANBD in the hydrophobic 
portion of the lipid membranes than in aqueous 
medium supports the assumption that most of 
the probe reaction occurred in the membrane 
environment. Though many reactions are poss- 
ible, three predominant labelling schemes are 
outlined in Fig. 2, depicting covalent fluor- 
ophore attachment to nucleophilic sites on 
the protein, the membrane phospholipids and 
water. 

The fluorescence spectrum obtained from the 
ANBD-labelled system (Fig. 2) had a broad 

peak centered at 570 nm. Addition of the agon- 
ist carbamylcholine (carb), which is commonly 
used to generate an ion-gated response from 
AChR, caused an asymmetric increase in inten- 
sity (greater at the shorter wavelengths), which 
enabled the application of a multidimensional 
approach based on wavelength-dependence. 
Peak areas were obtained from the spectra by 
integration of the entire peak (500-650 nm), or 
of the shorter wavelength component (500-550 
nm) or by calculation of the ratio of the areas 
of the shorter and longer wavelength com- 
ponents (500-550 nm)/(550-650 nm). A plot of 
relative intensity-enhancement vs. concentration 
is shown in Fig. 3. Use of the integrated area of 
the entire peak yields no spectral information 
(an analogy is the use of filters placed before a 
detector) so is not shown. The enhancement of 
the shorter wavelength region of the peak is 
much higher, showing the sensitivity available 
through selective spectral analysis. The intensity 
enhancement curves show poor reproducibility 
between trials with the same receptor prep- 
aration. This inconsistency could be due to 
many factors, including changes in the amount 
and fluorescent yield of fluorophore because of 
sample inhomogeneity, and variability in bio- 
logical activity of the receptor from one sample 
to the next. Other factors, such as instability in 
the laser source (typical of the nitrogen laser 
employed) and drift in the photomultiplier, are 
also possible. The curves in Fig. 4 show the 
enhancement of the (500-550 nm)/(550- 
650 nm) peak area ratios, which has much 
greater reproducibility between samples. The 
long-wavelength side, which contains a constant 
component, acts as an internal calibration for 
the system, compensating for some of the poss- 
ible variations in intensity mentioned above. To 
confirm that the observed enhancement was due 
to selective response of the active receptor, 
AChR was pre-incubated with the antagonist 
cr-BTX, a highly selective blocker of AChR 
activity. No fluorescence enhancement was ob- 
served for these samples or on the addition of 
carbamylcholine to ANBD-labelled soybean 
lecithin vesicles without AChR, confirming that 
the enhancement was due to receptor-agonist 
interaction. 

Wavelength and intensity analysis by using pure 
DMPC vesicles with DCQ as probe 

DCQ is a fluorescent probe which is ex- 
tremely sensitive to its environment and pro- 
vides an example of the potential of fluorescence 
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Fig. 2. Major chemical products resulting from the use of IANBD in the labelling of crudely purified AChR. 

spectroscopy for observing structural alter- 
ations within lipid membranes (in the case of 
DCQ, by variations in temperatureg). The ab- 
sorption and emission spectra of DCQ in 
DMPC vesicles are shown in Fig. 5. The posi- 
tion of the long-wavelength absorption band at 
310 nm is sensitive to solvent polarity and shifts 
to longer wavelengths when this is increased. 
This band is the result of an intra-molecular 
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Fig. 3. Concentration-response curves showing relative 
fluorescence intensity enhancement for AChR interaction 
with carbamylcholine, based on the integrated responses for 
two different wavelength windows (two experiments, 
demonstrating irreproducibility, shown for each window); 

(x (0) 500-550 nm, and (A, +) 500-650 nm. 

charge-transfer from the electron lone-pair of 
the amine nitrogen atom to the antibonding 
a-state of the cyano group. 

The emission spectrum of DCQ also shifts to 
longer wavelengths with increasing solvent po- 
larity.’ This is consistent with the S,, + S, tran- 
sition being an intra-molecular charge-transfer 
transition. Both the fluorescence quantum yield 
(&) and single-term exponential decay time (rr) 
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Fig. 4. Concentration-response curves showing reproduci- 
bility of relative fluorescence intensity enhancement derived 
from data shown in Fig. 3. The variability between experi- 
ments is largely eliminated by dividing the results from the 
500-550 nm wavelength window by the results from the 

500-650 nm wavelength window. 
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Fig. 5. The absorption and emission spectra of DCQ and DMPC vesicles. 

increase with increasing solvent polarity and 
viscosity. The effect of variation of pH on the 
absorption spectrum of DCQ’ shows that the 
probe is located in the head-group region of the 
membrane. The radiative rate constant (k,) is 
relatively insensitive to viscosity and polarity, 
and variation in $~r and rf is due to sensitivity of 
the non-radiative rate constant (k,,) to these 
parameters. Low values of the fluorescence 
quantum yield and decay time of DCQ in 
non-viscous, non-polar hydrocarbon solvents is 
attributed to very fast non-radiative deacti- 
vation of the S, state by tram P cis photo- 
isomerization about the ethylenic double bond. 
Increasing the viscosity (or rigidity) and polarity 
increases the energy barrier to rotation, and 
thus increases the probability of emission at the 
expense of non-radiative deactivation. Decreas- 
ing the temperature also increases both the 
fluorescence quantum yield and decay time. If 
k,, is the only thermally activated process, it can 
be expressed in terms of an Arrhenius equation: 

k,, = A exp( - EJRT) (1) 

where E, is an apparent activation energy, rep- 
resenting all processes contributing to the pre- 
vention of rotation about the double bond. 
Combining equation (1) with the familiar 
relation (2) leads to (3): 

(2) 

$- 1 =ffexp(-EJRT) 
f r 

Thus a change in temperature will result in a 
linear relationship between In [(l/4f) - l] and 
1 /T, and hence a linear relation between In q and 
1/T,9 where q is the viscosity. Thermally induced 
phase transitions in lipid bilayers affect the 
molecular mobility of lipids. This should affect 
the emission quantum yield of the probe, and 
graphs of In [(l/4f) - l] US. l/T for DMPC are 

shown in Fig. 6. A distinct break point is 
observed near 22.8”, in agreement with the 
phase-transition temperature of DMPC when in 
multilamellar form (23.9”).2’ 

Wavelength and intensity analysis: application to 
AChR in fluorescent vesicles 

The use of DCQ in pure DMPC vesicles 
indicated that structural changes within lipid 
membranes could be monitored with a fluores- 
cent probe located in the head-group region. 
However, the use of DCQ in practical experi- 
ments is limited since it partitions into lipid 
membranes from bulk solution and is not per- 
manently located in the membrane (i.e., is ex- 
tractable). One form of fluorescent probe which 
has been extensively used in lipid membrane 
studies is fluorescently labelled lipid, which is 
incorporated into the membrane in a relatively 
irreversible manner. The label is placed on the 
terminus of the lipid head-group so that it 
remains external to the acyl chain region of the 
membrane. This helps to limit structural pertur- 
bations caused by the presence of the probe. 
The NBD-PE probe has been used to study 
phase domain structure in membrane systems 
by classical spectrofluorometric measurements 
such as enhancement/self-quenching= and by 

103/T (K-‘1 
Fig. 6. Effect of temperature on fluorescence quantum yield 

of DCQ in DMPC vesicles. 
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the relatively new technique of fluorescence 
microscopic imaging of lipid monolayers at an 
air-water interface.23 Both techniques are poss- 
ible as a result of the natural tendency of the 
NBD-PE molecules to become concentrated in the 
less ordered domains on partitioning between 
phases in a mixed phase system. In these regions 
of higher concentration, the fluorescence of the 
NBD moieties will be self-quenched, causing a 
reduction in the overall measured intensity. Any 
changes in the relative domains of phase- 
structure types will thus result in a change in the 
overall intensity. Such changes may be proposed 
for the system under study, as the NBD-PE 
probe has been shown to indicate perturbation 
of lipid phase structure by incorporated 
proteins,24 and by the presence of AChR.= 

To investigate the response of a system con- 
taining only fluorescently labelled lipid, prep- 
arations were made by including fluorescent 
lipid in the exogenous lipid added to AChR in 
the detergent phase before reconstitution into 
vesicles. Fluorescence enhancement was ob- 
served on addition of agonist, as shown in 
Fig. 7. A simplified approach to quantification 
used a linear approximation of the first few data 
points for curves as shown in Fig. 7. A linear fit 
yielded a sensitivity of 40%. I. pmole-’ for car- 
bamylcholine and a limit of detection of 3OOnM 
over a dynamic range of 3pM, with a correlation 
coefficient of 0.978 for the most sensitive sys- 
tems studied in this work.*‘j In addition, it was 
observed that the fluorescence signal was 
enhanced by the initial addition of ct-BTX at 
very low concentrations (40% enhancement at 
1OnM). This indicated an antagonist-associated 
conformational change which may or may not 
be similar to the change observed for agonist 
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The use of the steady-state properties of a 
probe in lipid membranes, such as fluorescence 
intensity, is based on the assumption that the 
environment of the probe is homogeneous. 
However, bilayers are known to be inhomo- 
geneous.*’ We have therefore investigated the de- 
cay dynamics of DCQ in DMPC over a limited 
range of temperatures. Figure 8 shows a typical 
decay curve for DCQ in DMPC vesicles. The 
decay is clearly non-exponential and can best be 
described by a double exponential function: 

Fig. 7. Con~ntration-repot curve for AChR interaction 
with carbamylcholine, as determined by enhancement of 
fluorescence intensity from lipid vesicles containing 2 
mole% NBD-PE. Enhancement was measured for a 
wavelength window of 500-650 nm; A-response curve, 

B-control in absence of AChR, I(t) = aI exp( - r /z,) + a2 exp( - t fr2) (4) 

0 50 100 150 200 250 300 

CHANNEL NUMBER 

Fig. 8. A typical fluorescence decay curve of DCQ in DMPC 
at 21.5”. Excitation was at 555 nm and emission was 
collected over the range 500-650 nm. A double exponential 
fit provided lifetimes of 2.12 and 3.78 nsec, The points are 
experimental data and the solid curve is calculated. Aiso 
shown are the weighted residuals and their aut~or~lation 

function. The x2 value was 1.45. 

addition, but which may also permit detection 
of antagonist. Selectivity in this system was 
demonstrated by the elimination of the agonist 
response after pre-incubation with cr-BTX. To 
confirm receptor mediation of the enhancement, 
controls were run with, pure lipid vesicles, ves- 
icles with another protein (bovine serum albu- 
min) and vesicles containing AChR that had 
been degraded by extensive sonication. All three 
controls yielded no fluorescence enhancement. 

Fluorescence i$etime analysis for DCQ in pure 
DMPC vesicles 
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where r, and r2 are the average lifetimes and a, 
and a2 are the pre-exponential factors. Also 
shown in Fig. 8 are the calculated decay curve, 
the weighted residual for each decay channel 
and the autocorrelation function of the residu- 
als. The decay is well described by the double 
exponential function, as judged from the 
weighted residuals and their autocorrelation 
function. At present it is not possible to assign 
any physical significance to the two individual 
decay components and further investigations 
are required if the decay characteristics are to be 
significantly related to the lipid membrane 
structure. 

The change in quantum yield with alteration 
in the phase structure of DMPC does not 
indicate that significant changes occur in the 
ratios of the pre-exponential factors or the 
average lifetimes. The pre-exponential factors 
and mean lifetimes can be treated as a further 
set of analytical data channels suitable for trans- 
duction. Figure 9 shows the lifetime and pre- 
exponential data as a function of temperature 
for an excitation wavelength of 360 nm and 
emission collected at 570 nm. The two lifetime 
components show a trend to decrease with 
increasing temperature from 16 to 26”, as would 
be expected if molecular mobility were a 
primary factor governing lifetime. There is 
no clearly defined inflection for either of the 
two lifetime components which would provide 
evidence for a phase transition in the range 
20-24”. This would indicate that the location 
and orientation of the probe does not 
dramatically alter as a function of the phase 

transition, and presumably the probe remains 
in the head-group region of the lipid mem- 
brane. The relative contributions to the fluor- 
escence intensity given by the magnitudes of 
the pre-exponential factors do not clearly 
identify the structural transition at 20-24”, since 
they alter linearly over a wider temperature 
range. It is interesting to note that the relative 
contributions from the two lifetime compo- 
nents, as determined from the pre-exponential 
factors, are reversed in the temperature range 
20-24°C. The general trends observed in Fig. 9 
appear again in Fig. 10, where the lifetime 
and pre-exponential factors due to excitation 
at a wavelength of 555 nm are plotted across 
the entire emission range, but the reversal of 
the contributions of the two lifetime compo- 
nents to the intensity is more sharply defined in 
the temperature range 21-24”. Excitation at a 
longer wavelength would alter the excited-state 
dipole moment of DCQ, and, as seen, vary 
the sensitivity of the probe to environmental 
interactions. 

Examination of the data shown in Fig. 9 
indicates that z,, r2 and a, all show a relatively 
constant decrease as the temperature increases 
from 17 to 26”. The magnitude of a2 shows 
a large and relatively constant increase over 
the same temperature span. For quantitative 
analysis, an average lifetime is calculated by 

Variation of (z ) with temperature is shown in 
Fig. 11. There is a break point near 21 + 1” in 

Temperature (‘Cl 

Fig. 9. Effect of temperature on the two lifetime components and the associated relative pre-exponential 
factors (a, + a2 = 1) for DCQ in DMPC. Excitation was at 360 nm and emission was collected at 570 nm. 
The maximum error was k 10% and the x2 value was between 1.2 to 1.5 for all results. r,-0, al-m, 

v-0, w--O, 
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Temperature (‘C) 

Fig. 10. Temperature-dependence of the lifetime components and pre-exponential factors of DCQ in 
DMPC as described in Fig. 9, but with excitation at 555 nm and emission collected over the range 

500-650 nm. 

the plot of ln(l/(r)) us. l/T for DMPC, 
which agrees with the expected phase transition 
temperature. 

Fluorescence lifetime analysis: application to 
AChR in Jluorescent vesicles 

Analysis of the fluorescence lifetime data 
obtained from NBD-PE in lipid vesicles con- 
taining AChR indicated that the decay could be 
best described by a double exponential function. 
No physical interpretation of the origin of the 
two lifetime components can be assigned at 
present. The dependences of the lifetimes and 
their associated pre-exponential factors on the 
wavelength used to study the emission process 
are shown in Figs. 12 and 13 for the selective 
interaction of a-BTX with AChR in lipid ves- 
icles. The discrete lifetime components in Figs. 
12 and 13, and the average lifetimes compiled in 
Table 1 do not show significant dependence on 

,,.,I 
3.3 3.4 3.5 3.5 

103/T(K-‘, 

Fig. 1 I. Temperature-dependence of average fluorescence 
decay time of DCQ in DMPC. 

the selective binding event. Substantial vari- 
ations of the relative pre-exponential factor 
distribution (and absolute magnitude as shown 
in Fig. 14) are observed. Considering equation 
(2) and the relationship 

1 

Tf=& (6) 

it would seem that a relative increase in k, 
and an equivalent decrease in k,,, could cause 
fluorescence enhancement with constant mean 
lifetime. A speculative mechanism for the en- 
hancement would involve an average fluidity 

6 - 0.6 

P---------~ 
% 

01 I I IO.2 
510 530 550 570 

Emlulon Wavelength (nm) 

Fig. 12. Change in T, and the relative value of a, (i.e., for 
a, + a2 = I) for NDB-PE in soybean lecithin vesicles con- 
taining AChR, caused by introduction of 1pM a-BTX. 
Before toxin addition: ?,--a, a,-¤. After toxin addition: 

7,--O, a,-!3 
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0 I I I I I 0.2 
510 530 550 570 

Emlsslon Wavelength (nm) 

Fig. 13. Change in r2 and the relative value of a2 (i.e., for 
a, + a, = 1) for NDB-PE in soybean lecithin vesicles con- 
taining AChR, caused by introduction of 1pcM u-BTX. 
Before toxin addition: r,-0, a,-¤. After toxin addition: 

5,--o. $-cl. 

increase due to selective interaction caused by 
aggregative events of the protein.28 A general 
increase in the fluid phase at constant surface 
pressure would imply that little structural alter- 
ation of the environment of the probe would 
occur, but would result in a general fluorescence 
enhancement.23,24 

The fluorescence enhancement is observed for 
interaction of AChR with carbamylcholine, but 
with substantially less sensitivity than for the 
interaction with a-BTX. Table 2 provides an 
indication of the utility of the lifetime analysis, 
showing that the first discrete lifetime is affected 
by the interaction of carbamylcholine, while the 

Table 1. Average lifetime parameters obtained from fluores- 
cence (at various emission wavelengths) of NBDPE in lipid 

vesicles for interaction of IptM a-BTX with AChR 

Wavelength, (t ) prior to (T) after a-BTX 
nm a-BTX addition, nsec addition, nsec 

510 2.66 2.48 
520 3.44 3.54 
530 3.91 3.99 
540 4.54 4.45 
550 4.82 4.50 
560 4.19 4.13 
570 3.69 3.85 

I I 

530 550 5 

Emission Wavelength (nm) 

0 

Fig. 14. Changes in the absolute values of the pre-exponen- 
tial factors (i.e., not normalized to a, + a2 = 1) for NBD-PE 
in soybean lecithin vesicles containing AChR, on introduc- 
tion of 1pM or-BTX. Before toxin addition: a,-@, ar-¤. 

After toxin addition: a,-0, a,-IJ. 

other three second-lifetime parameters remain 
invariant. Consideration of the absolute magni- 
tude of the pre-exponential factors again shows 
the enhancement effect. This response is differ- 
ent from that caused by interaction with a-BTX, 
and can be used to distinguish between the 
agonist and antagonist. 

CONCLUSIONS 

The results of this work indicate that a 
fluorescent lipid membrane may be a general 
transducer of selective binding interactions of 
proteins that can be embedded within lipid 
matrices. The fluorescence signal may be ac- 
quired in both the wavelength and time do- 
mains, and can be used to discriminate between 
different structural alterations induced in lipid 
membranes by selective interactions of different 
types. The origin of the fluorescence enhance- 
ment effects caused by AChR binding with 
carbamylcholine and a-BTX is not clear, and 
further studies using the technique of fluores- 
cence microscopy are being made in order to 
observe directly any structural alterations which 

Table 2. Lifetime parameters obtained from fluorescence (at 540 nm) of NBD-PE in 
lipid vesicles for interaction of lOO/& carbamylcholine (carb) and AChR* 

a,(rel) a,(abs) r,, nsec u,(rel) akabs) rr, nsec (r), nsec 

Initial 0.79 38 0.9 0.22 12 7.4 5.63 
+ carb 0.82 97 0.5 0.18 23 7.3 5.94 

*Maximum error for values quoted is 10%; x2 is approximately 1.5. 
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may be caused by the binding events.23 Three- 
dimensional plots involving wavelength, inten- 
sity and lifetime may assist in the interpretation 
of the mechanism of signal generation, and 
may provide unique mathematical surfaces for 
qualitative and quantitative studies of selective 
and non-selective interactions of AChR in lipid 
membranes. 
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Summary-A simple and sensitive method for the determination of carbaryl in whole blood and 
commercial formulations, based on normal, and synchronous first- and second-derivative fluorescence 
spectra, is presented. Solvent effects on the spectral characteristics of carbaryl solutions and the influences 
of instrumental parameters are described in detail. Two methods have been developed, with neutral (for 
carbaryl) and basic (for I-naphthol) media. Detection limits of 0.9 and 0.7 q/ml were achieved for 
carbaryl and I-naphthol, respectively, with the first-derivative approach. 

Carbaryl (1 -naphthyl methylcarbamate) is one 
of the major pesticides used today, owing to its 
effectiveness against numerous insect pests, 
along with its relatively short half-life and 
low plant and mammalian toxicity. Never- 
theless, various studies have indicated that 
carbaryl may cause toxic effects by inhibition of 
cholinesterase enzyme and by its teratogenic 
character.lm3 

Fluorimetry has attracted much interest as a 
method for the determination of carbaryl and 
I-naphthol, owing to their native fluorescence.4 
Most procedures involve a separatory technique 
such as TLC,5.6 GC7,8 or HPLC 9-‘5 to avoid 
matrix interferences. In some &es, a prior 
derivatization is used to obtain greater sensi- 
tivity.‘“” Spectrophotometric detection has also 
been widely used as an alternative to spectro- 
fluorimetry,‘9-23 with which it competes in speed 
and sensitivity. 

Determination of carbaryl residues in crops 
and of the compound in formulations is clearly 
important. 24-26 The method of McDermottt6 
has been recommended for the analysis of 
formulations, and that of Lawrence and Ledu@ 
for crops, water and soil. Both are HPLC 
methods with photometric detection. 

Fluorimetry offers excellent detection limits 
in the determination of trace amounts of many 
organic molecules. However, synchronous spec- 
trofluorimetry2’ and derivative spectrometry28 
are two very valuable techniques for improving 
sensitivity and reducing interferences. The 
application of derivative techniques in lumi- 
nescence spectroscopy was first reported by 

Green and 0’Haver29 and has been widely 
extended since.3@36 

This paper describes a quick and efficient 
method for the determination of both carbaryl 
and I-naphthol and is a useful alternative to the 
spectrophotometric method proposed earlier.37 

EXPERIMENTAL 

Apparatus 

All spectra were obtained at room tempera- 
ture (25”) over the range 250-600 nm, with 
a Perkin-Elmer MPF-43A spectrofluorimeter 
equipped with an Osram XBO 150-W xenon 
lamp, 1 x 1 cm fused-silica cells, an R-777 
Hamamatsu photomultiplier, and a Perkin- 
Elmer 023 recorder. The derivative spectra were 
obtained with a Perkin-Elmer model DCSU-2 
unit connected to the spectrofluorimeter. 

Reagents 

Carbaryl and I-naphthol (purity 2 99%) of 
Pestanal quality were purchased from Riedel-de 
Haen AG. Stock solutions in ethanol were 
prepared weekly (1 x 10m3A4 carbaryl and 
1 x IO-‘M I-naphthol). The solvents used were 
analytical-grade ethanol, methanol, butan-l-01, 
propan- l-01, acetone, dimethylformamide and 
acetonitrile. Demineralized water was used 
throughout the work. 

Analytical procedure 

Take appropriate volumes of the carbaryl 
sample solution (in ethanol) to obtain final 
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concentrations between 1 and 100 ng/ml. Add 
0.5 ml of 0.2M sodium hydroxide (to provide a 
basic medium) and enough ethanol to give a 
final concentration of 5% v/v and dilute to 
volume with demineralized water, Measure the 
fluorescence intensity at 333 nm with excitation 
at 285 nm (neutral medium) and at 460 nm with 
excitation at 330 nm (basic medium) against a 
solvent blank. Record the synchronous first- 
and second-derivative spectra with AL = 50 nm 
(neutral medium) or 130 nm (basic medium) 
with a response-time of 0.3 set, wavelength 
increment AR ’ = 10 nm, and a scan speed of 
60 nm/min (neutral medium) or 120 nmjmin 
(basic medium). Convert the relative fluores- 
cence intensity (RFI) and the derivative values 
(expressed in cm) into concentration units 
by applying the corresponding regression equa- 
tions or calibration curves. 

extraction procedures 

Commercial formulations. An accurately 
weighed sample containing 0.04 + 0.01 g of 
active carbaryl was placed in a 30-ml 
medium-porosity f&ted-glass Buchner funnel, 
fitted in 250-ml Buchner flask. Ten ml 
of methanol were added to the funnel, and 
after 5 min suction was applied until all the 
liquid was in the flask. This extraction step was 
repeated twice more in the same way. The 
contents of the flask were then transferred 
quantitatively to a 50-ml standard flask and 
diluted to volume with methanol. Aliquots 
of this solution were used for the analytical 
dete~ination. 

Blood samples. A white Wistar rat of approxi- 
mate weight 260 g was anaesthetized with 
sodium ~nthobarbital (50 mg), and blood 
was extracted from the left ventricle with a 
heparinized syringe and kept in the refrigerator 
(at 4”) until used. 

To 0.25-ml portions of blood sample (in 
centrifuge tubes) different amounts of a 
standard ethanolic solution of carbaryl and/or 
I-naphthol (200 pgg/ml) were added, and the 
tubes were placed in an ultrasonic bath for 20 
set for haemolysis to take place. Then 2.5 ml 
of ethyl acetate were added to each tube. The 
tubes were shaken for 10 min, then centrifuged 
at 3500 r.p.m. Two ml of the supernatant liquid 
were transferred to a round-bottomed flask and 
evaporated to dryness at 40” under reduced 
pressure. The residue was dissolved with 10 ml 
of demineralized water, and this solution was 
analysed as above. 

RESULTS AND DISCU~ION 

Solvent e#ects on the spectral data 

The effects of solvents on molecular spectra 
are of interest in analytical spectroscopy 
because the information they give can be used to 
increase sensitivity and selectivity. To evaluate 
these effects, the fluorescence and absorption 
spectra of carbaryl solutions (2.5 x 10T5M) in 
solvents of different polarities and hydrogen- 
bonding capacities were recorded. 

The spectral characteristics found are summa- 
rized in Table 1. There is a slight bathochromic 
shift of the fluorescence and absorption maxima 
when the dielectric constant decreases. As a 
result, the Stokes shift, 62, increases from 52 nm 
in water to 57 nm in butan-l-01, but this effect 
is too small to be si~ificant. 

As a general rule, both the relative fluores- 
cence intensity (RFI) and the relative efficiency 
(RE = RF&) increase with solvent polarity 
except for propan-l-01 and butan-l-01. The 
hydrogen-bonding capacity of these two 
solvents also probably favours the fluorescence 
emission. This hypothesis agree well with 
the behaviour in acetonitrile, which is more 
polar than dimethylfo~amide (DMF) but 
exclusively a hydrogen-bonding acceptor, and 
gives only half the RF1 observed for the DMF 
solution. 

From Table 1, water seems to be the best 
solvent for the spectrofluorimetric determi- 
nation of carbaryl, but carbaryl is only slightly 
soluble in water and is hydrolysed in basic 
media to its main metabolite l-naphthol.38 
However, examination of use of an aqueous 
ethanol medium showed that the RF1 decreased 
only slightly with the increase in ethanol 
content, owing to the decrease in the dielectric 
constant of the medium (Table 1). A fixed 
ethanol percentage of 5% v/v was chosen for 
use. 

FIuoresce~ee spectra and e$ect of experimental 
variables 

Earlier,38 we used the intluence of the acidity 
of the medium on the chemical behaviour of 
carbaryl and its hydrolysis product I-naphthol 
to determine the hydrolysis rate and the 
ground and excited state pk;, values by spectro- 
photometry and spectrofluorimetry to establish 
the best pH values for the dete~ination of 
carbaryl and 1-naphthol by the two tech- 
niques.37 That work shows that it is possible 
to determine Garbaryl spectrofluorimetrically 
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Table 1. Spectral characteristics of carbaryl in different solvents 

Dielectric labs, A,, AA*, 
Solvent constant nm nm nm RF1 IO3 x RE 

Water 78.5 278 330 52 138 27.4 
Water/ethanol (50% v/v) 51.5 279 334 55 120 19.8 
Acetonitrile 37.5 279 333 54 60 12.6 
Dimethylformamide 36.7 281 337 56 117 18.0 
Methanol/acetone (50% v/v) 35.1 279 336 57 64 12.0 
Methanol 32.7 278 336 57 56 9.3 
Butanol/DMF (50% v/v) 27.1 281 337 56 101 19.7 
Ethanol 24.5 279 336 57 67 10.3 
Propan-l-01 20.3 279 336 57 78 10.5 
Butan- l-01 17.5 280 337 57 85 15.1 

loget 

3.7 
3.8 
3.7 
3.8 
3.7 
3.8 
3.7 
3.8 
3.9 
3.7 

*Stokes shift, A1 = rl, - labs. 
tc expressed in 1 .mole-‘.cm-‘. 

either as such in neutral medium or as l-naph- improved by using different wavelength scan- 
tholate in basic medium. The fluorescence ning intervals (An), and derivative synchronous 
spectra of both species are presented in Fig. 1. spectra.39 

The emission spectrum taken at pH 6 has 
two maxima, at 320 and 333 nm, with excitation 
at 285 nm. When the 5% v/v ethanol/water 
solution of carbaryl is treated with 0.2M sodium 
hydroxide, there is a strong bathochromic shift 
of the excitation to maximum to 330 nm and of 
both emission maxima to 460 nm. 

60 

Variation of the pH used showed that the 
hydrolysis takes place instantaneously at room 
temperature when the pH is higher than the 
ground state pK, value for carbaryl (9.5), and 
that a small change in pH at this level does 
not affect the RFI. A 4 x 10e3M sodium 
hydroxide concentration in the final solution 
was selected. 

A study of the influence of sunlight on the 
fluorescence intensity of both neutral and basic 
carbaryl solutions showed that carbaryl is 
stable for 2 hr when exposed to sunlight but 
there is a slight decrease in the RF1 of basic 
solutions after 1 hr, in agreement with previous 
findings.4 

240 260 260 300 320 340 360 360 

X (nm) 

, lb) 

The onset of self-reversal of fluorescence 
was examined, and it was found that the re- 
sponse curves were usable over the range 
10-5-10-4M. 

60 - 

No temperature effects were observed over 
the range between 10 and 55”, so all measure- 
ments were made at 25 +_ 0.5”. 

Optimization of instrumental variables 

The use of normal fluorescence spectra for 
determination of carbaryl in real samples with- 
out prior clean-up is generally very difficult, 
because most co-extracted species would inter- 
fere. The suitability of synchronous spectro- 
fluorimetry for the determination was therefore 
examined. The selectivity of the method can be 

Xhm) 

Fig. 1. Excitation and emission spectra of carbaryl in (a) 
neutral and (b) basic media. Carbaryl concentration 

14 pg/ml. 
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To optimize the spectral bandwidth of the 
synchronous signal, the effect of the wavelength 
difference between the two monochromators 
(An) was examined. Various synchronous spec- 
tra were recorded with ArZ varied from 20 to 
90 nm (neutral medium) and from 20 to 150 nm 
(basic medium). As demonstrated earlier,33 the 
fluorescence intensity depends strongly on A1, 
and is maximal when ArZ is equal to the Stokes 
shift. Hence AI values (cJ Fig. 1) of 50 nm 
(neutral medium) and 130 nm (basic medium) 
were employed. 

The main parameters affecting the shape 
of the derivative spectra are the scan speed, 
response time and wavelength increment (Al’). 
The apparatus used gave a choice of three 
response times and four scan speeds. A 
combination of 0.3 set response time, 10 nm A2’ 
and 60 nm/min (neutral medium) or 120 
nm/min (basic medium) scan speed was found 
to be best. 

Calibration graphs and statistical analysis 

The relationships between the fluorescence 
intensity, or the peak heights of first and second- 
derivative synchronous spectra and the carbaryl 
concentration in neutral and basic media, were 
found to be linear over the range l-100 ng/ml. 
The main characteristics of the calibration 
graphs are summarized in Table 2. When 
corrected for the blank, the calibration lines 
all pass through the origin. The peak-to- 
trough method of measurement was used for the 
determination of carbaryl in the derivative 
mode. 

The statistical data for analysis of 11 samples 
at both the 50 and 10 ng/ml levels in both media 
by the various methods proposed are also 
summarized in Table 2. The precision is indi- 

cated by the correlation coefficients and the 
relative standard deviation, and the analytical 
sensitivity @A) is derived from the slopeP and 
is defined as sA = sJm, where s, is the standard 
deviation of the analytical signal and m is the 
slope of the calibration graph. 

The linear dynamic range (LDR) varied from 
1.9-100 to 5.0-100 ng/ml, and the minimum 
detectable quantity4’ (cL = 3s,/m, where s,, is the 
standard deviation of the blank signal) of 0.6 
ng/ml, obtained with the synchronous second- 
derivative at neutral pH, is particularly low in 
comparison with the values obtained by the 
previous spectrophotometric method3’ and 
other methods. The correlation coefficients are 
larger than 0.99 in all cases, which shows 
reasonable precision. 

It can be deduced from Table 2 that despite 
the better detection limits obtained in neutral 
medium, the sensitivity, precision and relative 
error are much better in basic medium. It is 
noteworthy that the detection limit, which is a 
function of the standard deviation of the blank 
signal, is lower in neutral than in basic medium, 
whereas the analytical sensitivity, a function of 
the standard deviation of the analytical signal, 
is higher. 

Analysis of commercial formulations and whole 
blood samples 

The N-methyl and NJ-dimethylcarbamate 
insecticides are widely used owing to their 
effectiveness as pesticides and low mammalian 
toxicity. Carbaryl in particular has wide use in 
Spain and numerous commercial formulations 
are available. 

The extraction system used in the present 
method is based on the one proposed by 

Table 2. Statistical treatment of analytical data for carbaryl determination with the methods tested 

Slope Intercept, Correlation Sensitivity, c,t, LDR§, Error, RSDS, 
Method cm.ml.ng-’ cm coefficient SA, w/ml wlml nglml % % 

neutral 
A 0.99* -4.o* 0.9970 0.90 1.5 5.0-100 1.2 1.8 
B 0.63 -0.1 0.9994 0.98 0.9 3.&100 6.9 10.2 
C 0.58 +0.2 0.9983 0.91 0.6 1.9-100 6.2 9.3 

basic 
A 0.96* -0.5* 0.9998 0.64 1.1 3.9-100 0.9 1.3 
B 0.79 -1.1 0.9997 0.26 0.8 2.5-100 1.7 2.7 
C 0.66 +0.2 0.9970 0.23 1.1 3.6100 1.6 2.3 

A, B, C: Normal, synchronous first and synchronous second derivatives. 
*Values expressed in (relative fluorescence intensity units).ml .ng-‘. 
tLimit of detection. 
§Linear dynamic range. 
SRelative standard deviation. 



Determination of carbaryl 

Table 3. Application of the normal spectrofluorimetric method to determina- 
tion of carbaryl in commercial formulations 

Neutral pH Basic pH 

Formulation* Found,t % Recovery, % Found,? % Recovery, % 

571 

1 4.8 f 0.4 96 f 7 4.7*0.1 93 f 2 
2 1.0 f 0.9 93 f 1 6.9 f 0.3 92&4 
3 87 f 1.8 102 f 2 83 + 0.8 97+ 1 

*Nominal content: l-carbaryl 5% (Patatol AC); 2-carbaryl 7.5% (Agres 
S-7.5); 3-carbaryl 85% (Sevin 85). 

tMean f standard deviation of 2 extractions and 2 determinations for each. 

McDermott,26 which employed 5% methanol in 
methylene chloride, instead of 10% methanol in 
chloroform (to avoid the health hazard associ- 
ated with chloroform). 

As indicated by the WHO:* the usual 
methods employed for carbaryl are based on 
the calorimetric determination of 1-naphthol.” 
In 1982 this organization recommended a 
special investigation to find an easy extraction 
method applicable with simple equipment in 
any laboratory. 

The results obtained for analysis of some 
commercial formulations by the proposed direct 
spectrofluorimetric method are shown in 
Table 3. The accuracy and precision in terms of 
the relative standard deviation for duplicate 
determinations on the solutions from two 
separate samples compare favourably with 
those for established methods.7*25,26 

Although carbaryl is not very toxic to human 
beings, there are studies that have indicated that 
it may be a viral enhancer and a teratogen.3 For 
this reason accurate and sensitive methods for 
its determination are needed. 

The proposed method has been applied to the 
determination of carbaryl in samples of whole 
rat blood spiked with different volumes of stan- 
dard carbaryl solution and treated as indicated 
above. The results obtained are given in Table 4 
together with the relative standard deviations 

Table 4. Application of normal spectro- 
fluorimetric method for determination of 

carbaryl in whole blood samples 

Added*, Extraction Found, 
nglml No. aglml 

1 107 
100 95 

2 91 
89 

1 71 
75 71 

2 80 
80 

*Concentration in the final solution. 

for duplicate analyses of each of three extracts 
from the same sample. 

These values demonstrate the applicability 
of the proposed analytical method to determi- 
nation of the insecticide in two types of residue 
analysis, at concentrations relevant to this type 
of analysis. 
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Summary-A study of a simple and sensitive method for the determination of berberine, luguine and 
sanguinarine in mixtures by normal and synchronous derivative spectrofluorimetry is described. The 
influence of solvents and other experimental variables is discussed. A three-dimensional plot of both 
emission-excitation and synchronous spectra obtained by a new software program provides additional 
information for optimizing instrumental parameters. Linear, normal and derivative calibration graphs are 
established in the ng/ml range. A statistical analysis of the results and their application to synthetic and 
natural samples is given. 

Synchronous derivative spectroscopy’” offers 
an elegant approach to the problem of resolving 
spectral overlap. However, when multicom- 
ponent samples with overlapping spectral 
shapes are analysed, several problems related to 
pre- and post-filter effects can arise, as recently 
pointed out.4” 

The information contained in a conventional 
excitation-emission matrix (EEM) is insufficient 
for analysis of complex mixtures of such com- 
ponents. However, the additional information, 
wider scope and cross-dependence of response 
(&,, &,) that a three-dimensional EEM offers, 
makes it feasible to detect features that are 
normally hidden in conventional fluorescence 
scanning. 

Careful observation of the EEM allows 
optimization of the conditions for obtaining a 
synchronous excitation matrix (SEM). The soft- 
ware currently offered by the intrument makers 
does not permit recording of this SEM as a 
three-dimensional plot. We have therefore de- 
veloped a program for this purpose, which gives 
a simple system for optimizing the instrumental 
parameters affecting synchronous scanning 
fluorimetry.6*7 

Its application to the synchronous derivative 
approach for analysis of multicomponent sam- 
ples prevents cross-interferences arising from 
absorption and/or emission by the other com- 
ponents; this is done by manipulation of the 

solvent composition and careful selection of the 
wavelength increment (An,). 

Alkaloids and other compounds which pro- 
duce physiological effects in animals are wide- 
spread.’ The alkaloids berberine, luguine and 
sanguinarine are structurally related com- 
pounds which have overlapping excitation spec- 
tra and thus cannot be determined in mixtures 
by conventional fluorescence spectroscopy, but 
are amenable to analysis by the derivative tech- 
nique with the aid of our program. 

EXPERIMENTAL 

Reagents 

Analytical-reagent grade materials and sol- 
vents were used unless otherwise indicated. 
Luguine’ and sanguinarine’O were obtained 
from the Department of Organic Chemistry, 
University of Malaga, and were used without 
further purification, 

Standard 1 x 10e3M solutions of the alka- 
loids were prepared in 1: 1 v/v ethanol-dioxan 
mixture and diluted with the same solvent, as 
required. 

Spectrofluorimeters 

A Perkin-Elmer model MPF-43A instrument 
with an Osram XBO 150-W lamp and an 023 
recorder was used for quantitative analysis. The 
instrument was adjusted daily with a standard 
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bar of Rhodamine B (1 x IO-‘M) to give a and the residue dissolved in 10% v/v sulphuric 
reading of 64 units with the sensitivity set at 10 acid. The aqueous phase was made alkaline with 
coarse and 7 fine, the slit band-pass at 5 nm, and sodium hydroxide solution and extracted with 
the temperature at 25”. Derivative spectra 50 ml of methylene chloride. The extract was 
were obtained with the Perkin-Elmer Model evaporated to dryness and, the residue dissolved 
DCSU-2 differential corrected spectra unit con- in 50 ml of 1: 1 v/v ethanol/dioxan mixture. This 
nected to the MPF-43A spectorfluorimeter. solution was diluted further as required. 

To obtain three-dimensional plots in both the 
excitation-emission and synchronous spectra 
modes, a Perkin-Elmer LS-5 spectrofluorimeter 
was used with a 9.9-W xenon discharge lamp 
pulsed at line frequency, F/3 Mont-Gillieson 
type monochromators and 1 x 1 cm silica cells. 
For both monochromators the slits were set to 
give a band-pass of 5 nm. A ratio-recording 
system with a reference photomultiplier was 
used. The spectrofluorimeter was computer- 
controlled through an RS232C serial interface 
with a Perkin-Elmer Model 3600 Data Station 
microcomputer. Instrumental control and data 
collection were achieved with the Perkin- 
Elmer Computerized Luminescence Software 
(PECLS-II). For graphical recording an Epson 
FX-85 printer-plotter was connected to the 
spectrofluorimeter. 

Normal (non-derivative) spectrojluorimetry. 
The fluorescence intensities were measured for 
alkaloid concentrations between 0.5 and 250 
ng/ml in 1: 1 v/v ethanol/dioxan. The wave- 
lengths used were A,,,, 533 nm, A,, 350 nm for 
berberine; 440 nm, 340 nm for luguine and 
410 nm, 330 nm for sanguinarine. 

Procedures 

Synchronous scanning derivative spectrofluor- 
imetry. The samples were the same as for nor- 
mal spectrofluorimetry. The first and second 
derivative synchronous spectra were recorded 
with a derivative wavelength interval (A&,) of 
10 nm, a response time of 1.5 set and a scan- 
speed of 240 nm/min, with a synchronized 
difference between Iz,,,, and A,, (A&) of 98, 47 
and 121 nm for berberine, luguine and san- 
guinarine, respectively. The first and second 
derivative signals were measured from peak to 
trough. 

Extraction. Roots of Glaucium fravum were 
left to dry for 20 days at room temperature, then 
triturated. Weighed samples (ca. 15 g) were 
extracted with methanol under reflux. The 
methanolic extract was evaporated to dryness, 

RESULTS AND DISCUSSION 

Influence of experimental variables 

The excitation and emission spectra of the 
individual alkaloids in 1: 1 v/v ethanol/dioxan 

Fig. 1. Three-dimensional emission spectra (EEM) of berberine (B), 1.25 x 10-SM; luguine (L), 
5 x lo-‘M; sanguinarine (S), 1.5 x 10e6M and their ternary mixture: 50 scans, excitation wavelength 

increments 5 nm. 



Analysis of three-component alkaloid mixtures 

Table I. Spectral characteristics of several alkaloid/solvent solutions 

I 1 abr em, I%*, R.F.I.§, R.E.$, 
Compound Solvent nm nm nm log 6-l % 10~scm.mole.l-’ 

Rerberine Chloroform 352 525 173 4.26 100 54. I 
Dioxan+thanol 350 533 183 4.38 91 37.9 
Acetone 349 540 191 4.36 88 38.9 
Ethanol 349 534 185 4.33 82 38.0 
Acetonitrile 345 427 82 4.19 92 59.4 

Luguine Dioxan 342 427 85 4.37 83 35.5 
Dioxanethanol 342 440 98 4.40 86 34.4 

Sanguinarine Dioxan-ethanol 325 410 
Acetone 330 420 

z 4.13 93 68.9 
4.11 89 68.5 

Ethanol 327 405 118 4.26 83 46.1 
Acetonitrile 328 540 212 4.33 92 42.6 

*Stokes shift, D1, = A,,,, - A,,. 
tE expressed in 1. mole-’ . cm- ’ 
$Relative fluorescence intensity. 
IRelative efficiency = R.F.I./c,,, 
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mixture are shown in Fig. 1. Each compound is alkaloids, which precludes determination of the 
characterized by three well-resolved excitation individual components in mixtures by normal 
maxima and a single emission peak (at 533, spectrofluorimetry. 
440 and 410 nm for berberine, luguine and To find the most appropriate solvent for 
sanguinarine, respectively). There is serious simultaneous determination of the three com- 
overlap of the excitation spectra of the three pounds, both the fluorescence and absorption 

A .m 

Fig. 2. Three-dimensional synchronous spectra (ESM) of three-component mixture of the alkaloids. 
Optimum A& (89, 47, 121 nm) to determine berberine, luguine and sanguinarine, respectively: 50 scans, 

excitation wavelength increment 3 nm. 
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spectra of 1 x lo-‘M solutions of the com- 
pounds in each solvent tested were obtained. 
From the results shown in Table 1, it was 
deduced that the highest relative fluorescence 
intensities and good Stokes shifts were obtained 
with ethanol/dioxan mixtures having a medium 
dielectric constant. The best mixture was found 
to be 1: 1 v/v. The effect of sunlight, temperature 
and time on the relative fluorescence intensity 
was examined and indicated that the samples 
could be left in sunlight and at 25” provided 
the measurements were made within 3 hr of 
preparation. 
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Synchronous scanning derivative spectrofkor- 
imetry 

In synchronous scanning spectrofluor- 
imetry, the choice of an appropriate synchro- 
nized wavelength difference, Al,, for the 
determination is critical, especially for quantita- 
tive multicomponent analysis. The selection of 
AI, is usually empirical”,‘* and must be made 
for each component. Generally, the recom- 
mended value provides the greatest spectral 
resolution and minimal half band-width, and 
avoids Rayleigh scatter. The parameters affect- 

4 
3 

Fig. 3. Synchronous first and second derivatives of ternary mixtures with A& = 98 nm (-), sensitivity 
(0.3-3.0), detail (1.0-3.0, scale expansion x 5); AI, = 47 nm (---), sensitivity (0.3-3.0); 121 nm (-.-.-), 

sensitivity (0.3-3.0). 
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ing the synchronous spectra are optimized to in Fig. 3 were found to be proportional to the 
minimize or eliminate the spectral interference berberine, luguine and sanguinarine concen- 
of other compounds present. trations and were the least affected by spectral 

A set of sequential scans of the synchronous interferences from the other alkaloids. The 5 x 
spectra, with AL, starting at 13 nm and increas- magnification clearly shows the otherwise 
ing by 3 nm for each scan (Fig. 2), provides hardly detectable shoulder characteristic of 
a full picture of the synchronous profile of berberine. 
the mixture. The selection of A& values suitable 
for determination of each component is easily Quantitative analysis 
done by simple inspection of the plot (see 
Fig. 2). 

To obtain calibration graphs for each alka- 

The information in Fig. 1 indicates that the 
loid in ternary mixtures, concentrations in the 

scans should all start from an excitation wave- 
range between 50 and 250 ng/ml for the species 
to be determined were introduced into five 

length of 209 nm, the emission wavelength 
starting at 222 nm in the first scan and 369 nm 

solutions, with a total constant concentration of 

in the 50th. The slits should be set to give a 
300 ng/ml for the two other alkaloids. 

band-pass of 5 nm, the scan-speed should be 240 
Each calibration graph was repeated five 

nm/min and the sensitivity factor 0.13. 
times with solutions containing the same con- 
stant total concentration of the other two alka- 

As indicated in Fig. 2, the appropriate AL, 
values for the determination of each component 

loids but in different ratios ranging from 1: 5 to 

in the ternary mixture are 98,47 and 121 nm for 
5 : 1. Statistical analysis of the slope and inter- 

berberine, luguine and sanguinarine, respec- 
cept of the regression curves obtained for each 
case shows a small standard deviation for the 

tively. It may be emphasized that the program 
designed to obtain this sequential synchronous 

slopes, suggesting that no multiplicative inter- 

scanning avoids the incomplete trial and 
ference exists. On the other hand, the intercepts 

error search traditionally used for this type of 
are more affected by the matrix composition, 

technique. 
because energy transfer occurs as a consequence 

Despite the advantages of the synchronous 
of the overlapping spectral profiles. To reduce 

technique for separating overlapping bands, it is 
this problem, the regression equations have 

not sufficient when the interfering spectral band 
been corrected by making the intercepts zero. 

is stronger than that of the analyte. For such 
The mean regression curves applied for the 

simultaneous determination of the three alka- 
cases, the derivative technique can be used to 
eliminate the interfering band in the synchron- 

loids in ternary mixtures by normal, and 

ous spectrum by recording the synchronous 
synchronous first and second derivative spectro- 

derivative spectrum at a wavelength where only 
fluorimetry are as follows: 

the analyte of interest gives a signal. This signal Berberine 
may be amplified as much as the signal-to-noise Z, = (0.134 f 0.120) x [berberine] 
ratio permits. This was done for the three 
synchronous spectra chosen from Fig. 2, + (19.3 f 23.9) 

with AL, = 98, 47 and 121 nm for berberine, D’ = (0.035 + 0.01) x [berberine] 
luguine and sanguinarine, respectively, the re- 
sult being the synchronous derivative spectra in - (0.02 + 0.43) 

Fig. 3. Dz = (0.026 f 0.006) x [berberine] 
Parameters affecting the derivative spectra, 

such as scan-speed, response time and wave- 
length range over which the derivative is aver- 
aged were selected. 13*14 A combination of 
scan-speed 240 nm/min, response time 1.5 set 
and wavelength range 10 nm provides the best 
conditions for good sensitivity and selectivity in 
determination of the alkaloids. 

Peak-height measurements (as vertical dis- 
tance from peak to trough), were made for 
different concentrations to establish the calibra- 
tion graph. The distances DB, DL and Ds shown 

+ (0.96 + 0.52) 

Luguine 
Zf = (0.515 f 0.334) x [luguine] 

+ (23.8 + 34.1) 

D’ = (0.079 + 0.002) x [luguine] 

- (0.13 + 0.32) 

D* = (0.066 f 0.002) x [luguine] 

+ (0.35 & 0.47) 
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Table 2. Application of the methods to synthetic mixtures 

Recovery f S.D.t, % 

Mixture*, First derivative Second derivative 

Berberine (B) 
B(250) + L(250) + S(250) 71.4 f 0.4 92.0 f 2.0 
B(50) -t L(50) + S(50) 85.8 f 2.1 - 
B(210) + L( 130) + S(90) 87.1 j: 0.4 123.6 + 0.6 

Luguine (L) 
B(250) + L(250) + S(250) 94.9 f 0.2 95.4 + 0.1 
B(50) + L(50) + S(50) 104.4 + 0.6 106.3 f 0.7 
B(210) + L(l30) + S(90) 90.3 f 0.2 101.9 * 0.3 

Sanguinarine (S) 
B(250) + L(250) + S(250) 70.8 f 0.2 79.5 f 0.2 
B(50) + L(50) + S(50) 74.8 + 0.6 88.5 f 0.7 
B(210) + L( 130) + S(90) 70.1 f 0.2 82.1 k 0.5 

*Concentrations @g/ml) in parentheses. 
tFive determinations. 

Table 3. Determination of the alkaloids in Glauciumflavum 

Alkaloid f SD., mg/g 

Compound First derivative Second derivative 

Berberine 0.77 & 0.03 0.76 f 0.04 
Luguine 0.77 f 0.03 0.80 f 0.03 
Sanguinarine 0.24 f 0.01 0.26 f 0.004 

Sanguinarine 
Zf = (0.404 + 0.072) x [sanguinarine] 

+ (11.4 f 15.2) 

D’ = (0.127 + 0.022) x [sanguinarine] 

- (1.9 f 3.4) 

0’ = (0.136 &- 0.016) x [sanguinarine] 

- (1.1 + 2.1) 

Synthetic mixtures containing the three alka- 
loids were prepared and measured by the nor- 
mal, first and second derivative techniques to 
prove the utility of the regression curves pro- 
posed above. The results are shown in Table 2. 
Serious interferences occurred with the normal 
spectra, as was expected, but the recovery ob- 
tained with the first and second derivatives was 
much closer to 100%. 

From the recoveries in Table 2, the following 
observations can be made. First, berberine is 
only accurately determined by the second- 
derivative method, whereas luguine and san- 
guinarine can be measured by either the first or 
second derivative method. Secondly, the best 
technique for measuring the three alkaloids in 
the proportions quoted is the second derivative, 
which gives good recoveries and the smallest 
R.S.D. 

Application of proposed methods to natural 
samples 

To confirm the usefulness of the proposed 
methods, they were applied to the determination 
of berberine, luguine and sanguinarine in root 
extracts of Glauciumflaoum taken from Miseri- 
cordia beach (Malaga). The procedure is de- 
tailed under “extraction procedure”. The results 
are given in Table 3, and good concordance was 
obtained between the quantities found by the 
first and second derivative technique by use of 
the mean regression curve established for each 
alkaloid in mixtures. 
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Summary-A new method for the measurement of %r in environmental samples by cation-exchange and 
liquid scintillation counting is described. Strontium carbonate is purified by precipitation and ion- 
exchange, weighed for the determination of chemical yield, dissolved in hydrochloric acid and mixed with 
the liquid scintillator, Aquasol-2. Two channels of a low-background liquid scintillation counter are used 
to determine “Sr, WY and 89Sr, free from the effects of environmental tritium. The values of %r obtained 
by this method are in good agreement with those from ordinary 9 milking and the gas proportional 
counting method. The concentration of ‘%r in the air at Tokai-mura in Japan has been measured by the 
new method. 

Strontium-90 is one of the most important 
radionuclides among fission products because of 
its long half-life and its retention by the body. 
Several methods for the determination of %Sr in 
environmental samples have been reported,‘-’ 
but most of them are time-consuming and tedi- 
ous. Additionally, if 8gSr, which exists in the air 
after nuclear detonations as well as in effluents 
from nuclear facilities, is also present, then two 
beta-counts are needed to determine both of 
these radionuclides. It is also difficult to separ- 
ate strontium chemically from the large quantity 
of calcium which is inevitably present in 
environmental samples. Double ion-exchange 
separations of strontium in biological samples 
containing gram levels of calcium have been 
reported. 3*4 Methods using a single cation- 
exchange column have also been reported,‘qsq6 
but were not tested for samples containing a 
large quantity of calcium, so their effectiveness 
with calcium-rich samples is not clear. The 
present paper reports separation of strontium 
from gram levels of calcium with a single cation- 
exchange column, in routine analysis. 

Several methods of measuring the radio- 
activity of strontium with a liquid scintillation 
counter (LSC) have been reported.‘-‘* These 
are categorized as Cerenkov counting methods 
and liquid scintillation counting methods. The 
former usually requires two or more measure- 
ments for determining 89Sr and %r in the 
presence of 9oY. ‘.I0 Alternatively, three channels 
of an LSC can be used to determine 89Sr, 

?3r and WY consecutively in the same sample. 
Piltingsrud and Stencel’ determined these 
nuclides by using liquid scintillation beta- 
spectroscopy and a spectrum deconvolution 
program. Shimizu et al.” determined these 
nuclides by using liquid beta-spectroscopy and 
Cerenkov counting. In many of these methods 
the accuracy of the result suffers from the 
propagation of errors. In addition, it is difficult 
to eliminate the effect of environmental tritium, 
which is present in water and interferes with the 
determination of these nuclides. 

For 89Sr, ‘%r and 9oY in environmental 
samples, measurement in 2 channels of an LSC 
is proposed here. The concentration of ?Sr in 
the air at Tokai-mura in Japan has been deter- 
mined by this method. 

EXPERIMENTAL 

Reagents 

Cation -exchange column. Amberlite CG- 120, 
100-200 mesh, 25 x 2.0 cm column. 

Eluent I. A 1: 1 v/v mixture of 2M ammonium 
acetate and methanol. 

Eluent ZZ. Ammonium acetate solution, 2M. 
Scintillator. Emulsion type scintillator, Aqua- 

~01-2. All chemicals used were of analytical 
reagent grade. 

Radioactivity measurement 

Beta activity was measured with an Aloka- 
LB 1 low-background liquid scintillation coun- 
ter and an anti-coincidence GM-type gas 
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proportional counter. Gamma activity was 
measured with a Ge(Li) detector and a multi- 
channel pulse-height analyser. Two channels of 
the low-background liquid scintillation counter 
were used to determine s9Sr and %Sr in the 
presence of WY. 

Procedure 

Airborne strontium was continuously col- 
lected with a Toyo type HE40-T cellulose 
@O%)/glass-fibre (20%) filter paper, which was 
replaced once a week. Thkteen filters were 
combined and analysed. Each air-particulate 
sample was ashed completely at 450”. The ash 
obtained was placed in an 800-ml beaker and a 
strontium spike was added as carrier. Next, 
200 ml of 8M nitric acid were added and the 
mixture was heated on a hot-plate with oc- 
casional stirring. After being allowed to stand 
for about 1 hr, the mixture was filtered. The 
residue was heated with 200 ml of 6M hydro- 
chloric acid for 3 hr and the mixture was then 
filtered. The two filtrates were combined, and 
any plutonium in the solution was separated by 
co-precipitation with ferric hydroxide.13 The 
precipitate was separated by centrifugation, 
then sodium carbonate was added to the super- 
natant liquid and the resultant precipitate was 
separated by centrifuging, then dissolved in 
5-10 ml of 3M hydrochloric acid. The solution 
was diluted with water to 30-50 ml and passed 
through the cation-exchange column, which was 
then washed with 50 ml of water. The column 
was then eluted with 600 ml of eluent I at a 
flow-rate of 2-3 ml/min, followed by 300 ml of 
eluent II at the same flow-rate. The effluent was 
reduced to a volume of N 50 ml by heating on 
a water-bath, and ammonium carbonate added 
to precipitate strontium carbonate. The precipi- 
tate was collected in a porosity-4 sintered-glass 
crucible, dried in an oven at 120” for 2 hr, and 
weighed to determine the chemical yield. The 
recovery of strontium was 5(X5%. The precipi- 
tate was dissolved in 5 ml of 2M hydrochloric 
acid and the solution was diluted with water to 
35 ml, then mixed with 65 ml of Aquasol- 
liquid-scintillator in a lOO-ml Teflon vial for 
the radioactivity measurement with the Aloka 
LX-LB 1 low-background liquid scintillation 
counter. Figure 1 shows a flow-sheet for the 
procedures. 

RESULTS AND DISCUSSION 

To check the efficiency of the separation, two 
solutions containing several radioactive nuclides 

were used (Table 1). The radioactivities were 
measured with a Ge(Li) detector and a multi- 
channel pulse-height analyser. Inactive calcium 
was used for tests of the elution of calcium. 

Elution of strontium 

Figures 2 and 3 show the elution curves 
for solutions containing the fall-out nuclides 
specified in the figures. The effect of increase 
in the calcium content is shown in Fig. 2. In 
all cases calcium was completely eluted with 
600 ml of eluent I. The elution of strontium and 
caesium was affected by the flow-rate. At a 
flow-rate of 2 ml/min, strontium and caesium 
were eluted by eluent II (Fig. 2b) but at 
3 ml/min, the elution of caesium started before 
the change from eluent I (Fig. 3). Strontium was 
completely eluted by 300 ml of eluent II at a 
flow-rate of 2-3 ml/min. 

Capacity of cation-exchange column 

The column dimensions were selected to give 
complete separation of strontium from calcium. 
It was found that a column 25 cm long and 2 cm 
in diameter was saturated by 2.44 g of calcium, 
and a column 17 cm long and 2 cm in diameter 
by 1.68 g. Therefore the column dimensions 
should be chosen according to the amount of 
calcium in the sample. For a 2-cm diameter 
column, the length in cm should be approxi- 
mately 10 times the number of grams in the 
sample loaded. 

Figures 2 and 3 show that the volumes of 
eluate required are 600 ml of I and 200 ml of 
II for a 17 x 2 cm column and 600 ml of I and 
300 ml of II for a 25 x 2 cm column. 

Liquid scintillation counting 

Theory. Figure 4 shows schematically a beta- 
ray spectrum of 3H, WSr 89Sr and WY in a 
sample. Two channels of’the LSC were used 
to determine ‘?9, WY and 89Sr, the effect of 
environmental tritium being eliminated by 
adjusting the lower discrimination level of the 
LSC. The following equations are used to 
analyse the data from the two channels. 

Channel C: 

A = X x E(?Sr/C) 

+ Y x E(WY/C) + Z x E(89Sr/C) 

Channel P: 

B = X x E(“Sr/P) 

+ Y x E(WY/P) + Z x E(89Sr/P) 



9r in environmental samples 

Air filter (HE-40T1 

Heat on II hot-plate 

P 
HCl zs1 

Amberlite CG-120 column,100+00mesh,H~form 

Eluate I 
* 

Eluate I 

Fig. 1. Analytical procedures for 89Sr and WSr in a dust sample. 

where A = cpm in channel C; B = cpm in 
channel P; X, Y, 2 = activity of ?Sr, 9oY, 89Sr 
respectively; E(I’/C) and E(I’/P) = counting 
efficiencies for species i in channels C and P, 
respectively. 

Table I. Chemical composition and radioactive nuclides in 
the feed solutions 

Radioactive 
Solution Metal ion nuclides Content, mg 

sr*+ % 20 

I ;;z: 
WCs 20 
““Jja 20 

Ca2+ 5062400 

Sr?+ “Sr 20 

II 

“7Cs 20 
To, *co 20 

sxY 20 
54Mn 20 
“9Ce 20 

Use of the gross activity and efficiency for 
?3r + my simplifies these equations to 

A = x’ x E[( ?3r + V)/C] + Z x E( 89Sr/C) 

B = A” x E[(‘%r + 9”Y)/P] + Z x E(89Sr/P) 

After separation of the strontium, the oper- 
ative equation is 

X’=X+ Y =X(1 +k) 

where k is the growth-rate of WY. 
In this case, it is necessary to check the 

time between separation of the strontium and 
measurement of the radioactivity for deter- 
mination of the radioactivities of ?3r and 9oY. 
Furthermore, it is necessary to determine the 
gross counting efficiency for ?3r + WY in each 
channel of the LSC. 
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Fig. 3. Elution curves of simulated fall-out solution (20 mg 
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120 &lumn 25 x 2 cm, eluted with 600 ml of eluate I and 

800 ml of eluate II at 3.0 ml/min. 
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count and its variation can markedly affect the 
accuracy of the results, so the relationship be- 
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Fig 2. (a) Elution curves of Ca, Sr, Cs and Ba from a 17 x 2 
cm. Amberlite CG-120 column; the sample contained 0.5 or 
1 .O g of Ca, 20 mg of Sr, 20 mg of Cs and carrier-free r3’Ba; 
elution at 2.0 ml/min with 600 ml of each eluent. (b) Elution 
curves of Ca, Sr, Cs and Ba from a 25 x 2 cm. Amberlite 
CC-120 column; the sample contained 2.4 g of Ca, 20 mg 
of Sr, 20 mg of Cs and carrier-free i33Ba; elution at 2.0 

mllmin with 600 ml of eluent I and 1000 ml of II. 

Standards for calibration with the LSC. To 
determine the counting efficiency for “Sr and 
“Sri- WY in each channel, several quenching 
standard samples which had different quenching 
levels were prepared and added to the standard 
solution of ‘?Sr and ?Gr. For these standards 
90Sr equilibrated with 9oY was used, with water 
as the quencher, mixed in various ratios with 
liquid scintillator Aquasol- to give a total 
volume of 100 ml. Figure 5 shows an example 
of the relationship between the external ratio 
(which is the ratio of the count rates of two 
single-channel analysers set at different discrimi- 
nator levels, and shows the quenching level) and 
the efficiency in each channel of the LSC. The 
effect of environmental tritium is eliminated as 
already described, to avoid interference with the 
strontium determination. 

The quenching of samples and the background 
count of the LSC. In the measurement of weak 
radioactivity with an LSC, the background 

tween the quenching effect and the background 
count was examined. Carbon tetrachloride 
(0.05-2%), water (5-55%) and 2M hydrochloric 
acid (l-l 5%, plus 30 mg of strontium carbonate 
and o-40% water) were used as quenchers and 
were mixed with AquasoI-2 to give a total 
volume of 100 ml. Each quenching level was 
calibrated by the external ratio method. 
Figure 6 shows that the background count in 
each channel of the LSC depends not only on 
the quenching level of the samples but also on 
the quencher itself. There was no difference 
in the C channel background counting rate 
between all three quenchers as a function of 
external ratio, but in the P channel water 
and hydr~hlo~c acid behaved ident~~lly, 
but differed in behaviour from carbon tetra- 
chloride. 

: i , ) Energy (keYI 
-IHi-C-i P------d 

Fig. 4. Abstracts of beta-ray spectrum of ‘H, “Sr, ‘%r and 
wY in each channel of the LSC. 
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Fig. 5. Relationship between quenching and efficiency in each channel of the LX. (Left) C channel: gain 
1.0, discriminator 350-1000. (Right) P channel: gain 1.0, discriminator 150-1000. 

The commercial Teflon vials used for the 
measurements with the LSC, all have different 
optical characteristics,14 so close attention 
should be paid to background counts. 

Simultaneous measurement of ?Yr and 8gSr 
with LSC. To check the effectiveness of the 
simultaneous measurement of %r and 8gSr by 
the LSC, several water samples with different 
activity ratios of WSr and *‘Sr were prepared and 
their activities measured. Very weak radio- 
activities were used to check the effectiveness 
with environmental samples. Table 2 shows that 
this method is very effective for measuring 
a wide range of concentrations of both “Sr 
and *Sr. 

Comparison between the LSC and milking 
methoris 

To check the validity of the method, a 
comparison between the LSC method and the 

2 

t 
4, ’ I I I I / I I ) 
0 4 6 6 10 12 14 16 16 

EXTERNAL RATIO 

Fig. 6. Relationship between quenching and background 
counts in each channel of the LSC. C channel: gain 1.0, 
discriminator 350-1000. P channel: gain 1.0, discriminator 

150-1000. 

TAI. 3716-D 

ordinary 9oY milking p lus gas proportional 
counting method was made. Airborne strontium 
was collected at Tokai-mura in Japan by con- 
tinuously passing air through a cellulose/glass 
fibre filter, which was replaced once a week. 
The deposits on 13 filters were combined and 
analysed by the method detailed above. Eluate 
II was divided into two portions, one being 
analysed by the LSC method and the other by 
9oy milking and gas proportional counting. 
Figure 7 shows the good correlation between the 

Table 2. Determination of *‘fir and %Sr bv LSC 

Measured 
Sample Added activity, activity, Yield, 
solution 89Sr/WSr dpm dpm % 

1 2.3 s9Sr 9.5 10.6 112 
%r 4.2 4.2 100 

2 0.45 *9Sr 9.5 9.6 101 
90Sr 21.2 19.0 90 

3 0 
89Sr 0 DL* - 
%Gr 21.2 21.0 99 

4 
89Sr 18.9 19.6 104 

co WSr 0 DL - 

*DL = detection limit. 

._ 
16' 1 

I,% 
ld 

LID'JID SCINTILLATION METHOD 

Fig. 7. Comparison of ‘%r activities measured by the 
ordinary milking method and the liquid scintillation 

method: D.L. = detection limit (3a). 



590 HIKAIW AMANO and NOBUYUICI YANASE 

YEAR 

Fig. 8. Concentration of WSr in air at Tokai-mura, Japan, 
over a 3-year period. 

Table 3. Analysis of NBS 4353 Rocky Flats Soil 

Certified activity of ‘?Sr, Bq/g 0.00763 
Total uncertainty, % 10.2 
Activity found, Bq/g A 0.0073, 

B 0.0083, 

results. The results obtained for airborne ?Jr at 
Tokai-mura, for each three-month period from 
1978 and to 1981, are shown in Fig. 8. No 89Sr 
was detected in any of these samples because of 
the long storage of the filter samples. 

Measurements of standard samples 

To check its general applicability, the method 
was used to analyse an environmental standard 
sample. Table 3 shows the results, which are in 
good agreement with the NBS value, the differ- 
ences (- 3% for A and +9% for B) being 
within the estimated total uncertainty of the 
certified value. 

Conclusions 

The method is very simple, and suitable for 
the routine analysis of environmental samples. 

There is no need to use fuming nitric acid, as in 
the usual procedures for determination of stron- 
tium. It allows simultaneous determination of 
?Gr and 89Sr by only one measurement with the 
LSC, and the chemical procedure is simplified. 
The WY milking procedure is omitted, and “Sr 
can be assayed immediately after separation 
from the other elements, if the counting 
efficiency curve for the LSC is available. The 
disadvantage of the method is that the purified 
strontium is not stored in aqueous solution, 
which would allow repeated WY milking as in 
the ordinary method. 
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Smnmary-A chelating ion-exchange resin with hydroxamic acid functional groups was synthesized from 
styrene-maleic acid co-polymer cross-linked with divinylbenzene. A resin prepared from equimolar 
amounts of styrene and maleic anhydride with 0.75 mole% divinylbenzene gives the best sorption 
characteristics. The selectivity of the resin for metal ions is copper(II)>>cobalt(II) > zinc(R) > nickel(R) > 
manganese(I1) > chromium(II1) > iron(III) > vanadium(V). Copper(H), chromium(II1) and iron(W) in 
chromium plating baths can be separated by use of the resin and determined spectrophotometrically. 

Hydroxamic acids form complexes with various 
heavy metal ions, particularly iron(III).‘-4 Poly- 
mers bearing hydroxamic acid groups have been 
used in metal-ion preconcentration and separa- 
tion.5-g Most of the research on polyhydroxamic 
acids has been concentrated on their synthesis, 
properties and applications. Exceptions to 
this are found in the work of Winston and co- 
workers,“*” who studied the spacing of hydrox- 
amic acid units in a polymer and its influence on 
the affinity for iron(II1). 

This study deals with the synthesis of a hy- 
droxamic acid resin from a styrene-maleic acid 
co-polymer cross-linked with divinylbenzene 
(DVB), and its characteristics. Mixtures of cop- 
per(II), nickel(II), iron(II1) and vanadium(V), 
and of chromium(III), copper(I1) and iron(II1) 
have been separated on a column of the resin. 
The resin can also be used for the removal of 
these ions from wastewater.” 

EXPERIMENTAL 

Apparatus 

Metal ion concentrations were determined 
with a Hitachi 200 spectrophotometer or a 
Perkin-Elmer Model 2380 flame atomic-absorp- 
tion spectrometer. Pore volume and pore size 
were measured by the BET method. 

Reagents 

Analytical grade reagents were used, and all 
solutions were made with doubly distilled water. 
The buffer solutions were prepared by mixing 

*Author for correspondence. 

0.1 M ammonium citrate and 1 M citric acid, or 
O.lM sodium acetate and glacial acetic acid, 
until the desired pH was attained. 

Preparation of the resin 

The resin was prepared by a modification of 
the method of Dhandhukia et al.” Maleic an- 
hydride was purified by vacuum sublimation 
and dissolved in acetone under reflux. The 
maleic anhydride and styrene were taken in 
different mole ratios, and mixed with 0.75 
mole% divinylbenzene and benzoyl peroxide 
(0.75% w/w of the styrenedivinylbenzene 
content). The mixture was heated under reflux 
on a boiling water-bath and when gelling had 
taken place (2 hr) the polymer was transferred 
to a beaker, the acetone was evaporated and the 
polymer was cured in an oven at 80-100” for 6-8 
hr. Similarly, the divinylbenzene content was 
varied, with constant maleic anhydride-styrene 
mole ratio (1: 1). The dry resin was ground in a 
mortar and sieved. 

The copolymers were hydrolysed by refluxing 
with 200 ml of IOM potassium hydroxide for 10 
hr, followed by acidification with concentrated 
hydrochloric acid. The product was washed 
with water, dried in an oven at 100” for 10 hr, 
then refluxed with excess of thionyl chloride on 
a boiling water-bath for 3 hr, with intermittent 
stirring. The excess of thionyl chloride was 
distilled off under reduced pressure. 

To 1 g of the acid chloride were added 
2.1 g of powdered sodium carbonate, 1.4 g of 
hydroxylammonium chloride, 10 ml of diethyl 
ether and 2.5 ml of water. The mixture was 
stirred for 2 hr, then the product was filtered off, 
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washed with water until the washings were monomer ratios were shaken with 20-ml 
neutral, then with methanol, and dried in an aliquots of 400 pgg/ml solutions of copper(I1) 
oven at 80” for 8 hr. (at pH 5) and iron(II1) (at pH 2) for 2 hr and 

The scheme for the conversion of the copoly- the sorption capacities determined. The batch 
mer into the hydroxamine acid resin is shown capacities of the resins prepared with varied 
below. divinylbenzene content were also determined. 

(I)H2NOH.HCI 
- H-N -N-H 

(2)Na2C03 
OlH ‘0 0’ JH . . 

Resin characterization 

The resin was characterized by determination 
of its stability towards acids and alkalis, and its 
sorption capacity, distribution coefficients and 
kinetics of sorption. 

Stability. The resin was soaked for 24 hr in 
O.lM sodium hydroxide, concentrated hydro- 
chloric acid, or O.lM nitric acid, then filtered 
off with a sintered-glass funnel, washed with 
distilled water and dried in an oven at 80” for 8 
hr. The resin showed no significant weight loss 
even after repeated cycles of treatment. 

Sorption capacity and distribution coe@cients. 
The batch capacity for copper( zinc(II), 
cobalt(II), nickel(II), manganese(II), chro- 
mium(III), iron(III), and vanadium(V) was 
determined in the pH range l-7, adjusted with 
0.1 A4 hydrochloric acid, sodium hydroxide and 
ammonium acetate-acetic acid buffer. Portions 
of the resin (0.1 g) were shaken for 24 hr 
with 20-ml aliquots of the metal ion solution 

(400 pug/ml). 
The distribution coefficients (&) were deter- 

mined by measuring the metal ion concentration 
in the resin and the aqueous phase after 
equilibration. 

Sorption kinetics. A 0.1-g portion of the resin 
(100-200 mesh) was shaken for 2 hr with 20 ml 
of 400 pg/ml metal ion solution (100 pg/ml for 
vanadium) at the pH for maximum capacity, 
and the metal ion concentration in the aqueous 
phase was measured at intervals. 

Eflect of monomer ratio on batch capacity for 
copper and iron(ZZZ). Portions (0.1 g) of the 
resins (100-200 mesh) made with different 

Column operation 

Resin particles (100-200 mesh, 1.5 g) were 
allowed to swell in the appropriate buffer for 
2 hr and then slurry-packed into a glass 
tube (15.0 x 0.6 cm) to give a bed volume of 
4.2 ml. 

The column was conditioned with an appro- 
priate buffer and 1 ml of a mixed metal ion 
solution was run through the column at a 
flow-rate of 0.5 ml/min, followed by suitable 
eluents (Table 1). 

Analysis of efluent from a chromium plating 
plant 

The effluent contained chromium(VI), chro- 
mium(III), iron(II1) and copper(I1). To deter- 
mine the total chromium content and avoid 
oxidation of the functional groups in the resin, 
the chromium(V1) was reduced to chro- 
mium(II1) by addition of sodium metabisulphite 
solution and boiling off the excess of 
sulphur dioxide. To reoxidize any iron(I1) 
formed, 2 drops of concentrated nitric acid 
were added and the mixture was boiled for 
5 min. The pH was then adjusted to 3 with O.lM 
sodium acetate-acetic acid buffer and the 
column was conditioned with the same buffer. 
Then 1 ml of the sample was run through the 
column at 0.5 ml/min, and the chromium was 
eluted with 0.1 M ammonium citrate-citric 
acid solution (pH 3), copper with O.OlM 
hydrochloric acid and iron with 0.2M 
hydrochloric acid. The eluates were analysed 
spectrophotometrically.‘4 
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Table 1. Separation of metal ions 

Eluate Amount Amount 
Separations volume, loaded, recovered, 

achieved Eluent ml Pg La 

1. Cu(II) 0.W HCl 50 100 100.6 
Fe(III) 0.2M HCl 25 100 99.9 

2. Ni(II) O.lM Ammonium citrate- 
citric acid, pH 5 60 100 97.0 

Cu(II) O.lM HCl 20 100 97.8 
3. Ni(II) O.lM Ammonium citrate 

citric acid pH 5 50 50 49.7 
Cu(II) O.lM HCl 20 100 99.3 

4. V(V) O.lM HCl 100 96.3 
Fe(II1) 0.2M HCl 100 101.4 

RESULTS AND DISCUSSION 

The resin reported is porous and typically 
contains 28% micropores (~20 A) and 72% 
mesopores (20-500 A), and has a pore volume 
of 0.01 ml/g. It has excellent resistance to 
concentrated hydrochloric acid, 0.1 M nitric 
acid and 0.M sodium hydroxide. The nitrogen 
content of the dry resin was found to be 2.68 
mmole/g. 

Figure 1 shows that the batch capacity of the 
resin is maximal for maleic anhydride-styrene 
ratios > 1. The batch capacity for metal ions 
was found to be maximum when the resin 
contains 0.75 mole% divinylbenzene. 

The Kd values for various metal ions as a 
function of pH are shown in Fig. 2, and the 
degree of extraction in Fig. 3. The maximal 
values of both are high for copper(I1) and low 
for iron(II1). This is in contrast to the behaviour 
of the hydroxamic acid derivative obtained from 

1.6 

r 

DVB (mole %l 

Fig. 1. Effect of varying mole% of DVB in the hydroxamic 
acid resin on the batch capacity for Cu(I1) and Fe(II1): 0.1 g 
of resin; 100-200 mesh size; 20 ml of 400 yg/ml Cu(II) 
and Fe(W) solutions; 0.1 M ammonium acetate-acetic acid 

buffer, pH 5; shaking time 2 hr; 0, Cu(II); 0, Fe(U). 

Kd 
600 

0 1 2 3 4 5 6 7 

PH 

Fig. 2. Distribution coefficient, Kd, for various metal ions at 
different pH values: 0.1 g of resin; 100-200 mesh size; 20 ml 
of 400 rg/ml metal ion solutions; shaking time 2 hr; 0, 
Cu(I1); 0, Ni(I1); V, Co(H); 0, Mn(I1); $, Cr(II1); A, 

Fe(III); n , V(V). 

60 

3 

t 70 

s 60 

3 

:: 

50 
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Fig. 3. Effect of pH on the uptake of metal ions by 
hydroxamic acid resin: 0.1 g of resin; 100-200 mesh size; 
20 ml of 400 pg/ml metal ion solutions; shaking time 2 hr. 
0, WII); H, WI); V, WII); 0, Mn(II); 0, WI); @, 

Cr(III); A, Fe(II1); A, V(V). 
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I DH3 OH2 0.1 111 HCl 

Volume of eluate (bed volumes) 

Fig. 4. Separation of Cr(III), Cu(I1) and Fe(II1) on hydrox- 
amic acid resin from plating bath effluent: 1.5 g of resin; 
100-200 mesh size; column 15.0 x 0.6 cm; bed volume 
4.2 ml; flow-rate 0.5 ml/min; eluent, pH 3-ammonium 

citrate-citric acid, pH 2-citric acid. 

Table 2. Analysis of a plating bath solution at 
various dilutions 

Plating bath Metal Metal ion found,* 
solution ion 

Acknowledgement-R.M. is grateful to C.S.I.R., Govem- 
Bg ment of India, for the financial assistance. 

Cr(II1) 43.5 f 0.3 
1 Cu(I1) 3.96 f 0.09 

Fe(II1) 7.11 + 0.05 

Cr(II1) 55.8 + 0.5 
2 Cu(I1) 5.07 f 0.1 

Fe(II1) 8.86 * 0.05 

Cr(II1) 66.0 + 0.3 
3 Cu(I1) 6.22 * 0.03 

Fe(II1) 10.54 + 0.04 

Cr(II1) 90.1 f 0.2 
4 Cu(I1) 8.09 + 0.04 

Fe(II1) 14.24 f 0.56 

*Mean f standard deviation of 5 readings. 

XAD4 resin,15 and of the N-hydroxysuc- 
cinimide ester of acrylic acid resin,” which both 
have a higher capacity for iron(II1) than for 
copper(I1). The hydroxamic acid resins pre- 
pared from copolymers of ethylacrylate, acrylic 
acid and polyacrylonitrile also have a higher 
affinity for copper(I1) than for iron(111).‘6 The 
relative positions of the hydroxamic acid groups 
in these resins have not been confirmed, but at 
least a considerable portion of them may be 
vicinally positioned. 

The kinetic studies show that the uptake of 
various metal ions is fast and the times (min) 
needed to reach 50% of maximum sorption at 
the optimum pH are: iron(III), 4; copper( 
2; nickel(U), 3; cobalt(II), 2; manganese(II), 
4; chromium(III), 3 and vanadium(V), 4. The 
favourable kinetics make the resin suitable 
for separation of these ions in mixtures by 
column operation. Table 1 shows the results for 
separation of selected metal ions from their 
mixtures. 

The chromium plating plant effluent usually 
contains high concentrations of chromium, 
copper and iron. Hence it is necessary to 
dilute the solution before its analysis. Figure 4 
shows the separation of copper( iron(II1) and 
chromium(II1). The separations are clean and 
the results are reproducible. Some typical values 
for different dilutions of the same sample are 
given in Table 2. 

1. 
2. 
3. 
4. 
5. 

6. 

7. 
8. 

9. 
10. 

11. 

12. 

13. 

14. 

15. 

16. 

REFERENCES 

H. L. Yale, Chem. Rev., 1943, 33, 209. 
F. Mathis, Bull. Sot. Chim. France, 1953, D9. 
J. B. Neilands, Struclure Bonding (Berlin), 1966, 1, 59. 
H. Maehr, Pure Appl. Chem., 1971, 2B, 603. 
J.-P. Cornaz and H. Deuel, Experienfia, 1954, 10, 
137. 
J.-P. Cornaz, K. Hutschneker and H. Deuel, Helu. 
Chim. Acta, 1957, 40, 2015. 
H. Deuel and K. Hutschneker, Chimia, 1955, 9, 49. 
F. Vernon and H. Bccles, Anal. Chim. Acia, 1975, 77, 
145; 1975, 79, 229. 
Idem, ibid., 1976, 82, 369; 1976, 83, 187. 
A. Winston and E. T. Mazza, J. Polym. Sci., Polym. 
Chem. Ed., 1975, 13, 2019. 
A. Winston and G. R. McLaughlin, ibid., 1976, 14, 
2155. 
V. N. S. Pillai and R. Mendez, IVth ISAS National 
Symposium, University of Burdwan, 1987, p. 19. 
M. M. Dhandhukia, V. K. Indusekhar and K. P. 
Govindan, Indian J. Technol., 1982, 20, 203. 
L. Meites, Handbook of Analytical Chemistry, p. 6. 
McGraw-Hill, New York, 1963. 
R. J. Philips and J. S. Fritz, Anal. Chim. Acta, 1982,139, 
237. 
F. Vernon, Pure Appl. Chem., 1982, 54, 2151. 



Talanro, Vol. 37, No. 6, PP. 595-598, 1990 0039-9140/w $3.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright 0 1990 Pergamon Press plc 

DETERMINATION OF BROMINE IN ORGANIC 
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Stunmnry-A method is proposed for the determination of bromine in organic compounds (which may 
also contain chlorine and iodine) by oxygen-flask combustion of the compound followed by pre-column 
reaction of bromide with acetanilide and 2-iodosobenzoic acid to form 4-bromoacetanilide which is then 
chromatographed on an ODS column with a mobile phase of methanol:water, 65: 35 v/v, detection at 
240 nm, and 4-N-acetylaminotoluene as internal standard. The method is rapid and precise (RSD < 1%), 
and applicable to a variety of bromine-containing organic compounds; the limit of detection is 0.2 ng of 
bromine. 

The determination of bromine in organic com- 
pounds requires (i) conversion of organic bro- 
mine into bromide, and (ii) determination of the 
bromide.’ The first step involves mineralization 
of the compound, e.g., by oxygen-flask combus- 
tion.* Determination of bromide by titratiot?” 
or spectrophotometry based on displacement 
reactions such as those with mercury(I1) chlor- 
anilate’ or mercury(I1) thiocyanate* is neither 
sensitive nor selective for bromide. A recently 
published method,9 which is based on the anion- 
exchange reaction of bromide or chloride with 
excess of solid silver chromate, and polaro- 
graphic determination of the liberated chro- 
mate, should also be applicable to iodide, but 
cannot be used if the sample contains more than 
one of these three halides, and is inapplicable to 
organometalic compounds of metals such as 
lead, which could yield a precipitate with the 
chromate liberated. Also, large amounts of 
phosphate produced by oxidation of phos- 
phorus, if present, may lead to a positive error. 
2-Propanol has been used to reduce the effect of 
co-precipitation in the argentimetric potentio- 
metric titration of bromide and chloride.‘0 
Oxygen-flask combustion, followed by bromide 
determination by ion-chromatography with 
conductivity detection has also been reported.” 

Recent developments in precolumn deriva- 
tization reactions and high-performance liquid 
chromatography (HPLC)‘*-” led us to convert 
the bromide formed by oxygen-flask combus- 

*Author for correspondence. 

tion of organic bromo-compounds into 4-bro- 
moacetanilide, and to determine this by HPLC. 

EXPERIMENTAL 

Apparatus 

The liquid chromatograph used consisted of a 
Shimadzu LC-5A pump, an SIL-1 A manual 
loop injector, a Shim-pack ODS column 
(particle size 5 pm; 150 x 6 mm i.d.), an SPD- 
2A variable wavelength UV detector, and a 
Shimadzu C-R2AX integrator fitted with a 
printer-plotter. Peak areas were used for 
quantification. 

Reagents 

Acetanilide, 4-N-acetylaminotoluene and 4- 
bromoacetanilide were synthesized and purified 
by repeated recrystallization.‘* 2-Iodosobenzoic 
acid was synthesized by the method of Chinard 
and Hellerman.i9 

The mixed reagent solution, prepared by 
dissolving 100 mg of acetanilide and 150 mg of 
2-iodosobenzoic acid in 100 ml of methanol, 
was filtered through a 0.45~pm membrane filter. 
A sulphuric acid solution was made by diluting 
1.2 ml of the analytical reagent grade con- 
centrated acid to 100 ml with methanol. A 
63: 35 v/v mixture of methanol and water was 
used as the mobile phase. 

Standards 

All bromo-compounds analysed were of 
high purity. The internal standard was a 
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solution of 5 mg of pure 4-N-acetylamino- 
toluene (N-acetyl-4-toluidine) in methanol, 
diluted to volume in a 50-ml standard flask. 

For calibration a standard 30+g/ml bromide 
solution was prepared by dissolving 223.1 mg of 
analytical grade potassium bromide in water 
and diluting to volume in a loo-ml standard 
flask, then accurately diluting 5 ml of this 
solution to 250 ml. 

Procedures 

Calibration. To portions of the calibration 
standard ranging from 200 to 1400 ~1(6-42 pg 
of bromide) add 200 ,ul of internal standard 
solution, 500 ~1 of mixed reagent solution and 
200 ~1 of the sulphuric acid solution, dilute the 
mixture of volume in a lo-ml standard flask 
with mobile phase, shake the flask well for 
1 min, and inject a lo-p1 portion into the HPLC 
column. Set the eluent flow-rate at 1 ml/min 
(column back pressure approximately 50 
kg/cm*) and monitor the eluate with the 
detector set at 240 nm and a sensitivity of 0.04 
absorbance for full scale deflection. 

Determination of bromine in organic com- 
pounds. Burn a l-4 mg sample, accurately 
weighed, in the usual way in a 250-ml Schiiniger 
flask filled with oxygen and containing 10 ml of 
distilled water, 0.5 ml of 30% hydrogen per- 
oxide and 3 ml of 0.03M sodium hydrogen 
carbonate. After the combustion, shake the 
flask for 5-10 min, rinse the stopper and sample 
holder with about 10 ml of mixed water, and 
boil the solution gently to decompose the hydro- 
gen peroxide, until the volume is reduced to 
about 10 ml. Transfer the solution quantita- 
tively to a 25-ml standard flask and dilute to the 
mark with water. Pipette a 1 or 2 ml portion into 
a lo-ml standard flask, add 200 ~1 of internal 
standard solution, 500 ~1 of mixed reagent 
solution and 200 ~1 of the sulphuric acid sol- 
ution. Dilute to volume with mobile phase, mix 
well for 1 min, and chromatograph a lo-p1 
portion as above. 

RESULTS AND DISCUSSION 

Several ion-chromatographic methods are 
available for the determination of bromide. The 
detection methods include spectrophotometric 
monitoring at 200-214 nm,20-22 indirect photo- 
metry at 240 nm by use of eluents containing 
species such as phthalate23 which absorb at 
this wavelength, conductimetry24v25 or ampero- 
metry. Pre-column derivatization reactions are 

used to improve chromatographic separation 
and detection. Thus, conversion of halides into 
their arylmercury(I1) derivatives has been 
reported for their determination by reversed- 
phase HPLC and detection at 220 nm.26 In the 
present work, the pre-column derivatization is 
based on the oxidation of bromide with 2-iodo- 
sobenzoic acid in acid medium to produce 
bromine which then brominates acetanilide to 
form 4-bromoacetanilide and bromide. This 
sequence of oxidation and bromination reac- 
tions continues until all the bromide has been 

i, ’ i ’ 1'0 

Retention Time (min) 

Fig. 1. Chromatogram of (a) reagent blank, and (b) pre- 
column reacted bromide (31 ng) with the same reagent and 
mixed with 4-N-acetylaminotoluene (5 1 ng) used as internal 
standard. Peaks: 1 = 2-iodosobenzoic acid 2 = 2-iodo- 
benzoic acid; 3 = extraneous matter; 4 = acetanilide; 5 = 
4-N-acetylaminotoluene; and 6 = 4-bromoacetanilide. 

Chromatographic condition as in the text. 
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Table I. HPLC determination of 
bromide 

Bromide, fig/lo0 ml 

Taken* 

60.5” 
81.4 

128.1b 
163.4c 
208.2 
241 .Sd 
276.5 
339.2’ 
365.7’ 
402.3 

Found 
(n = 6) 

61.3 
80.2 

129.5 
161.7 
210 
237 
279 
336 
369 
406 

RSD, % 

0.5 
0.3 
0.4 
0.5 
0.4 
0.6 
0.6 
0.6 
0.8 
0.7 

*The aliquot injected also contained 
(a) 20 pg of trisodium phosphate; 
(b) 100 pg of potassium chloride; 
(c) 200 pg of sodium nitrate; (d) 
10 pg of potassium iodide; (e) 
100 peg of lead nitrate; (f) 50 pg of 
mercuric chloride. 

converted into 4-bromoacetanilide. The acetyl- 
amino group (in acetanilide) is an ortho-para 

director in electrophilic substitution reactions 
but its large size causes bromination at the 
ortho-position to be sterically hindered. Aceta- 
nilide was selected as the derivatization reagent 
because its bromination is particularly rapid 
and yields only 4-bromoacetanilide. In the 
internal standard, 4-N-acetylaminotoluene, the 

para-position is already occupied by a methyl 
group and thus this substance does not undergo 
bromination. 2-Iodosobenzoic acid is a selective 
organic oxidizing agent.27-2g Its redox potential 
at 25” and pH 1 is 1.21 V.28 

The best chromatographic separation (Fig. 1) 
was achieved under the conditions recom- 
mended, with detection at 240 nm, where most 
anilides absorb strongly. A calibration graph of 
peak area for 4-bromoacetanilide vs. amount of 
bromide injected was linear over the range 
642 ng. A response factor of 0.593 for bromide 
(as 4-bromoacetanilide) relative to 4-N-acetyl- 
aminotoluene was calculated from the HPLC 
peak-area ratios for various concentration 
ratios of the calibration and internal standards. 
The percentage of bromine in the sample is 
calculated from 

ACuD % Br = 59.3 AW 
IS 

where A/As is the ratio of the peak areas for 
4-bromoacetanilide and the internal standard, 
Cu the concentration of internal standard, W 
the weight of sample, and D the dilution factor. 
Results are given in Table 1 for the analysis of 
ten standard solutions of bromide, with or 
without the presence of various ions which may 
be formed during the oxygen-flask combustion 

Table 2. HPLC determination of bromine in organic compounds 

Bromine, % 

Compound Theory 
Found 
(n = 5) RSD, % 

CBromoacetanilide 
3-Bromobenzoic acid 
3-Bromocamphor 
5-Bromo-2chlorobenzoic acid 
5-Bromosalicyl-4’-chloroaniline 
2-Bromoacetamido-2’, 5’-dichloro- 

benzophenone 
2-Bromoacetamido-5-chloro-2’- 

fluorobenzophenone 

37.33 37.2 0.5 
39.75 39.9 0.5 
34.61 34.5 0.6 
33.97 33.8 0.7 
24.50 24.6 0.6 

20.71 20.7 0.7 

21.58 21.7 0.8 
5-Bromo-2-iodobenzoic acid 24.46 24.6 0.6 

Table 3. Comparison of diverse HPLC methods for bromide determination 

Method Detector LD* ULD* Reference 

Liquid chromatography on Zipax 
SAX column 200 nm 10 ng 5 flcg 30 

Anion-exchange chromatography 600nm 15 ng 160 ng 31 
Ion-exchange chromatography 190 nm 1 ng/ml 100 ng/ml 32 
Anion-exchange chromatography conductivity 20 ng - 33 
Liquid chromatography on 

aminopropylisilica 214 nm 1 ng 50 ng 34 
Reversed-phase ion-interaction 

chromatography 205-220 nm 24 ng - 35 
Pre-column derivatization to 

4-bromoacetanilide 240 nm 0.2 ng 42 ng This work 

*LD = limit of detection; ULD = upper limit of detection. 
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of organic compounds and may interfere in 
other methods for determination of bromide. 
Large amounts of diverse ions such as phos- 
phate, chloride and nitrate can be tolerated. 
Other ions which do not interfere when present 
in up to 50-fold weight ratio to bromide include 
sulphate, calcium, barium, magnesium, zinc, 
copper(I1) and iron(II1). The present method is 
therefore simple and specific for the deter- 
mination of bromine in organic compounds 
(Table 2). The limit of detection is 0.2 ng of 
bromide injected (S/N = 2). A comparison of 
some HPLC methods with the present one in 
terms of detection limit and measurement range 
is given in Table 3. 
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Summary-The chiral chromatographic separations of three N-acyl-1-aryl-1-aminoethanes on silica 
modified with (R)-Ndinitrobenzoylphenylglycine-N’-propylamide have been modeled by use of molecular 
mechanics. Formyl groups were substituted for the nitro groups, and a methyl group was tested as a 
replacement for the propyl group. With the propyl group, the correct elution order was obtained for the 
two pairs that had the largest a-values, and the third pair had a calculated a-value very close to unity. 
The relative sizes of the u-values were correctly predicted for all three. Substitution of methyl for propyl 
gave data that did not agree as well with the experimental values, thereby confirming the important role 
of the spacer in these separations. 

Computational techniques have been used to 
study recognition mechanisms of chiral station- 
ary phases (CSPs). For instance, Armstrong et 
al. used computer-generated models to examine 
cyclodextrin phases.’ Boehm et aLz have used 
statistical mechanics to predict a-values for 
enantiomeric solutes distributed between a CSP 
and a non-chiral mobile-phase solute. Their 
approach also allowed calculations for mixed- 
solvent phases, and they were able to predict 
that reversal of the elution order could occur 
when the solvent ratios are altered. What re- 
mains to be done is to test the results of their 
method against experimental results. 

Topiol et al3 utilized semi-empirical and ub 
initio calculations to study the mechanism of 
separation of enantiomers of N-(3,5-dinitro- 
benzoyl)leucine (DNBL) on an (S)-N-(Znaph- 
thyl)alaninate (NNA) stationary phase. The 
computational results correctly predicted the 
elution order of enantiomers even though the 
energies calculated for interaction of (R)- and 
(S)-DNBL with (S)-NNA differed by less than 
1.0 kcal/mole. Furthermore the calculations sug- 
gested that the n-functionalities of the species 
do not serve to differentiate (S)- and (R)-DNBL. 
Lipkowitz et al. have used a molecular mechan- 
ics program, MM2, and MNDO (Modified 
Neglect of Diatomic Overlap) calculations to 
calculate the relative stabilities of conformers 
of N-dinitrobenzoylphenylglycine-N’-methyl- 

amide after substituting formyl groups for nitro 
groups.- MM2 has also been used to study the 
separation of enantiomers of 2,2,2-trifluoro- 
anthrylethanol (TFAE) by the dinitrobenzoyl- 
phenylglycine stationary phase7** and to study 
chiral interactions between 2,2,2_trifluoro- 
anthrylethanol and phases synthesized from 
N-tert-butyloxycarbonyl-D-valine and N-tert- 
butyloxycarbonyl+alanine.’ Calculations in- 
volving these last two phases correctly predicted 
the elution order of enantiomers of trifluoro- 
anthrylethanol on each phase as well as the 
relative a-values for each phase, from the 
differences between the final steric energies. 

In the present study the approach taken to 
minimize the energy of the complexes was differ- 
ent from that9 used earlier. Whereas our first 
study dealt only with the most stable individual 
complexes and their enthalpies, the present 
study included the free energies of interaction 
that were within 2.5 kcal/mole of those of all the 
docked pairs of the most stable ones. These 
pairs were first located by using a simplex 
procedure which treated the two molecules as 
rigid bodies once the likely orientations 
had been deduced on the basis of their inter- 
molecular non-bonded energies of interaction. 

The previous work examined the chiral recog- 
nition mechanisms for a racemic mixture of 
(R)- and (S)-TFAE on two stationary phases, 
(BOC-D-alanine and BOC-D-valine). The only 
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structural difference was that the alkyl group 
bonded to the chiral carbon atom of the station- 
ary phase molecule was a methyl group for 
alanine and an isopropyl group for valine. In 
the present study, the mechanisms of chiral 
recognition of three enantiomeric pairs by 
one stationary phase were investigated. This 
system was experimentally evaluated by Pirkle 
et d.,” who resolved three N-acyl- l-aryl-l- 
aminoethanes by using (R)-dinitrobenzoyl- 
phenylglycine bonded covalently to amino- 
propyl silica. In all cases the (S) enantiomer was 
retained longer. The solutes differed from one 
another more than did the derivatives of alanine 
and valine used previously.g In one case, a 
methyl group was replaced by a methoxy group, 
and, in the other, a naphthyl group was replaced 
by a phenyl group. 

The effect of the dielectric constant of 
the medium on the relative populations of the 
conformers of the phenylglycine species was 
also examined. These calculated 
course, ignore any specific effects 
result from solvation. 

EXPERIMENTAL 

Single species 

The MM2 program, version 87, by Allinger 
and Yuh was used.” All calculations were per- 
formed on a VAX 750 or a Microvax II. MM2 
was first used for conformational analysis of 
the stationary phase (without considering the 
silica), alone, and each of the three solutes 
alone. 

Several approximations were used. Par- 
ameters for nitro groups were not currently 
available; therefore formyl groups were used. 
Lipkowitz et al. had previously used this 
approximation, as reported above.‘* This 
approximation had seemed suitable, but may 
not have adequately represented the nitro 
groups. Work by Pirkle suggested that diformyl- 
benzoylphenylglycine would have a much lower 
resolving power than the dinitro derivative.‘* 
Therefore, much lower a-values might be 
expected to be obtained in the chromatography, 
and correspondingly smaller calculated differ- 
ences in the energies of the enantiomeric species. 
No silanol parameters were available to us, so 
steric repulsion or attraction interactions be- 
tween the solute and the silica substrate were 
not considered. Also, in some calculations a 
methyl spacer was substituted for the n-propyl 
chain which was used by Pirkle et al.” to bond 

values, of 
that might 

Table 1. The solutes modeled in Fig. 1, the population of the 
most stable conformer, the experimental cc-value, and the 

configuration of the longer retained enantiomer 

Most stable 
conformer, Longer 

Compound Ar Y % a retained 

I I-Naphthyl Methyl 71.2 1.86 s 
II l-Naphthyl Methoxy 60.0 1.52 S 
III Phenvl Methyl 89.2 1.15 s 

phenylglycine to the silica. No specific solvent 
effects were taken into account, and a dielectric 
constant of 4.4 was used for all calculations 
involving the solutes, in order to approximate 
the effect of the mobile phase of 10% isopropyl 
alcohol-90% n-hexane used in the laboratory. 
Table 1 shows the chromatographic results.” 

Figure 1 shows the basic forms of the solutes 
used. Dihedral angles for 0 and 4 were exam- 
ined. In all cases, 8 is the angle involving the 
1-naphthyl C atom, the chiral C atom, N and H. 
For solutes I and II, $ is the dihedral angle 
between the carbon atom at position 9 of the 
naphthyl group, the carbon atom at position 1 
of the naphthyl group, the chiral carbon atom, 
and its hydrogen atom. 

Figure 2 shows the basic numbering system 
for the phenylglycine derivative, and this was 
maintained throughout the study. The dihedral 
angles for the methyl derivative were angle 1 for 
atoms 2, 3, 4, 5 and angle 2 for atoms 3, 4, 6, 
7. These values were also used for the n-propyl 
derivative. In addition, the n-propyl derivative 
had two other dihedral angles on the n-propyl- 
amide chain. They were for the H, N, C, C 
atoms and the N, C, C, C atoms. In all cases, 
it is assumed that viewing is through the second 
of the four atoms listed, towards the third atom. 
A positive value indicates that the fourth atom 
is situated clockwise from the first. A negative 
value indicates that the fourth atom is counter- 
clockwise from the first. 

Docked pairs 

Only the most stable conformations of the 
solutes and the stationary phases were used for 
docking. We first established an arbitrary origin 

CH 3 0 
Fig. 1. Structure of solutes examined by Pirkle er ~1.” 
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Fig. 2. Structure of (R)-Ndiformylbenzoylphenylglycine-N’-propylamide. 

and a standard orientation for each molecule to 
be docked. Each was then treated as a rigid 
body. The carbonyl carbon atom of the benzoyl 
group on the stationary phase was then set 
at the origin 0, 0, 0. Next, the solute molecule 
was set at a specific starting distance described 
by Cartesian coordinates and an orientation 
described by rotation about the Cartesian axes. 
The center of the solute molecule was always 
taken to be the chiral carbon atom. Individual 
values for each of the variables were selected 
randomly from different ranges of numbers. The 
range for the angles of rotation was from 0 to 
360”. The ranges for the starting distances (in A) 
between the molecules were selected so as to 
keep the molecules close enough to one another, 
while also minimizing either interpenetration 
of the molecules or the chance of an atom 
from each molecule being assigned to the same 
location. Thus, the values for the z axis ranged 
from -2.5 to -4.5 8, or from +2.5 to +4.5 A. 
This ensured that the solute molecule was safely 
above or below the stationary phase molecule. 
The x and y axes each had ranges from - 5.0 to 
+5.0 A. These distances corresponded roughly 
to the length of the phenylglycine molecule up 
to the point where the spacer group started. 

A simplex optimization procedure, which 
considered only non-bonding interactions 
and treated the molecules as rigid bodies, was 
used to locate stable orientations of the solute 
molecules with respect to the methyl derivative 
of the stationary phase. Increments of 0.001 A 
and 0.001’ were used in this procedure. At least 
600 different starting orientations for each pair 
were examined, for which final orientations and 
energies were collected. Two (or more) of those 
final orientations were considered to be identical 
if the difference between the origin for the solute 
with respect to that for the stationary phase was 

less than 0.5 8, on the translation axes x, y, z, 
and, in addition, the final rotations about axes, 
R,, Ry, R,, were all within 30”. 

Intramolecular minimization was then per- 
formed only on those orientations for docked 
pairs having energies that were within 4.0 
kcal/mole of those of the most stable one found 
by the simplex. In all cases a threshold energy 
value of 1 .O x lo-’ kcal/mole per atom was used 
to halt calculations. Energies and coordinates 
for the complexes involving the propyl deriva- 
tive were obtained by taking the final (mini- 
mized) coordinates from complexes involving 
the methyl derivative, and using them as the 
initial coordinates for the propyl derivative cal- 
culation. For calculations involving the propyl 
derivative, final structures were again minimized 
by the simplex routine, which treated the 
individual molecules as rigid bodies, followed by 
intramolecular minimization. Sequential use of 
the simplex followed by intramolecular mini- 
mization was repeated until the final steric 
energies of the complexes differed by less than 
0.001 kcal/mole. 

The final complexes were then tested to deter- 
mine whether they were identical. This was done 
by constraining 3 atoms of the phenylglycine 
derivative in each file in the following way: (1) 
one atom was fixed at x = y = z = 0, (2) a 
second atom along one axis (x = y = 0), and (3) 
a third atom in a plane (x = 0). The difference 
between the coordinates of the solutes of the 
two files was then found and if the average 
difference in the positions of the solute atoms 
(calculated from least squares) was at least 3.3 
A, then the complexes were considered different. 
It should be mentioned that, in all cases, when 
two files were found to be identical, the average 
difference for each atom in file one with respect 
to the same atom in file two was within 1.5 A, 
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and no files had an average difference between 
1.5 and 3.0 A. If these values seem high, it 
should be noted that the minima are expected 
to be broad, and large changes in the position 
of a solute chain which does not interact 
strongly with the stationary phase will increase 
the values. 

Final energies for the docked pairs were used 
to predict the elution order for the enantiomers 
as well as the relative LX-values for different 
pairs. When several docked pairs involving the 
same molecules were similar in energy and 
population, Boltzmann-weighted averages were 
calculated by using equation (1). 

E AVG= c (p)i(EOR)i (1) 
i 

In this case, EAyG is the weighted average energy, 
(EOR), the energy for a given orientation of the 
docked pair, and P, the fraction of the popula- 
tion for that orientation, calculated by using a 
Boltzmann distribution. Lipkowitz et al. used a 
similar equation for calculating TFAE inter- 
actions with the diformyl analog of (R)-N- 
dinitrobenzoylphenylglycine-N’-methylamide.7 

We have investigated use of the changes in 
free energies rather than those in the en- 
thalpies.* In order to calculate the free energies 
from the weighted averages, equation (2) was 
used to calculate the entropy change AS, 

AS = -R c (P), In (P), (2) 
i 

where R is 1.99 Cal/mole. The free energy 
change, AC, can then be calculated by using 
equation (3). 

AC = AEAVG - TAS (3) 

Eflect of dielectric constant. The effect of 
altering the dielectric constant, on the distri- 
bution of stable conformers of (R)-dinitro- 
benzoylphenylglycine-N’-methylamide, was ex- 
amined by using values of 1.5, 3.1, 4.4 and 6.5 
for the dielectric constant. These values cor- 
respond, respectively, to a gas phase in the 
MM2 approximation, and to liquid phases of 
5%, 10% and 20% v/v isopropyl alcohol in 
n-hexane. The dielectric constant only partially 
accounts for solvent effects. Specific inter- 

*The calculated value for a final steric energy (FSE) for a 
molecule depends on the choice of the parameters for the 
initial states of the atoms, but the FSE value calculated 
for a docked pair generally agrees well even when 
somewhat different sets of parameters are used, which 
suggests that AH values are being calculated. 

actions, which may alter 
complexes, are not included. 

RESULTS 

Single species 

the stability of 

Stable conformations for the solutes (I, II and 
III) and the relative populations of the (R) 
enantiomers at a dielectric constant of 4.4 are 
shown in Tables 2-4. In all cases at least 60% 
of the population was represented by one con- 
former. Only the global minima for the individ- 
ual molecules were used for docking. 

Tables 5 and 6 show the stable conformations 
for the methyl (CSP-methyl) and propyl deriva- 
tives (CSP-propyl) of the stationary phase at a 
dielectric constant of 4.4. Again, only the most 
stable conformer was used for docking. 

The results of changing the dielectric constant 
(6) are summarized in Table 7. Note that, for a 
dielectric constant of 1.5, which corresponded 
to the gas phase, the most stable conformer 
represented 75% of the population. However, 

Table 2. Stable conformers of (R)-N-(methylcarbonyl)-l- 
naphthyl-1-aminoethane I 

Population?, 
6, deg 4. deg El, kcal/mole % 

41 -22 0.00 71.2 
-145 -26 0.75 20. I 

-66 -33 2.34 1.3 
129 -60 3.31 1.4 
107 30 8.53 0.03 

*Relative energy differences. 
TRelative percentage of population calculated by using In 

K = -E/RT and assuming the entropies of individual 
conformers are the same. 

Table 3. Stable conformers of (R)-N-(methyoxycarbonyl)-l- 
naphthyl-aminoethane II 

Population, 
6, deg 4. deg E*, kcallmole % 

46 -23 0.00 60.0 
-146 -30 0.66 19.7 

48 -81 0.96 11.7 
-66 -33 1.26 7.0 
129 -60 2.14 1.6 
107 30 7.31 0.0003 

*Relative energy difference. 

Table 4. Stable conformers of (R)-N-(methylcarbonyl)-l- 
phenyl-I-aminoethane III 

Population, 
0, deg 4. deg E *, kcallmole % 

45 -31 0.00 89.2 
-60 -40 1.35 9.1 
-60 129 2.34 1.7 

*Relative energy differences. 



Computational studies of chiral separations 603 

Table 5. Most stable conformers of (R)-N-diformylbenzoyl- 
phenylglycine-N’-methylamide and relative energies and 

populations at a dielectric constant of 4.4 

Angles, deg 
E*, Population, 

Conformer 1 2 kcallmole % 

1 56 -12 0.00 33.05 
2 -39 115 0.26 21.31 
3 -51 -114 0.30 19.91 
4 42 -9 0.60 12.00 
5 52 -97 0.78 8.54 
6 172 101 1.16 4.66 
7 42 122 2.99 0.21 

*Relative energy differences. 

Table 6. Most stable conformers, energies and populations 
of (R)-N-diformylbenzoylphenylglycine-N’-n-propylamide 

when angles 1 and 2 are - 12” and 56” 

E+, Population, 
N,C,C.C f-WCC kcal/mole % 

-71 60 0.00 38.87 
-60 -63 0.12 31.74 

62 63 0.79 10.24 
60 -60 0.81 9.90 
63 180 0.85 9.25 

*Relative energy difference. 

under the experimental liquid chromatographic 
conditions (6 = 4.4), this conformer represented 
only about 20% of the population. Similarly, 
the most stable conformation at L = 4.4 was 
calculated to represent 33%, whereas it repre- 
sented only 8% of the total population at 
L = 1.5. Note, too, that changing from 5% to 
20% isopropyl alcohol (i.e., from E = 3.1 to 
L = 6.5) can also produce major shifts in the 
populations, especially for conformers 2-4. 
Therefore, the choice of dielectric constant 
critically affects the relative populations of 
conformers. Hence, all data for docked species 
were calculated with a dielectric constant of 4.4 
to approximate to the experimental conditions 
as well as possible. 

Docked species involving CSP-propyl 

Docking studies involving the most stable 
conformer of CSP-propyl with the most stable 
conformer of each enantiomer of solutes I, II 
and III correctly predicted the elution order 
of all three solutes when the free energies 
were used, but for only two solutes when the 
enthalpies were used. Table 8 shows the 
weighted average changes in enthalpies (AH), 
entropies (AS) and free energies (AG) for all 
three solutes. The AH and AG values were 
rounded off, which can account for a total 
rounding-off error of 0.02 kcal/mole in the AG 
value. Table 9 shows the final steric energies 
(enthalpies) of the individual complexes, used 
to calculate the weighted average values. 
The percentage of a given complex in the 
population is also shown. 

Note that the largest difference between the 
free energy changes, A(AG), was for I (1.05 
kcal/mole) and the smallest was for III (0.02 
kcal/mole). Thus the relative order of the a- 
values was also predicted correctly. The results 
indicate that both I and II would be resolved, 
but III would have an a-value of 1 .OO, within 
experimental error. However, it is important 
to remember that use of the much stronger 
dinitrobenzoylphenylglycine in the laboratory 
tests gave an a-value of only 1.15 for III. 

Solute I. The most stable complex of (S)- 
I/CSP-propyl in Fig. 3a shows the naphthyl ring 
of (S)-I above the carbonyl group of the phenyl- 
glycine and the amino group of the spacer. 
In this orientation, the phenyl group of the 
CSP-propyl is below the plane of the paper. 
This orientation is similar to that of the most 
stable complex of (S)-TFAE with CSP-methyl 
proposed by Lipkowitz et al.’ 

Figure 3b shows the most stable (R)-I/CSP- 
propyl complex. In this case, (R)-I is on the 
same side of the CSP as the phenyl ring bonded 

Table 7. Effect of dielectric constant on relative populations of conformers 
of (R)-N-difonnylbenzoylphenylglycine-N’-methylamide 

Angles, deg Population*, % 

Conformer 1 2 t = 1.5 t =3.1 t = 4.4 c =6.5 

1 56 -12 8.00 32.67 33.05 30.41 
2 -39 115 75.50 36.77 21.31 7.88 
3 -57 -114 0.24 9.21 19.91 30.92 
4 42 -9 0.31 6.68 12.00 17.70 
5 52 -97 0.68 6.24 8.54 9.98 
6 172 101 15.19 8.18 4.66 2.86 
7 42 122 0.02 0.24 0.21 0.23 

*Calculated by using E = RT/nAK. 
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Table 8. The changes in enthalpies (weighted average energies), AH, entropies, AS, free energies AG and the difference 
between the free energy changes, A(AG) for solutes 1, II and III with CSP-propyl 

AH, kcallmole AS, cal.mole-‘.deg-’ AG, kcallmole 
WW, NW, WG)*, 

(S) CR) kcallmole (S) W cal.mole-I.&g- @) W kcal/mole 

I -21.18 -26.83 -0.95 3.94 3.66 0.28 -28.95 -27.90 -1.05 
II -28.07 -28.21 0.14 2.87 1.48 1.39 -28.92 - 28.67 -0.25 
III - 20.96 -20.87 -0.09 2.74 2.86 -0.12 -21.75 -21.73 -0.02 

*For (S) - (R). 

Table 9. AH values (-kcal/mole) and populations (%) for individual complexes with CSP-propyl in decreasing order of 
stability, the calculated weighted average energies 

Solute I Solute II Solute III 

(S) (R) (S) (R) (S) (R) 

AH Popn. AH Popn. AH Popn. AH Popn. AH Popn. AH Popn. 

28.14 25.49 27.35 37.98 28.45 45.00 28.50 17.27 21.31 52.43 21.40 51.55 
28.06 22.21 26.85 13.33 28.02 21.77 21.56 15.80 20.94 26.23 20.13 18.56 
27.93 17.88 26.73 16.33 27.99 20.69 26.64 3.34 20.18 7.03 20.15 6.97 
21.49 8.50 26.56 10.01 27.03 4.09 26.32 1.95 20.13 6.46 19.70 3.21 
27.43 7.68 26.26 6.03 27.02 4.02 26.22 1.64 19.63 2.78 19.67 3.10 
27.30 6.17 26.23 5.73 26.82 2.87 19.61 2.68 19.61 2.80 
27.14 4.71 26.11 4.68 26.46 1.56 19.54 2.39 19.60 2.15 
27.12 4.55 26.04 4.16 19.50 2.33 
26.49 1.57 25.53 1.76 19.22 1.45 
26.05 0.75 19.12 1.22 

25.73 0.44 
Mean AH 27.78 26.83 28.07 28.21 20.96 20.87 
Mean AG 28.95 27.90 28.92 28.67 21.75 21.73 

to the chiral carbon atom of CSP-propyl. The the naphthyl ring of @)-II interacts with both 
hydrophobic interactions between the naphthyl the carbonyl moiety of the protecting group and 
ring and the diformylphenyl group and the the phenyl ring bonded to the chiral carbon 
phenyl ring were large. atom of CSP-propyl. The diformylphenyl group 

Solute ZZ. Figure 4a shows the most stable (S) of CSP-propyl interacts with the amino group 
complex. The (S) enantiomer is on the same side and the methyl group bonded to the chiral 
of the CSP-propyl as the phenyl ring bonded to carbon atom of (S)-II. 
the chiral carbon atom of CSP-propyl. The In the most stable (R) complex, Fig. 4b, 
methoxy oxygen atom of (S)-II interacts with (R)-II is on the same side of the CSP-propyl as 
the protected amino group of CSP-propyl. Also the phenyl ring bonded to the chiral carbon 

Fig. 3a. Most stable orientation of (S)-I/CSP-propyl, AH = -28.14 kcal/mole. 
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Fig. 4a. Most stable orientation of (S)-II/CSP-propyl, AH = -28.45 kcal/mole. 

Fig. 4b. Most stable orientation of (R)-II/CSP-propyl, AH = -28.50 kcal/mole. 
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atom. The orientation is similar to that of the 
most stable (R)-I/CSP-propyl complex. The 
naphthyl ring of (R)-II interacts with the di- 
formylphenyl ring of CSP-propyl. Also, the 
oxygen atom of the methoxy group of (R)-II is 
oriented to interact with the hydrogen atom of 
the protected amine of CSP-propyl. Table 9 
shows the energies of individual complexes of 
(S)-II and (R)-II with CSP-propyl. 

Solute ZZZ. In Fig. 5a, the phenyl ring of 
(S)-III and the diformylphenyl group of CSP- 
propyl are oriented to interact strongly. (S&III 
is able to form a hydrogen bond with the phenyl 
group of CSP-propyl. Also, the methyl group of 
(S)-III is able to interact hydrophobically with 
the phenyl group bonded to the chiral carbon 
atom of CSP-propyl. 

Figure 5b shows the most stable (R) complex. 
In this particular orientation, (R)-III is on the 
same side of CSP-propyl as the phenyl ring. The 

amino hydrogen atom of (R)-III interacts 
strongly with the diformylphenyl ring of 
CSP-propyl. The phenyl group of (R)-III 
interacts strongly with both the carbonyl of 
the protecting group and the phenyl ring of 
CSP-propyl. 

Relative stabilities of dtyerent orientations 

Similar comparisons of the orientations of the 
most stable complexes of the (S) enantiomers of 
I, II and III (Figs. 3a, 4a and 5a) revealed that 
all three of the most stable complexes differed. 
In two of these three cases, however, similar 
orientations were found among the stable 
complexes used. 

Table 10 shows that the fourth most stable 
complex of (S)-II/CSP-propyl and the fifth 
most stable complex of (S)-III/CSP-propyl were 
similar to the most stable complex of (S)-I/CSP- 

propyl. 

Fig. Sa. Most stable orientation of (S)-III/CSP-propyl, AH = -21.40 kcal/mole. 

Fig. 5b. Most stable orientation of (R)-III/CSP propyl, AH = -21.37 kcal/mole. 
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Table 10. AH values (-kcal/mole) of most stable complexes of 
enantiomers of solutes I, II, and III with CSP-propyl together with the 
AH values and ranks of corresponding complexes of analytes having the 

same chiral configuration 

Most stable 
solute structure 

(S)-I (Fig. 3a) 
(S)-II (Fig. 4a) 
(S)-III (Fig. 5a) 

Corresponding complexes 

(S)-I @)-II (S)-III 

28.14(l)* 27.02 (5)+ 19.61 (6)* 
25.22 (-)t 28.45 (1) 20.94 (2) 
27.93 (3) 26.82 (6) 27.37 (1) 

(R)-I (R)-II (R)-III 

(R)-I (Fig. 3b) 27.35 (I)* 28.50 (I)* 20.73 (2)* 
(R)-II (Fig. 4b) 27.35 (1) 28.50 (1) 20.73 (2) 
(R)-III (Fig. 5b) 26.11 (7) 24.02 (-)t 21.40 (1) 

*Number in parentheses represents the ranking in relative stability, with 
1 having the highest stability. 

tNot ranked or included in the calculation of weighted average energies. 

Also the most stable complex for (S)-II 
(-28.45 kcal/mole) was similar to the second 
most stable complex for (S)-III (- 20.94 kcal/ 
mole). However, the corresponding complex for 
(S)-I was calculated to have an energy of 
-25.22 kcal/mole; thus, this orientation was 
not used to calculate the weighted average 
energy for (S)-I complexes. 

The orientation of the most stable complex 
for (S)-III (- 27.37 kcal/mole) corresponded 
to the third most stable orientation for both 
(S)-I (- 27.93 kcal/mole) and (S)-II (- 26.32 
kcal/mole). 

The most stable complexes for the (R) 
enantiomers of I, II and III (Figs. 3b, 4b and 5b) 
were all similar. Table 10 shows the most stable 
complexes of (R)-I ( - 27.35 kcal/mole) and (R)- 
II ( - 28.50 kcal/mole) had the same orientation 
as the second most stable complex for (R)-III 
(- 20.73 kcal/mole). The most stable complex 
for (R)-III corresponded to the seventh most 
stable complex for (R)-I (-26.10 kcal/mole); 
however, the energy for this orientation was 
calculated to be only -24.02 kcal/mole when 
(R)-II was used. 

Docked species involving CSP-methyl 

In previous work,’ a methyl spacer was 
used to approximate the propyl spacer of 

diformylbenzoylphenylglycine. For the solutes 
we examined, use of a methyl spacer yielded 
computational results which did not correspond 
to the experimental data as well as did the data 
computed by use of a propyl spacer. 

In the present study, when a methyl spacer 
was used, the retention order of only two of the 
three solutes (I and II) was predicted correctly 
(Table 11). Furthermore, the calculated elution 
order for solute III was not only incorrect, but 
also the a-value was predicted to be larger than 
that for I or II. Note also that the relative 
a-values of I and II were predicted to be similar 
in value, as the absolute values of AG were 0.57 
and 0.5 1 kcal/mole, respectively. 

Solute I. The most stable complex of (S)- 
I/CSP-methyl was similar to the most stable 
complex of (S)-I/CSP-propyl (Fig. 6a). The 
most stable complex of (R)-I/CSP-methyl 
(Fig. 6b) has an orientation similar to that of the 
third most stable (R)-I/CSP-propyl complex. 
The naphthyl ring of (R)-I interacted with 
both the diformylphenyl ring and the amino 
hydrogen atom of CSP-methyl. The amino 
group of (R)-I also interacted strongly with the 
phenyl ring bonded to the chiral carbon atom of 
CSP-methyl. 

The size of the spacer group not only affected 
the calculated elution order and a-values, but 

Table 11. The changes in enthalpies (weighted-average energies) (AH), entropies (AS), free energies (AG), and 
their differences for solutes I, II, and III with CSP-methyl 

AH, kcallmole AS, cal.mole-I.&g-’ AG, kcal/mole 
A(AH), A(AS), A(AG), 

Solute (S) (R) (S) - (R) (S) (R) (S) - (R) (S) (R) (S) - (R) 

I -27.84 -27.18 -0.66 3.12 3.42 -0.30 -28.77 -28.20 -0.57 
II -28.07 - 27.70 -0.37 2.37 1.90 0.47 -28.78 -28.27 -0.51 
III -21.50 - 22.46 0.96 1.18 0.45 0.73 -21.85 -22.60 0.75 
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Fig. 6a. Most stable orientation of (S)-l/CSP-methyl, AH = -28.12 kcal/mole. 

Fig. 6b. Most stable orientation of (R)-I/CSP-methyl, AH = -27.62 kcal/mole. 

also the mechanistic details. In the most stable 
complexes involving CSP-methyl, the solute was 
located near the methyl spacer group. In the 
complexes involving CSP-propyl, the most 
stable complexes showed strong interaction with 
the diformylphenyl ring. For (R)-I, (R)-II and 
(S)-III, this interaction involved n-n bonding 
with the aromatic group of the solute. For (S)-I, 
(S)-II and (R)-III, the diformylphenyl group 
interacted strongly with the amino group and 
the methyl group. 

Solute ZZ. The most stable (S)-II/CSP-methyl 
complex (Fig. 7a) shows that the naphthyl ring 

of (S)-II on the same side of CSP-methyl as the 
phenyl ring bonds to the chiral carbon atom of 
CSP-methyl. The naphthyl ring of (S)-II inter- 
acts with both the phenyl ring and both amino 
hydrogen atoms of CSP-methyl. The methoxy 
oxygen atom of (S)-II also form a hydrogen 
bond with the amino hydrogen atom of the 
spacer group. 

Figure 7b shows the most stable (R)-II/CSP- 
methyl complex. The orientation is similar to that 
of the most stable (R)-I/CSP-propyl complex. 

The free energy changes also predicted that 
(S)-II would be retained longer than (R)-II. The 
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Fig. 7a. Most stable orientation of (S)-II/CSP-methyl, AH = -28.50 kcal/mole. 

Fig. 7b. Most stable orientation of (R)-II/CSP-methyl, AH = -28.00 kcal/mole. 

energies for the (S)-II/CSP-methyl complexes 
were calculated to be -28.78 kcal/mole, com- 
pared with -27.27 kcal/mole for the (R)- 
II/CSP-methyl complexes. Even though (S)-II 
was predicted to be retained longer than (R)-II, 
there was an energy difference of 0.5 1 kcal/mole, 
which was similar to that for I. This implies that 
II should have an a-value similar to that of I. 
It should be mentioned that the (S)-II/CSP- 
propyl complex similar to the most stable 
(S)-II/CSP-methyl complex had an energy of 
- 25.96 kcal/mole. 

Solute ZZZ. The free energy changes contra- 
dicted the chromatographic data, as did use of 
the enthalpies of the most stable complexes. 

Figure 8a shows the most stable (S)-III/CSP- 
methyl complex, where the solute is located on 

the same side of the CSP-methyl as the phenyl 
ring bonded to the chiral carbon atom. The 
aromatic ring of (S)-III interacts with the di- 
formylphenyl group of CSP-methyl, and amide 
hydrogen atom and the methyl group of (S)-III 
interact with the phenyl ring of the CSP-methyl. 

Comparison of (R)-ZZZ/CSP-propyl and (R)- 
ZZZ/CSP-methyl 

Figure 8b shows the most stable complex for 
(R)-III/CSP-methyl. The aromatic ring of (R)- 
III interacts with the phenyl ring of CSP-methyl 
bonded to the chiral carbon atom. The aromatic 
ring is also in a position to interact with the 
carbonyl oxygen atom bonded to the spacer 
chain, and the hydrogen atom of the protected 
amine. The amino group of (R)-III is also 



610 MIRON G. STILL and L. B. ROQE~S 

Fig. 8a. Most stable orientation of (S)-IIi/CSP-methyl, AH = -21.76 kcal/mole. 

Fig. 8b. Most stable orientation of (R)-III/CSP-methyl, AH = -22.66 kcal/mole. 

oriented so as to form a hydrogen bond to the 
phenyl group bonded to the chiral carbon atom 
of CSP-methyl. The enthalpy change for the 
similar complex of (R)-III/CSP-propyl was only 
- 19.12 kcal/mole. 

There was a large energy difference between 
the most stable (R)-III/CSP-methyl and (R)- 
III/CSP-propyl complex with the same orien- 
tation. The largest energy difference was for the 
intermolecular hydrogen bonding and van der 
Waals interactions. The (R)-III/CSP-methyl 
complex had an intermolecular interaction 
energy of - 17.14 kcal/mole, whereas the value 
was - 13.01 kcal/mole for the similar (R)- 
III/CSP-propyl complex (Table 12). The calcu- 
lated energy of interaction between the amide 
hydrogen atom of the solutes with the CSPs was 
-6.53 kcal/mole for the (R)-III/CSP-methyl 

complex and only -2.76 kcal/mole for the 
(R)-III/CSP-propyl complex (Table 13). Simi- 
larly, the calculated energy of interaction with 
the phenyl group in (R)-III/CSP-methyl was 
-9.85 kcal/mole, compared with -5.62 
kcal/mole for (R)-III/CSP-propyl (Table 13), 
thus these two groups served to stabilize the 
(R)-III/CSP-methyl complex more than the (R)- 
III/CSP-propyl complex. 

CONCLUSIONS 

We have now shown that using only weighted 
average enthalpy change terms did not always 
yield results and conclusions agreeing with those 
based on free energies or with experimental 
data. Table 9 shows that the weighted average 
enthalpy change for (S)-II is 0.14 kcal/mole less 
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Table 12. Comparison of enthalpies (kcal/mole) of interaction between 
individual atoms or small groups of atoms in (R)-III with the entire molecule 

of CSP-methyl or CSP-orowl 

Group or atom 
(CSP-methyl) 

CSP-methyl CSP-propyl - (CSP-propyl) 

H of amide 
Methyl on chiral C 
Carbonyl 0 
Methyl (formyl) 
Carbonyl C 
H on chiral C 
Phenyl 
N 

Total 

-6.53 -2.76 -3.77 
-0.85 -0.34 -0.51 
-0.49 -0.37 -0.12 
-0.55 -0.45 -0.10 
-0.65 -0.57 -0.08 
-0.75 -0.82 + 0.07 
-7.08 -7.18 +0.10 
-0.25 -0.52 +0.27 

-17.15 - 13.01 -4.14 

Table 13. Comparison of enthalpies (k&/mole) of interaction between individual 
atoms or small groups of atoms in CSP-methyl or CSP-propyl with the entire 

molecule (R)-III 

Group or atom 

Phenyl 
Spacer N 
H of amide spacer 
H of chiral C 
H of protected amide 
Carbonyl 0 (DFP) 
Carbonyl 0 (spacer) 
Protected N 
Diformylphenyl (DFP) 
Carbonyl C (DFP) 
Carbonyl C (spacer) 
Alkyl chain (spacer) 

Total 

(CSP-methyl) 
CSP-methyl CSP-propyl - (CSP-propyl) 

-9.85 - 5.62 -4.23 
-0.42 -0.19 -0.23 
-0.27 -0.05 -0.22 
-0.55 -0.36 -0.19 
- 1.77 - 1.61 -0.16 
-0.09 -0.09 -0.00 
-0.27 -0.27 -0.00 
-0.41 -0.42 +0.01 
-1.73 - 1.74 +0.01 
-0.26 -1.27 +0.01 
-0.36 -0.37 +0.01 
-1.16 -2.02 +0.86 

- 17.14 - 13.01 -4.13 

negative than that for (R)-II. This indicates a 
small a-value, of approximately 1. On the other 
hand, the calculated free energy change for 
@)-II complexes was 0.25 kcal/mole more nega- 
tive than that for (R)-II, hence @)-II should be 
retained longer than (R)-II; this was indeed the 
case, as shown experimentally, assuming that 
formyl groups behave qualitatively, but not 
quantitatively, like nitro groups. 

The most stable orientations calculated for 
each enantiomer were nearly always similar to 
one of the more stable complexes involving the 
other solutes. Furthermore, hydrophobic inter- 
actions were predicted to be important, espe- 
cially the interactions involving the phenyl 
group bonded to the chiral carbon atom of 
the CSP. Eleven of the twelve most stable 
complexes showed an orientation in which the 
solute was on the same side of the CSP as the 
phenyl group. It should also be pointed out, 
however, that many of the complexes that were 
used to calculate changes in free energies did 
have large interactions involving the carbonyl 
groups and amino groups. Thus, these groups 
are important in chiral recognition. 

In our previous work, we examined only 
small structural changes in the (R) group of two 
amino-acid derivatives.g In the present work, 
larger changes were made in the solutes and 
hence provided a more difficult test for MM2. 
A hydrophobic aromatic group, naphthyl, was 
used in some calculations whereas a phenyl 
group, which is smaller and much less hydro- 
phobic, was used in other calculations. Also, a 
methoxy group, which contains an oxygen atom 
capable of hydrogen bonding, was present in 
solute II, whereas I and III contained only a 
hydrophobic methyl group. Substitution of 
nitro groups by formyl groups may have 
produced the relatively small a-value calculated 
for solute III when CSP-propyl was used. 
Experimental data have indicated that diformyl- 
benzoylphenylglycine is not as powerful a phase 
as dinitrobenzoylphenylglycine.‘3 

Our work, like that of Topiol et uZ.,~ suggests 
that small dzfirences in energy between SS 
and SR complexes appear to be reliable, even 
though they are usually less than 1 kcal/mole. In 
addition, we have shown that in our study 
the structures of the most stable SS and SR 
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complexes differ for each of the three pairs of 
enantiomers examined. (This was not true in our 
first study, involving two pairs of more closely 
related structures). Furthermore, the present 
study shows that differences in the weighted- 
average free energies of different SS and SR 
complexes for a given enantiomeric pair also 
lead to predictions in qualitative agreement with 
experiment. What remains to be done is to start 
with other conformations of the CSP and of 
each of the enantiomeric solutes. This is needed 
because the fraction of the most stable con- 
former was less than 50% of the total species. 

For each enantiomer and each CSP, at least 
600 orientations were generated randomly and 
the non-bonded interactions were minimized. 
For each pair, between 25 and 50 of the most 
stable orientations differed in energy from the 
most stable by not more than 4.0 kcal/mole. 
Intramolecular minimization of these species 
further decreased the number of unique orienta- 
tions to between 5 and 11 for each system. While 
it cannot be guaranteed that all minima were 
located for any given system, the technique 
seems quite adequate. Finally, the present study 
again demonstrates the importance of the size of 
the spacer group and shows that use of a smaller 
group leads to incorrect predictions. 
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Summary-‘I’he possibility of application of a sulpho-derivative of an aromatic organic complexing 
agent for separation of cations on aluminium oxide has been investigated. Alumina modified with 
Nitroso-R salt is used for recovery of cobalt from a tap water and for selective separation of palladium 
from rhodium. 

The selective and quantitative separation of 
metal ions from aqueous solution by a number 
of materials has been extensively investigated; in 
particular, chelating agents immobilized on var- 
ious supports have been recommended for the 
purpose.‘-” 

Recently, porous aluminium oxide has 
been successfully used in electr~hemistry for 
immobilization of electroactive reagents on 
electrodes,“*” so it seemed worth trying it as a 
support for immobilization of complexing 
reagents for chromatographic separation and 
preconcentration of metal ions. The following 
reagents have therefore been examined; tiron, 
8-hydroxyquinoline-<-sulphonic acid (HQS), 
ferron, nitroso-R salt (NRS), Alizarin Red S, 
Bromopyrogallol Red (BPR) and Xylenol 
Orange (X0). Separation of some metal ions 
was obtained, and the alumina modified with 
NRS was adopted for recovery of cobalt from 
a tap water and for the selective separation of 
palladium from rhodium. 

Apparatus 

The atomic-absorption spectrometers used 
were a Beckman model 1272 with Pye Unicam 
GRM-1268 graphite furnace atomizer and a 
Zeiss Jena model AAS- with air-acetylene 
burner. The conditions used for determining the 
various elements were those r~ommended by 
the manufacturers. The pH of solutions was 
measured with an Elpo model N-5 17 pH-meter 
and a Radiometer combined glass/calomel 
electrode. The flow-rate was regulated with a 
peristaltic pump. 

The columns employed had an internal di- 
ameter of 6 mm and were fitted with a stopcock. 

Reagents 

The alumina used was “acid for column 
chromatography” with Brockmann activity I, a 
specific surface area of 186 m2/g, and average 
pore diameter of 4 1 A. It was repeatedly washed 
with hot water and finally air-dried. 

The ligands tested were disodium 1,2-dihy- 
droxy~~ene-3,5-disulphonate (tiron), 8-hy- 
droxyquinoline-5-sulphonic acid (HQS), di- 
sodium 1-nitroso-2-naphthol-3,6-disulphonate 
(ni~os~R~lt,NRS),7-iod~8-hydroxyquinoline- 
5-sulphonic acid (ferron), sodium 1,2-dihydroxy- 
anthraquinone-3-sulphonate (Alizarin Red S), 
3,3’-dibromosulphongallein (Bromopyrogallol 
Red, BPR) and Xylenol Orange (X0). Their 
solutions were prepared by dissolving the com- 
mercial analytical-grade reagents in water. 

A palladium solution was prepared by dis- 
solving PdCIZ in hydrochlo~c acid. A platinum 
solution was prepared by dissolving pure (SN) 
platinum wire in aqua regia, evaporating the 
solution to dryness, removing nitrate by 
repeated evaporations with concentrated 
hydrochloric acid, and finally diluting with 
dilute hydrochloric acid. A rhodium(II1) solu- 
tion was obtained by dissolving RhCl, . 3H20 in 
concentrated hydrochlo~c acid, evaporating the 
solution to low bulk and diluting to known 
volume with dilute hydrochloric acid. Other 
metal ion solutions were prepared by diluting 
standard solutions (1000 ppm, for atomic- 
absorption, Merck) as required. All other 
chemicals were analytical-grade reagents. 
Twice-distilled water was used. All laboratory 
glassware and the polyethylene bottles used 
were thoroughly cleaned by soaking in nitric 
acid (1 -t 9) and then rinsing with twice-distilled 
water. 
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Determination of the adsorption isotherms of the 
ligands 

The sorption of the ligands on the alumina 
was measured under static conditions. A 0.200-g 
portion of A&O3 was shaken with 20 ml of 
ligand solution (of various concentrations) at 
pH 2.0-2.2 for 12 hr. After 24 hr the equilibrium 
concentration of ligand in the solution was 
measured by spectrophotometry. 

Stability of the modtfied alumina towards acid 
and alkali 

A SO-ml portion of O.lM mineral acid or 
sodium hydroxide was passed through a column 
containing 0.500 g of the alumina modified with 
0.2 mmole of ligand per gram, at a flow-rate 
of 1 .O & 0.2 ml/min. The concentration of com- 
plexing reagent in the effluent was measured 
spectrophotometrically. 

Retention of metal ions as a function of pH 

Samples (0.200 g) of Al*O, modified with 
NRS (0.1 mmole/g) were mixed with 20 ml 
of metal ion solution (2 x 10U4M) adjusted to 
appropriate pH-values. After equilibrium was 
reached (24 hr) the residual metal ion concen- 
tration was determined by AAS. 

Determination of breakthrough capacity 

Solutions of cobalt(I1) and copper(I1) (0.5 
pg/ml) at pH 2-O-2.2 were passed through a 
column of 1.0 g of alumina modified with NRS 
(0.2 mmole/g) at a flow-rate of 3 ml/min. The 
breakthrough point was taken as the position at 
which the metal ion concentration in the eluate 
was 10% of that in the sample solution. 

Separation of Pd(II) and Rh(III) 

A lo-ml portion of a solution containing 
0.10 mg each of Pd and Rh at pH 2.0-2.2 was 
passed through a column of 1 .O g of alumina or 
of modified alumina (NRS 0.2 mmole/g) at a 
flow-rate of 0.5 ml/min. The column was then 
washed with 20 ml of a selected eluent and the 
concentrations of Pd and Rh in the effluent were 
determined by AAS. 

Column separation of Pd(II) from Rh(ZIZ) and 
Pt(IV) 

A 5-ml portion of a solution containing a 
mixture of metal ion chloro-complexes (Pd-Rh, 
Pd-Pt, Pd-Rh-Pt) at pH 2.0-2.2 was passed 
through a column of 0.25 g of alumina modi- 
fied with NRS (0.2 mmole/g) at a flow-rate of 
0.5 ml/min. The column was washed with water 
and the Rh and/or Pt retained were eluted with 

20 ml of 1M hydrochloric acid. Palladium was 
next eluted with 10 ml of 0.02M sodium hydrox- 
ide into a 25-ml standard flask, and the solution 
was diluted to volume. The metal ions were 
determined by AAS. 

Determination of cobalt in tap water 

Three litres of tap water, adjusted to pH 
2.0-2.2 were passed through a column con- 
taining 1.0 g of modified alumina (NRS 0.2 
mmole/g, bed height 5 cm, column diameter 
6 mm) at a flow-rate of 3 ml/min. The cobalt 
was eluted with 10 ml of 0.2M sodium hydrox- 
ide and determined by AAS. 

Determination of palladium in rhodium com- 
pouna!s 

A weighed sample of RhCl, (Koch Light) was 
dissolved in 10 ml of concentrated hydrochloric 
acid, the solution was evaporated to dryness and 
this step was repeated. The residue was dis- 
solved in 10 ml of 2M hydrochloric acid, and the 
solution was diluted to volume in a 25-ml 
standard flask. An HgRhCI, (State Mint) solu- 
tion (5048 mg/l.) was diluted as required. 
Aliquots (5 ml) of these solutions were adjusted 
to pH 2.0-2.2 and introduced into a column of 
0.25 g of alumina modified with NRS (0.20 
mmole/g). The rhodium retained was eluted 
with 10 ml of IM hydrochloric acid. The 
column was then washed with about 20 ml of 
water, and palladium was eluted with 10 ml of 
0.02M sodium hydroxide and water and made 
up to volume in a 25-ml standard flask. 

RESULTS AND DISCUSSION 

Sorption of chelating reagents on the alumina 

The adsorption isotherms of the seven chelat- 
ing agents on the alumina are presented in Fig. 1. 
It is clear that the size of the reagents has an 
effect on the adsorption capacity of the alumina. 
An increase in reagent size decreases the capac- 
ity of the alumina for sorption of the reagent. 

The sorption capacity was determined at pH 
2.0-2.2, at which alumina acts as a cation- 
exchanger (there is a positive charge on its 
surface), but in our experiments the reagents are 
immobilized on the surface of the alumina by 
sorption rather than exchange. 

Figure 2 illustrates the stability of the 
modified alumina towards mineral acids and an 
alkali. The degree of resistance to attack is in 
agreement with the affinity of the anion species 
for alumina. I3 
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Fig. 1. Adsorption isotherms of ligands. 

Retention of metal ions on the modijsed alumina 

NRS was chosen as a representative ligand 
for further examination of the modifled alumina 
and the separation of some metal ions. The 
affinity of the metal ions for the modified alu- 
mina was measured as a function of pH. Results 
are presented in Fig. 3. The shape of the curves 
indicates that the sorption as a function of pH 
depends on the complexing ability of the ligand 
immobilized on the alumina. Alumina itself also 
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acts as a cation-exchanger (in acid medium), but 
if no complexing ligand is’ present, metal ions 
that form insoluble hydroxides with be precipi- 
tated. The sorption of metal ions at higher pH 
is possible only in the presence of a ligand 
immobilized on the alumina. 

There is some differentiation of the retention 
of metal ions on NRS-A&O,. In acid medium 
(pH < 2) only Co(II), Cu(I1) and Fe(III), which 
form stable complexes in this medium, are 
strongly retained on the modified alumina. 

NRS Allzarin red S BPR 

123456 123456 123456 123d 
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Fig. 2. Release of ligands from modified alumina by 1-HClO,, 2-HNOI, 3-HCI, 4-H,SO,, 
5-H,PO,, 6-NaOH. 
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Fig. 3. Retention of metal ions on the NRS-loaded A&O,, as a function of pH. 

Owing to the complexation ability of NRS, 
cobalt is very strongly retained on NRS-A&O, 
at pH 2-8, probably as cobalt(II1). At higher pH 
(8-12), at which the NRS is partly removed 
from the NRS-A&O, phase by hydroxide ions, 
the retention of cobalt is decreased, probably 
because of insufficient NRS in the alumina 
phase to form the 3: 1 NRS-Co(III) complex. 

Cu(II), which forms the stable ML2 nitroso-R 
salt complex, is retained over the whole pH 
range investigated (2-12). The greater retention 
of Cu(I1) than of Co(I1) in basic medium 
(pH > 8) is also probably due to the amount 
of NRS in the alumina phase being insuflicient 
to form the 3 : 1 NRS-Co complex, but enough 
to form the Cu complex. 

With sodium hydroxide solution as eluent, 
cobalt can be separated from copper, and both 
copper and cobalt from the other metal ions 
investigated. 

Figure 4 shows the retention of platinum 
metal ions on unmodified and NRS-modified 
alumina as a function of pH. The modified 
alumina gives lower retention of Pt(IV), Rh(II1) 
and Ir(IV) chloro-complexes than that on 
the unmodified alumina, but increased retention 
of Pd(II), which forms stable red NRS com- 
plexes that are strongly sorbed on the modi- 
fied alumina. This is utilized for the selective 

separation of palladium from the other plat- 
inum metals. 

Preconcentration of Co(ZZ), Cu(ZZ) and Fe(ZZZ) 

Ni(II), Mn(II), Zn(II), Cd(II), Pb(I1) and 
Cr(II1) are not bound to the NRS-A&O, in acid 
medium and under dynamic conditions only 
Co(II), Cu(I1) and Fe(III), of the ions tested, are 
retained on the column. Cobalt(I1) and iron(II1) 
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60 

I I I I I I I I I II 
0 24 6 8 10 2 4 6 8 10 

PH 

Fig. 4. Retention of platinum metal ions on the unmodified 
(- x -x -) and NRS-modified alumina (-a---). 
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can then be eluted together, with 0.2M sodium 
hydroxide, as their nitroso-R salt complexes; 
copper(I1) is retained on the column and can be 
eluted with OSM nitric acid. 

To examine the retention of these three 
metal ions on an NRS-A&O, column (1 g, NRS 
0.2 mmole/g), I-litre portions of test solutions of 
cobalt, copper and iron at 0.1 mg/l. were passed 
through the column at different flow-rates. At 
the optimum pH (2.0-2.2) the maximum flow- 
rate giving quantitative recovery was 3 ml/min. 
The amount of metal ion retained was deter- 
mined by elution with 10 ml of the appropriate 
eluent as above. The preconcentration factor 
obtained was thus 100. Higher factors can be 
achieved if the volume of the aqueous sample is 
larger. 

The breakthrough capacity under the given 
column operating conditions of bed height 5 cm 
(1.0 g of NRS-A1,03, NRS 0.2 mmole/g), pH 
2.c2.2, flow-rate 3 ml/min, was evaluated for 
cobalt and copper, and found to be 1.0 mg of 
Co(I1) and 1.5 mg of Cu(I1). From the amount 
of NRS retained on the alumina bed, the molar 
ratios of NRS to Co(I1) and Cu(II) on the 
column under the given conditions are 12: 1 and 
8 : 1 respectively. 

In most of the experiments, the three metal 
ions were added at 0.1 mg/l. concentration. 
Quantitative recoveries were also possible when 
the concentration of each metal ion was as low 
as 0.005 mg/l. 

Efect of some inorganic salts and organic com- 
plexants on the retention of Co, Cu and Fe 

A 1-litre portion of test solution at pH 2.0-2.2 
containing 0.1 mg of Co(II), Cu(I1) or Fe(II1) 
and the inorganic test compound at various 
concentrations was passed through a column 
containing 1 g of NRS-A&O3 (NRS 0.2 
mmole/g) at 3 ml/min. The metal ions were 
eluted as before. From the results, shown in 
Table 1, it can be concluded that of the inor- 
ganic substances, only the sulphates influence 
the collection yield for cobalt, even when 
present at high concentrations. This can be 
attributed to the high stability of Co-NRS 
complexes in acid medium. The retention of 
Co(I1) as well Cu(I1) and Fe(II1) in the presence 
of sodium or magnesium sulphate is consider- 
ably decreased, and this seems to be due to 
either the sulphate or bisulphate (present in 
approximately equal proportions at the pH 
used), presumably by partial removal of NRS 
from the column (cj Fig. 2). Phosphate had a 

Table 1. Effect of inorganic salts on the retention of 
metal ions on NRS-Al,O, 

Recovery, % 
Amount added, 

salt mg/C Co Fe Cu 

NaCl 500 99 96 96 
2000 99 78 94 

KC1 1000 99 87 94 
Na,CO, 100 99 99 96 
KHCO, 200 99 87 96 
CaCl, 1000 99 89 94 
WJl, 1000 99 90 95 
Ca(ND, l2 500 99 94 95 

2000 99 77 94 
Mg(ND, 12 500 99 89 96 

2000 99 79 92 
Na,SO, 6 99 50 65 

100 34 20 0 
10 98 43 60 

MggD, 100 35 I5 0 
(NH,), Hf’Q IO 99 43 90 

similar effect on the collection of iron, which 
was also affected to some extent by nitrate. 
At low sulphate concentrations, copper(I1) was 
completely retained, but eluted in two fractions, 
suggesting that part was adsorbed as the 
Cu-NRS complex and the rest in some other 
form under these conditions. 

The effects of some organic complexing 
agents are shown in Table 2. EDTA, especially, 
considerably decreases the retention of iron(III). 
Cu(I1) in the presence of NTA and EDTA is 
retained quantitatively by NRS-A1,03, but is 
partly eluted (12 and 80% respectively) together 
with cobalt. The retention of copper ions on the 
unmodified alumina in the presence of NTA and 
EDTA was also investigated (Table 2). The 
results show that at pH 2.0-2.2 in the presence 
of EDTA the copper is retained mainly by 

Table 2. Effxzt of organic substances on the retention of 
metal ions on NRS-Al,O, 

Recovery, % 

Ligand 

Na acetate 
NaK tartrate 
NTA 

Cly 

EDTA 

Citric acid 
Humic acid 

NTAt 
EDTAt 

cu 
Co Fe 

Concentration I* I* I* II* 

1 x 10-SM 99 83 97 
1 x IO-‘M 99 97 95 
1 x IO-5M 99 97 12 88 
2 x lo-5M 99 93 14 85 
1 x IO-SM 99 97 96 
2 x IO-SM 99 97 6 92 
1 x IO-SM 99 32 80 20 
2 x 10-5M 99 24 95 5 
1 x 10-sM 99 78 12 88 

1 mg/l. 99 99 98 
10 mg/l. 99 99 98 

1 x IO-SM 0 0 20 0 
I x IO-‘M 34 6 80 0 

*Eluent: I, 0.2M NaOH; II, 0.5M HNO,. 
ton unmodified alumina. 
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Table 3. Recovery of cobalt from tap 
water 

Co added, Co found*, Recovery, 
pggll. ,nggll. % 

0 0.43 * 0.05 
1 1.41 + 0.04 98 
2 2.39 f 0.06 98 

*Mean and 95% confidence limits for four 
determinations. 

sorption of the Cu-EDTA complex rather than 
by formation of the Cu-NRS complex in the 
column of modified alumina. 

The alumina modified with NRS was used for 
preconcentration and determination of cobalt 
in tap water. The results are presented in 
Table 3. To check the recovery of cobalt(II), a 
tap water sample spiked with known amounts 
of Co(I1) standard solution was also analysed. 
The recovery of the cobalt spikes is presented 
in the table. 

Separation of palladium from rhodium and plat- 
inum 

All three of these platinum metals, when 
present as chloro-complexes, show some affinity 
for unmodified alumina (Fig. 3b), as also does 
iridium, and this affinity is decreased, except for 
Pd(II), when NRS-modified alumina is used. 
Table 4 shows the effect of a number of 
potential eluents at different concentrations 
for the separation of palladium from rhodium 
on unmodified and NRS-modified alumina. The 
rhodium can be eluted with 1M hydrochloric, 
nitric or perchloric acid without loss of the 
palladium, which is retained on the column 
and can be eluted with 0.02M sodium hydrox- 
ide. It should be noted, however, that though 
palladium is completely sorbed on the NRS- 
A&O, column, only about 50% of the rhodium 
and platinum is sorbed. Also, the rhodium on 
the column cannot be separated from the 
platinum by selective elution. The method is 

Table 4. Elution of palladium and rhodium from 
modified and unmodified alumina, with different 

eluents 

Al@, Al@-NRS 

Eluent -Rh Pd Rh Pd- 

0.02M HCl 60 50 77 0 
O.IM HCl 65 90 83 0 
0.2M HCI 70 97 90 0 
I .OM HCI 99 99 99 0 
0. IA4 HClO, 76 37 85 0 
I.OM HC104 99 99 99 0 
l.OM HNO, 99 99 99 0 
0.02M NaOH 3 2 50 99 

Table 5. Separation of W(H) from Rh(II1) 
and Pt(IV) on the alumina mod&d with NRS 

Pd, Irg 

Matrix, mg Added Found* 

Rh 0.98 120 119*1 
Rh 0.98 12.0 11.9kO.2 
Rh 0.98 6.0 5.88 f 0.06 
Pt 1.20 120 119fl 
pt 1.20 12.0 11.9*0.05 
Pt 1.20, Rh 0.98 6.0 5.82 f 0.04 

*Average and 95% confidence limits of four 
separate determinations. 

Table 6. Determination of palladium in rhodium 
compounds 

Pd, % 

After Direct 
Compound separation* AAS 

RhCl, (Koch Light) 3.82 f 0.07 x lO-2 7.20 x lO-2 
H,RhCl, (State Mint) 4.31+ 0.05 x 10-z 7.50 x 10-2 

*Mean and 95% confidence limits for four separate 
determinations. 

therefore suitable only for determination of 
palladium. 

Results for the separation of palladium from 
mixtures with rhodium and/or platinum are 
given in Table 5, and in Table 6 for the determi- 
nation of Pd in two rhodium compounds. For 
comparison, results for the direct AAS determi- 
nation without separation are given in Table 6. 
Rhodium increases the AAS analytical signal of 
palladium by about 80%.14 
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Summary-A derivative spectrophotometric method has been developed for the simultaneous determi- 
nation of microgram quantities of uranium and thorium with Arsenazo III in hydrochloric acid medium. 
The second-derivative absorbances of the uranium and thorium Arsenazo III complexes at 679.5 and 
684.4 nm are used for their quantification. Uranium and thorium, both in the range 0.1-0.7 pg/ml have 
been determined simultaneously with good precision. The procedure does not require separation of 
uranium and thorium, and allows the determination of both metals in the presence of alkaline-earth metals 
and zirconium, but lanthanides interfere. 

Arsenazo III (3,6-bis[(2-arsonophenyl)azo]-4,5- 
dihydroxy - 2,7 - naphthalenedisulphonic acid) 
has been used as a sensitive, selective reagent for 
uranium, thorium and zirconium in strongly 
acidic medium.’ Uranium’ and thorium3 can be 
determined with Arsenazo III in the presence of 
zirconium if this is masked with oxalic acid. 
Uranium and thorium interfere mutually, how- 
ever, so tedious separations are needed before 
their determination is possible.4 These metals 
are often present together, so it was thought 
of interest to find whether derivative spectro- 
photometry with Arsenazo III could be used 
for their simultaneous determination without a 
prior separation. 

Derivative spectrophotometry is used to elim- 
inate background interference as well as to 
resolve overlapping absorption bands.5 It has 
been widely used in pharmaceutical analysis, 
amino-acid and protein analysis, clinical chem- 
istry, environmental analysis etc.,6 but less often 
in inorganic analysis.‘-I5 

EXPERIMENTAL 

Apparatus 

A Hitachi U-3200 double-monochromator 
double-beam programmable research-grade 
spectrometer was used, with a non-adjustable 
iodine-tungsten lamp (50 W) and 20-mm path- 
length glass cells. 

Reagents 

A uranium(V1) stock solution (1 mg/ml) 
was prepared by dissolving UOz(N03)2. 6H,O 
(Wako Pure Chemical Industries, Osaka) in 
O.lM nitric acid and standardized by an EDTA 
method using back-titration with thorium. A 
thorium stock solution (1 mg/ml) was prepared 
by dissolving Th(N03)4.4Hz0 (Wako) in O.lM 
nitric acid and standardized by EDTA titration. 
A 0.1% aqueous solution of Arsenazo III 
(Kant0 Chemical Co., Tokyo) was prepared. All 
chemicals used were of analytical reagent grade. 

Procedures 

Color development. Evaporate a mixture of 
uranium and thorium to dryness. Take up 
the residue in 5 ml of 8M hydrochloric acid, add 
0.7 g of zinc dust and let the mixture stand 
for 20 min to complete the reduction of 
uranium(V1) to uranium(IV). Transfer the sol- 
ution to a lo-ml standard flask, add 1.0 ml of 
Arsenazo III solution and dilute to the mark 
with 8M hydrochloric acid. 

Spectral measurement. Place a reagent blank 
solution, prepared as in the procedure, in the 
sample and reference cells and scan from 750 to 
600 nm to set up the baseline. Replace the blank 
solution in the sample cell with the sample 
solution and repeat the spectral scan at a scan 
speed of 120 nm/min with a 2.00-nm band-pass 
(scale absorbance from -2.000 to 4.000) to 

619 
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store the whole spectrum on a 3-in. floppy disk. 
Then record the second-derivative spectrum. 
Read the derivative amplitudes at 679.5 nm 
(zero-point wavelength for the thorium com- 
plex) and 684.4 nm (zero-point wavelength for 
the uranium complex) for the determination of 
uranium and thorium, respectively. For con- 
struction of the calibration curve, record the 
normal and second-derivative spectra for l-7 pg 
of uranium or thorium, and plot the derivative 
amplitudes (measured at the appropriate con- 
centration) US. the metal ion concentration. 

RESULTS AND DISCUSSION 

The spectrophotometric methods for uranium 
and thorium with Arsenazo III are superior in 
sensitivity and selectivity to the other spectro- 
photometric methods and are widely used for 
trace determination of these metals. The ordi- 
nary absorption spectra of the Arsenazo III 
complexes of uranium and thorium (Fig. 1) are 
too similar to allow the spectrophotometric 
determination of the one metal in the presence 
of the other. 

The first, second and third derivative spectra 
of the complexes are shown in Fig. 2. The first 
derivative spectra both show a zero point at 

about 665 nm, which tends to shift to shorter 
wavelength with increasing concentration of 
uranium and/or thorium, analogously to the 
absorption maxima of the ordinary spectra, 
which shift slightly (l-2 nm) to shorter wave- 
lengths with increasing concentration. These 
trends, which are also reflected in the third- 
derivative spectra, indicate that the first and 
third derivatives are not analytically useful. The 
second-derivative spectra of the complexes, 
however, each have two zero points, at around 
650 and 684 nm for the uranium complex and 
648 and 680 nm for the thorium complex. Those 
at 684.4 and 679.5 nm for the uranium and 
thorium complexes, respectively, are potentially 
useful. As can be seen in Fig. 3a, a fixed 
concentration of the uranium complex has a 
sufficient and constant amplitude at 679.5 nm 
(the thorium zero-point wavelength) in the pres- 
ence of various concentrations of thorium. Simi- 
larly, the amplitude at 684.4 nm (the uranium 
zero-point wavelength) will correspond to the 
concentration of the thorium complex (Fig. 3b). 
Thus simultaneous determination of uranium 
and thorium may be feasible by use of these zero 
points. 

The characteristics of derivative spectra 
are dependent on the choice of instrument 

650.0 700.0 750.0 

Wavelength / nm 

Fig. I. Normal spectra of Arsenazo III complexes of uranium and thorium in 5.2M HCI. 1, U 0.575 pg/ml; 
2. Th 0.585 pg/ml; 3, U 0.575 pg/ml and Th 0.585 pg/ml. 
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parameters. These were optimized with respect 
to reduction of noise levels, stability of the zero 
points, and sensitivity, as we11 as the wavelength 
range used, which is controlled by the memory 
capacity of the built-in microcomputer. The 
best results were obtained at a scan speed of 
120 nm/min over the range from 750 to 600 nm, 
with a wavelength interval of 0.5 nm for the 
differentiation. The spectra were smoothed 
once, by a weighted moving average technique. 

Calibration curves for the determination 
of uranium and thorium are linear in the range 

1.0000 
1 

(a ) 

O-7 pg/lO ml for uranium and O-S pg/lO ml for 
thorium. 

The results listed in Table 1 show that mix- 
tures containing 0.115-0.575 pg/ml uranium 
and 0.117435 1 pg/ml thorium can be analysed 
with a relative error of less than 5%, but the 
errors are larger for one or both components at 
concentrations outside these ranges. 

The effect of potential interferents on the 
simultaneous determination procedure was 
studied, and the results are listed in Table 2. The 
alkaline-earth metals tested tend to interfere 

650.0 700.0 750.0 650.0 700.0 

Wovelength I nm Wovelength / mn 

Fig. 2. Derivative spectra of Arsenazo III complexes of uranium and thorium in 5.2M HCl media: 
(a) first-order (U); (b) first-order (Th); (c) second-order (U); (d) second-order (Th); (e) third-order (U); 
(f) third-order (Th). [U], pg/ml: 1,0.115; 2.0.230; 3,0.345; 4,0.470; 5,0.575. [Th], yg/ml: 1,0.117; 2,0.234; 

3, 0.351; 4, 0.468; 5, 0.585. 
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Fig. 3. Second-derivative spectra of mixtures of uranium and thorium Arsenazo III complexes in 5.2M 

HCI. (a) U, 0.345 pg/ml; Th, 0.117 (1); 0.351 (2); 0.585 (3) pg/ml. (b) Th, 0.351 p&/ml; U, 0.115 (1); 
0.345 (2); 0.575 (3) pg/ml. 

at high concentrations with the determination concentration ratio to uranium and thorium at 

of 0.2 pgglml uranium and thorium, but are the 0.4 pgg/ml level. Interference by zirconium 
tolerable at about the 100 pgg/ml level. The can be reduced by use of oxalic acid as masking 
lanthanides interfere, but are tolerable in 1: 1 agent, but the tolerance ratio is still only 2: 1. 
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Table 1. Results of quantitative determination of uranium and thorium by 
second-derivative spectrophotometry 

Relative 
Taken, pgglml Found, pgjml error, % 

Sample 
No. U Th U Th U Th 

: 0.0395 0.0987 0.0468 0.0468 0.0324 0.0925 0.0613 0.0577 -18 -6.7 31 23 
3 0.197 0.0468 0.181 0.0634 -8.1 36 

4 0.494 0.0468 0.484 0.0615 -2.0 5 0.691 0.0468 0.685 0.0748 -0.9 zl 
6 0.115 0.117 0.109 0.118 -5.2 0.8 
7 0.345 0.117 0.335 0.115 -2.9 -1.7 
8 0.575 0.117 0.588 0.119 2.3 1.7 
9 0.115 0.351 0.121 0.357 5.2 1.7 

10 0.230 0.351 0.229 0.358 -0.4 2.0 
11 0.345 0.351 0.347 0.353 0.6 0.6 

12 0.575 0.351 0.580 0.355 0.9 13 0.0395 0.585 0.0350 0.600 -11 :.: 
14 0.0987 0.585 0.109 0.595 10 1:7 
15 0.296 0.585 0.276 0.617 -6.8 5.5 
16 0.592 0.585 0.552 0.644 -6.8 10 
17 0.0395 0.702 0.0342 0.730 -13 4.0 
18 0.0987 0.702 0.0911 0.742 -7.7 5.7 

:z 0.296 0.691 0.702 0.702 0.271 0.624 0.707 0.733 -8.4 -9.7 4.4 0.7 

Table 2. Effect of foreign species 

Taken, pgglml Found, pgcglml Relative error, % 
Foreign ions 

U Th present, pgglml u Th U Th 

0.197 0.234 Ba 2000 0.163 0.333 -17 42 
80 0.202 0.246 0.6 5.1 

Ca 100 0.211 0.240 7.1 2.6 
80 0.191 0.243 -3.0 3.8 

M8 2500 0.186 0.269 -5.6 15 
100 0.209 0.238 6.1 1.7 

0.394 0.468 Sm 0.8 0.358 0.517 -9.1 10 
0.4 0.376 0.496 -4.6 6.0 

Ce 0.8 0.381 0.508 -3.3 8.5 
0.4 0.397 0.498 0.8 6.4 

La 0.8 0.358 0.528 -9.1 13 
0.4 0.369 0.505 -6.3 7.9 

Y 0.8 0.369 0.490 -6.3 4.8 
0.4 0.374 0.496 -5.0 6.0 

0.197 0.234 Zr* 3.8 0.189 0.253 -4.1 0.48 0.194 0.240 -1.5 ;::, 

0.394 0.468 Zr* 4.8 0.385 0.524 -2.3 12 
2.9 0.357 0.494 -9.4 5.6 

*With 0.24 8 of H&O,. 2H,O in 10 ml of solution. 
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The precisions (RSD, 5 determinations) are 
2.6% for uranium and 1.5% for thorium in a 
mixture consisting of 0,345 pg/ml uranium and 
0.351 pgg/ml thorium. 
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SPECTROPHOTOMETRIC DETERMINATION OF 
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PERIODATE 
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Summary-A simple and accurate spectrophotometric method is described for the determination of 
epinephrine (EP), norepinephrine (NE) and their bitartrate salts. The method is based on the development 
of a red colour (&, 490 nm) with sodium periodate in aqueous alcoholic medium. The colour is stable 
for at least 1 hr. The molar reacting ratio of EP or NE to periodate is 1: 2. The proposed method is 
particularly suitable for routine analysis of EP and NE injections. The interference due to the sodium 
metabisulphite normally used as antioxidant can be overcome by addition of acetone. Results for analysis 
of bulk drugs and injections agree. well with those of official methods. 

Epinephrine and norepinephrine have numerous 
pharmacological uses.’ Techniques employed 
for the assay of EP, NE and their bitartrate 
salts in pure and dosage form include non- 
aqueous titration,’ bromometric titration,3*4 
potentiometric titration,’ polarography,6*7 spec- 
trophotometry,8-‘2 spectrofluorimetry,‘3-‘S and 
liquid chromatography.16 The spectrophoto- 
metric methods described in this paper depend 
on the interaction of the two catecholamines 
with sodium periodate in aqueous alcoholic 
medium. 

For NE, after adding the periodate heat at 
60 f 5” on a water-bath for 2 min with gentle 
swirling of the flask, cool to room temperature, 
then dilute to volume with ethanol, mix and 
measure the absorbance as for EP. 

Analysis of injections. Mix the contents of 10 
ampoules and dilute 2 ml of the mixture to 
volume in a lo-ml standard flask with water. 
Use 1 ml for the assay as described above. Read 
the drug content from the calibration graph, or 
alternatively calculate it by simple proportion 
from the absorbance of a single standard 
containing 250 pg of the drug. 

EXPERIMENTAL 

Apparatus RESULTS AND DISCUSSION 

A Uvidec-320 spectrophotometer (Jasco, 
Tokyo) and a thermostatically controlled water- 
bath were used. 

Reagents 

Sodium periodate solution, 0.2% in water. 
Standard solutions of EP, NE and their salts, 
prepared by dissolving 25 mg in 100 ml of 
0.1% aqueous sodium metabisulphite solution. 
Solvents used were analytical grade. 

Procedures 

Calibration. For each calibration point, 
pipette 1 ml of working standard into a lo-ml 
standard flask, add 1 ml of acetone, mix and let 
stand for 10 min at room temperature, then add 
2 ml of sodium periodate solution and mix. For 
EP, let stand for 5 min, make up to volume with 
ethanol, mix, and measure the absorbance at 
490 nm in l-cm cells against a reagent blank. 

EP, NE and their salts were found to react 
with periodate in aqueous media to form red 
products which exhibit two absorption peaks, at 
302 and 490 nm (Fig. 1). For EP the red colour 
is developed immediately at room temperature 
and remains stable for at least 1 hr. Heating 
the solution causes a marked decrease in 
absorbance. For NE the maximum colour inten- 
sity is attained by heating the mixture on 
a water-bath at 60 f 5” for 2 min. The colour 
is stable for at least 1 hr. In the case of 
NE, heating the reaction mixture at 50” for 
5-10 min, which looks much less critical, gives 
absorbances that are unstable and less precise. 

Maximum colour intensity was obtained with 
0.4 mg/ml sodium periodate in the final reaction 
mixture, which corresponds to addition of 2 ml 
of 0.2% sodium periodate solution. It was found 
that in assay of injections, acetone must be 
added to combine with the common antioxidant 
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1.6 

250 350 450 550 650 

Wavelength, nm 

Fig. 1. Absorption spectra of the reaction products of 
periodate with (-) EP, 25 &ml and (---) NE, 30 pg/ml. 

sodium metabisulphite; the optimum quantity 
of acetone was found to be 1 ml per 10 ml of the 
reaction mixture, with a standing time of not 
less than 10 min for the masking reaction to take 
place. 

The calibration plots are linear over the con- 
centration ranges 5-40 fig/ml for EP base, 
10430 pg/ml for EP bitartrate, 10-60 pg/ml for 
NE base, and 10-100 pg/ml for NE bitartrate. 

An investigation of the absorption intensities 
of the chromophores obtained from EP and NE 
with periodate, vanadate,5 and the Doty reac- 
tion8 showed that periodate gives the most 
intensely coloured chromophore (Table 1). 

Application to pure drugs and injections 

Water, methanol, ethanol, 2-propanol, aceto- 
nitrile and dimethylsulphoxide were tested as 
diluents for the reaction mixture for EP, NE and 
their salts. With the exception of dimethyl- 
sulphoxide, all the solvents tested produced a 
relatively high and stable absorbance. Ethanol 
was chosen since it gave the highest colour 
intensity. 

The method was successfully applied to the 
determination of bulk EP, NE and their bitart- 
rate salts, and t- and F-tests showed that there 
is no significant difference between the results of 
the proposed and official methods at a probabil- 
ity level of 0.05 (Table 2). 

Reaction mechanism 

The red colour is completely discharged on The reaction does not seem to depend on only 
addition of a few drops of concentrated acids the catechol function, since pyrocatechol does 
and turns yellow on addition of a few drops not form any colour with periodate under the 
of 5M alkali. The effect of pH was therefore reaction conditions. Catecholamines are oxi- 
studied. Tests with acetate and borate buffers dized to aminochromes by a large number of 
(pH range 2-11) showed that the maximum oxidizing agents, including silver oxide, lead 
colour intensity and stability were obtained dioxide, manganese dioxide, mercuric salts, 

Table 1. Apparent molar absorptivities obtained by the 
periodate, vanadate and Doty methods 

L, 1031.mole-‘.cm-’ 

Drug Periodate Vanadate Doty 

EP 4.56 0.990 2.24 
EP bitartrate 4.56 0.990 2.24 
NE 3.06 1.375 2.22 
NE bit&rate 3.06 1.375 2.22 

with borate buffer of pH 7, but this system was 
still inferior to the ethanol procedure, with 
regard to colour intensity and stability. 

A comparable precision was attained when 
the procedure was scaled up by a factor of 5. 

The molar ratio of periodate to catechol- 
amine was found to be 2: 1 by the continuous 
variation method and shows that two electrons 
are involved in the oxidation reaction. 

Table 2. Determination of EP and NE bitartrate in ampoules 

Recovery f SD*, % 

Sample Periodate method Official method tt 4 

EP powder 99.6 f 0.4 99.9 f 0.3 1.62 1.85 
NE bitartrate 99.7 f 0.4 99.9 f 0.4 1.86 1.23 
EP injection 99.3 f 0.9 99.9 f 0.6 1.50 2.06 
Levarterenol injection 99.4 f 1.1 100.0 f 1.0 0.78 1.89 

*Eight paired determinations for each data point. 
tTabulated value of t,,.0.025 = 2.145. 
fTabulated value of F7.7.005 = 3.79. 
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sodium or potassium persulphate, ceric sul- 6. 
phate, Fenton’s reagent, hydrogen peroxide, 7 
potassium permanganate, potassium ferri- s’ 
cyanide, sodium nitrite, iodine, iodic acid, 9: 
vanadate and potassium iodate. It may there- 
fore be proposed that the colour obtained 10. 
from the interaction of catecholamines with 11 
periodate results from a sequence of reactions ’ 
analogous to that suggested for aminochrome 12. 
formation.“-‘* 
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Summary-A new spectrophotometric method for the determination of carbosulfan and propoxur is 
described, based on coupling their hydrolysis products with diazotized 2-aminobenzophenone to give 
orange species having an absorption maximum at 465 and 475 nm respectively. Beer’s law is obeyed from 
0.5 to 10 ppm. 

Carbosulfan and propoxur are carbamate in- 
secticides used to combat a wide range of 
insects. Methods for determining these in- 
secticides are usually based on alkaline hy- 
drolysis followed by coupling the resultant 
phenols with such compounds as diazotized 
3-nitroaniline-4-sulphonic acid,‘** sulphanilic 
acid,3 4,4-diaminodiphenylsulphone4 or p- 
aminobenzoic acid.5 Some other spectrophoto- 
metric methods,@ and gas chromatographic,9*10 
high-performance liquid chromatographic,“*‘* 
and thin-layer chromatographic’3.‘4 methods 
have also been reported. 

A new spectrophotometric method, based on 
coupling the phenols with diazotized 2-amino- 
benzophenone is described here. 

EXPERIMENTAL 

Reagents 

All chemicals used were of analytical grade. 
Standard solutions of carbosulfan and pro- 

poxur (250 pg/ml). Dissolve 125 mg of insec- 
ticide in 500 ml of methanol, accurately 
measured. 

2-Aminobenzophenone (ABP) solution, 0.1%. 
Dissolve 100 mg of 2-aminobenzophenone in 
the minimum of methanol needed, add 5 ml of 
concentrated hydrochloric acid and dilute to 
100 ml with distilled water. 

Sodium nitrite solution, 0.3%. 
Sodium hydroxide solution, 0.5M. 

*Author for correspondence. 

Preparation of samples 

Formulations. Shake a known amount of well- 
mixed formulation (equivalent to about 100 mg 
of the insecticide) with 25 ml of methanol for 5 
min and centrifuge the mixture. Filter the super- 
natant solution, by decantation, into a lOO-ml 
standard flask. Wash the residue four times with 
lo-ml portions of methanol. Dilute the filtrate 
and washings to volume with methanol. 

Water samples. Adjust the pH of 250 ml of 
water sample to 4 with 2% sulphuric acid and 
add 10 g of anhydrous sodium sulphate. Trans- 
fer the mixture to a 500-ml separating funnel 
and extract the insecticides with 150 ml of 
chloroform. Transfer the chloroform extract 
into another separating funnel and extract the 
aqueous phase with 50 ml of chloroform. Wash 
the combined extracts with 10 ml of O.lM 
potassium carbonate to break any emulsion 
formed during the extraction. Dry the chloro- 
form solution by passing it through 15-20 g 
of anhydrous sodium sulphate supported on 
cotton wool in a filter funnel, collect it in a 
250-ml standard flask and dilute to the mark 
with chloroform. Evaporate the chloroform 
from a known volume of this solution, dissolve 
the residue in methanol, then develop the 
colour. 

Grain. Take 50 g of sample in a conical flask 
and shake it with 200 ml of chloroform for 
5 min. Decant the solution into a Whatman No. 
1 filter paper, and wash the grain in the flask 
with three lo-ml portions of chloroform. Dilute 
the combined extract and washings accurately 
to 250 ml with chloroform. Evaporate the 
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Table 1. Characteristics of the method 

Compound 

Carbosulfan 

Present Rajeswari 
work and Naidu’ 

Propoxur 

Present Appaiah 
work et aL4 

Concentration 
range, pglmi 

Stability of 
the coloured 
species, hr 

Relative standard 
deviation, % 

Relative error, % 

0.5-10 l-10 0.5-10 0.25-5.0 

20 8 24 12 

0.5 0.8 0.4 0.6 
-0.4 -0.6 -0.2 -0.3 

chloroform from a known volume of solution, 
dissolve the residue in methanol and complete 
the analysis. 

Procedure 

Transfer 0.05,O. 1,0.2,0.3, 1 .O ml of standard 
insecticide solution into 25-ml standard flasks. 
To each flask add 1.5 ml of sodium nitrite 
solution, 2.0 ml of 2-aminobenzophenone sol- 
ution and 3.0 ml of sodium hydroxide solution. 
Mix, and dilute to the mark with distilled water. 
Measure the absorbance of the orange solution 
against a reagent blank, and construct a cali- 
bration graph. Analyse the samples by the same 
procedure. 

RESULTS AND DISCUSSION 

The optimum conditions were esablished by 
altering one variable at a time. The absorbance 
maximum was at 465 nm for carbosulfan and 
475 nm for propoxur. Beer’s law is obeyed over 
the range 0.5-10 pgg/ml in the final solution for 
both insecticides. The colour develops instan- 
taneously and remains stable for more than 

20 hr. The coupling reaction can be done at 
room temperature. 

The suitability of the proposed method was 
studied by analysis of ten replicate samples 
containing 5 ppm of carbosulfan and propoxur. 
The relative error and relative standard devi- 
ation values are given in Table 1. 

Formulations containing carbosulfan and 
propoxur were analysed (7 replicates). For a 
25% carbosulfan emulsion the mean + standard 
deviation was 24.6, + O.l,%. For a 1% pro- 
poxur spray and 4% dust the corresponding 
values were 0.96 + 0.01% and 3.96 &- 0.02% 
respectively. 

Recovery experiments were performed with 
known amounts of the compounds added to 
different samples of water and grains. For water 
samples a methanol solution of the insecticide 
was added. Grain samples were spiked by 
adding a methanol solution of the insecticide to 
the dry grains and evaporating the solvent. 

The results presented in Table 2 show that 
recovery was in the range 9498%. The results 
in Table 3 suggest that the method is applicable 
for the analysis of field water samples. 

Table 2. Recovery of carbosulfan and propoxur from grains and spiked water samples 

Carbosulfan Propoxur 

Recovery, %* Recovery, %* 

Added, Present Rajeswari Added, Present Appaiah 
Sample ppm work and Naidu’ ppm work et aL4 

Water 1.0 97.0 + 1.6 96.0 + 1.6 1.0 98.0 & 1.0 
3.0 96.7 f 1.0 96.0 f 1.2 3.0 98.0 f 1 .O 
5.0 96.4 f 0.8 95.2 + 0.8 5.0 96.8 + 0.7 
7.0 95.2 f 0.6 94.6 f 0.7 7.0 96.0 + 0.5 

Rice I.0 96.0 f 1.6 96.0 k 1.6 1.0 97.0 f 1.2 
3.0 96.2 + 1.1 96.0 + 1.2 3.0 97.4 + 0.9 
5.0 95.3 f 0.7 94.8 f: 0.8 5.0 96.0 + 0.7 
7.0 94.0 f 0.5 93.5 + 0.6 7.0 95.3 f 0.6 

Wheat 1.0 96.0 f 1.4 95.0 f 1.4 1.0 97.0 & 1.4 
3.0 94.8 f 0.9 94.1 f 1.0 3.0 96.5 f 1 .O 
5.0 94.0 f 0.5 93.2 f 0.7 5.0 94.7 + 0.8 
7.0 93.5 f 0.4 92.8 f 0.5 7.0 93.8 f 0.5 

*Each value is an average + standard deviation of five determinations. 

97.2 k 1.0 
97.0 * 1.0 
96.3 f 0.9 
95.1 & 0.7 

96.0 k 1.2 
96.0 f 1 .O 
95.8 + 0.8 
94.7 + 0.6 

96.0 f 1.4 
95.6 + 1.0 
94.7 * 0.9 
93.0 + 0.7 
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Table 3. Determination of carbosulfan and propoxur in field water 
samoles 

Sample volume, 
ml 

250 
250 

Carbosulfan found, Propoxur found, 
ppm ppm 

Present Rajeswari Present Appaiah 
work and Naiduj work et aL4 

0.20 0.20 0.16 0.14 
0.30 0.29 0.28 0.26 
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Summary-A simple and precise preconcentration technique, based on collecting a precipitate on a 
membrane filter and dissolving the filter and precipitate in an organic solvent, has been applied to the 
spectrophotometric determination of trace sulphate in rain and snow. The sulphate is precipitated with 
2-aminopcrimidine and the resulting compound is dissolved in nitric acid, made alkaline with sodium 
hydroxide and then adsorbed on tetradecyldimethylbenzylammonium nitrate. The precipitate is then 
collected on a membrane filter and both precipitate and filter are dissolved in dimethylsulphoxide 
(DMSO). The absorbance of the DMSO solution is measured at 550 nm against a reagent blank. The 
molar absorptivity is 2.1 x 10” 1. mole-’ . cm-’ and the coefficient of variation for six measurements is 
< 1.5%. The detection limit (S/N = 3) is 0.06 pg of sulphate in 5 ml of sample solution. 

2-Aminoperimidine sulphate is relatively insolu- 
ble in water’ and the free base was introduced 
as a reagent for the determination of trace 
amounts of sulphate by nephelometry’** and 
indirect spectrophotometry.3d Subsequently, 
modified spectrophotometric methods’,’ and a 
ring-oven method’ were reported. 

When 2-aminoperimidine sulphate is treated 
with nitric acid, the sulphate is liberated and 
2-amino-4,6,9-trinitroperimidine is forrned.‘O 
The product is yellow in acid solution and violet 
in alkaline solution. We have found that 
the violet product can be adsorbed on the 
micellar interface of tetradecyldimethylbenzyl- 
ammonium nitrate (Zephiramine), which is in- 
soluble in aqueous solution. 

Recently, Taguchi et al. proposed a simple 
and fast preconcentration technique,” based on 
collecting a precipitate on a membrane filter and 
dissolving the filter in a small volume of organic 
solvent. This was applied to the determination 
of trace phosphorus as phosphomolybdenum 
blue. 

In the present work, this preconcentration 
technique is coupled to the chemistry involving 
2-aminoperimidine sulphate and its nitration, 
permitting the determination of ng/ml levels of 
sulphate with satisfactory precision. The detec- 
tion limit is better, by a factor of -2, than that 

obtained by the conventional ion-chromato- 
graphic method.‘* 

EXPERIMENTAL 

Apparatus 

A Hitachi model 228 double-beam spectro- 
photometer was used to obtain absorption 
spectra. Absorbance measurements of sample 
solutions were made with a Hirama model 6B 
spectrophotometer. Standard l-cm glass cells 
were used. 

Reagents 

All reagents were of analytical grade, and 
distilled demineralized water was used. 

A stock sulphate solution (1000 pgg/ml) 
was prepared by dissolving 0.9070 g of dried 
potassium sulphate in water and diluting the 
solution accurately to 500 ml; working solu- 
tions were freshly prepared by dilution of the 
stock solution. 2-Aminoperimidine solution 
(4.0 x 10e3M) was prepared by dissolving 
0.106 g of the hydrobromide (Dotite reagent; 
Wako Pure Chemical Co.) in 100 ml of water 
at about 40” and cooling to room tempera- 
ture. The solution can be used for at least 
4 days, giving exactly the same calibration 
graph. Tetradecyldimethylbenzylammonium 
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chloride dihydrate (Zephiramine; C,,DBAN) 
solution (5.0 x 10m3M) was prepared by dis- 
solving 1.01 g of Zephiramine (Dotite reagent) 
in 500 ml of water. 

Membrane filters and holder 

The filter papers used were Millipore mem- 
branes [25 mm in diameter, 0.45~pm (type 
HAWP) and 1.2~pm (type RAWP) pore size]. A 
Toyo KG-25 filter holder (effective filtration 
area 1.3 cm2) was used. 

Procedure 

A 5-ml portion of sample solution containing 
up to 15 pg of sulphate, was transferred into a 
30-ml beaker and 3 ml of 2-aminoperimidine 
solution were added. After 5 min, the solution 
was filtered by suction (0.45~pm membrane 
filter). The beaker, funnel walls and precipitate 
were washed with five lo-ml portions of water 
to remove excess of reagent. The filter and 
precipitate were transferred into the original 
30-ml beaker, and 5 ml of concentrated nitric 
acid were added. The acid was stirred well to 
ensure reaction, especially with the precipitate 
remaining on the beaker wall, and then allowed 
to stand for 20 min. The solution was trans- 
ferred into a loo-ml beaker and 4M sodium 
hydroxide was added until the colour changed 
from yellow to pink. Another 12.5 ml of 4M 
sodium hydroxide were added, and the solution 
was diluted to -50 ml with water. Five ml of 
Zephiramine solution were added, the solution 
was mixed well, and the precipitate was col- 
lected on a 1.2~pm membrane filter by gentle 
suction. The beaker, funnel walls and precipi- 
tate were washed with two 5-ml portions of 
O.OlM potassium nitrate. The filter and pre- 
cipitate were transferred into the original 
loo-ml beaker, and dissolved in 5 ml of 
dimethylsulphoxide (DMSO). The absorbance 
was measured at 550 nm against a reagent 
blank. 

RESULTS AND DISCUSSiON 

Absorption spectra 

Figure 1 shows that 2-amino-4,6,9-trinitro- 
perimidine in acid solution has an absorption 
maximum at 420 nm and in alkaline solution 
has two absorption maxima at 462 and 560 nm. 
The spectrum for a DMSO solution is similar to 
that for the alkaline solution, and the second 
peak (at 550 nm) was chosen for use. 

Wavelength, nm 

Fig. 1. Absorption spectra of 2-amino-4,6,9-trinitroperim- 
idine: in (A) acid and (B) alkaline aqueous solution, SO:- 
1.6 ppm; (C) in DMSO, SOi- 3 ppm; (D) reagent blank. 

Optimum conditions for precipitation of 2- 
aminoperimidine sulphate 

If the unbuffered test solution is in the pH range 
5.0-7.0 the precipitation proceeds smoothly.’ 
During preliminary investigations the pH of the 
sample solution was adjusted by addition of 
hydrochloric acid or sodium hydroxide solution. 
In the pH range 2-7, blank values were very 
small, and constant absorbance was obtained 
for 10 pg of sulphate. Below pH 1, the precipitate 
was not formed quantitatively. Above pH 7, a 
yellow precipitate was formed, causing high blank 
values. The standing time for the formation of 
2-aminoperimidine sulphate was 2 min. To en- 
sure complete formation the solution was there- 
fore allowed to stand for 5 min. The effect of 
sample solution volume was examined by vary- 
ing it from 5 to 50 ml in the procedure. When 
15 pg of sulphate was present, 2, 10 and 25 ml 
of 2-aminoperimidine solution were required for 
5,25 and 50 ml of sample solution, respectively. 

Nitration of 2-aminoperimidine sulphate 

Nitric acid7-9 or sodium nitrite’ have been 
used for the nitration of 2-aminoperimidine 
sulphate, but the products may not be the same. 
The effect of the nitric acid concentration 
(7.5M, 1lMand concentrated) on the procedure 
was studied. The volume of each nitric acid 
solution used was 5 ml. Concentrated nitric acid 
was found most suitable and the reaction was 
essentially complete in 20 min at room temper- 
ature. When sodium nitrite solution (l%, 5 ml) 
was used, a lower absorbance was obtained. 

Volumes of sodium hydroxide and Zephiramine 
solutions 

The effect of the amounts of 4M sodium 
hydroxide and 5.0 x 10e3 M Zephiramine added 
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Fig. 2. Effect of different filter pore sizes on the absorbance: 

(A) 1.2 pm; (B) 3.0 pm. 

after the nitration and neutralization, on the 
absorption at 550 nm, was investigated. For a 
sample solution containing 15 pg of sulphate 
the absorbance increased on addition of up to 
11 ml of sodium hydroxide and of up to 5 ml of 
Zephiramine solution. Further reagent addition 
did not increase the absorbance. 

Filtration 

The particle diameter of 2-aminoperimidine 
sulphate is >2 ,um at pH 5.3-5.8 or < 1 pm at 
pH 4.0-4.2.2 Therefore a 0.45 ,um acetylcellulose 
membrane filter was used. To remove the small 
excess of 2-aminoperimidine, the precipitate was 
washed with water. Washing five times with 
lo-ml portions of water was sufficient. 

On the other hand, for the precipitate of 
Zephiramine on which the coloured product is 
adsorbed, nitrocellulose or acetylcellulose mem- 
brane filters are suitable because they readily 
dissolve in DMSO. Although any acetylcellu- 
lose membrane filter with pore sizes < 1.2 pm 
can be used, as shown in Fig. 2, 1.2~pm filters 
are recommended because of their higher 

filtration rate. The precipitate should be washed 
twice with 5-ml portions of O.OlM potassium 
nitrate to prevent peptization. 

Choice of organic solvent 

Several water-miscible organic solvents were 
tested as solvents for the wet membrane filters. 
DMSO and N,N-dimethylformamide (DMF) 
were suitable for nitrocellulose or acetylcellulose 
membranes but the colour of 2-amino-4,6,9- 
trinitroperimidine in DMF decays by 8.4% in 2 
hr, whereas it is completely stable in DMSO for 
at least 4 hr. Therefore, DMSO was used in 
further work. 

Calibration graph, sensitivity and precision 

The calibration graph was linear over the 
range 1.25-15.0 pg of sulphate in 5 ml of 
DMSO, with absorbance ranging from 0.054 to 
0.655. The blank value was negligible (O.Ol), 
and the molar absorptivity, as calculated 
from the slope of the curve, was 2.1 x lo4 
1. mole-’ . cm-‘. For six measurements at each 
of five amounts of sulphate, the coefficient of 
variation were < 1.5%. The detection limit 
(taken as the concentration equivalent to three 
times the standard deviation of the blank) is 
about 0.012 pgg/ml in the sample solution. 

Eflect of other ions 

The effects of commonly occurring foreign 
ions were investigated. At the 1 ppm sulphate 
level, concentrations of Na+, K+, Ca2+, M$+ 
A13+, Fe3+, Fe’+, Pb2+, Zn2+, Cu2+, phosphatd 
and carbonate below 50 ppm did not interfere 
with the precipitation of 2-aminoperimidine sul- 
phate. These results suggest that the proposed 
method should be suitable for the determination 
of sulphate in rain and snow samples. 

Table 1. Analysis of rain and snow samples and recovery tests 

SO:- added, SO:- found*, 
Recovery of added SO:-, 

LX lK lfe % 

Rain 
none 5.25 (1.3) - - 

2.55 7.72 (1.5) 2.47 97 
5.10 10.35 (1.0) 5.10 loo 
7.65 12.75 (1.1) 7.50 98 

Snow 
none 5.90 (1.5) - - 

2.55 8.45 (1.2) 2.55 100 
5.10 11.05 (1.1) 5.15 101 
7.65 13.47 (1.3) 7.57 99 

Sample volume: rain (pH 5.6) 5 ml, snow @H 4.9) 1 ml. 
*Mean of six determinations; value in parentheses is coefficient of 

variation (%). 
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5. A. W. Archer, Analyst, 1975, 100, 155. 
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Summary-Phenylfhtorone reacts with gallium in the presence of hexadecylpyridinium bromide and 
pyridine to form a water-soluble chelate with an absorption maximum at 570 nm and constant absorbance 
in the pH range 4.0-5.5. At this wavelength, Beer’s law is obeyed up to 4.3 x 10T6M gallium. The 
sensitivity is very high and the molar absorptivity is 1.48 x lo5 l.mole-‘.cm-I. The chelate has been 
utilized in the determination of gallium at the pg level. The ratio of gallium to phenylfluorone in the 
complex is 1:2. 

Of the xanthene dyes, 2,3,7-trihydroxy-9- 
phenyl-6-fluorone ( phenylfluorone) has been 
used for spectrophotometric determination of 
several metal ions.lm3 Recently it was used in 
conjunction with cationic surfactants for the 
spectrophotometric determination of germa- 
nium4 and titanium.5 Phenylfluorone and its 
metal chelates are soluble in ethanol but the 
solutions are not stable and turbidity develops. 
However, when a cationic surfactant and a 
unidentate ligand such as pyridine or nitrite are 
also present the turbidity does not appear. We 
have applied this type of reaction in the determi- 
nation of cobalt,6 nickel,’ copper’ and zinc.9 
Gallium reacts with phenylfluorone in the pres- 
ence of hexadecylpyridinium bromide and 
pyridine or nitrate to form a water-soluble red 
chelate. Pyridine is preferred because it gives a 
molar absorptivity that is nearly 1.5 times that 
obtained with nitrite. 

The spectrophotometric determination of 
gallium by means of this reaction is described in 
this communication. For the spectrophotomet- 
ric determination of gallium Semi-Methylxylenol 
Blue,” Chromazurol S” and 4-(2-pyridy- 
lazo)resorcinol’2 have been used as the chromo- 
genic reagent in aqueous solution, and 
2 - (2 - pyridylazo) - 5 - monoethylamino -p - cresol 
(PAEAC),13 Rhodamine B”18 etc.19 have been 
used in conjunction with extraction into organic 
solvents, but the present method is more sensi- 
tive than any of those methods. Moreover, it is 
much simpler than the PAEAC and Rhodamine 
B methods since no extraction is required. 

EXPERIMENTAL 

Apparatus 

A Hitachi 320 A double-beam recording spec- 
trophotometer and a Hitachi 139 spectrophoto- 
meter were used for measuring absorbances, 
with fused-silica cells of 10 mm path-length. 
Measurements were made at 25.0 + 0.1”. 

A Beckman Expandomatic SS-2 pH meter 
was used for pH measurement. 

Reagents 

A standard stock gallium solution was pre- 
pared by dissolving 1.00 g of gallium metal 
(99.999% pure) in 10 ml of concentrated nitric 
acid. The solution was boiled to expel nitrogen 
oxides and diluted accurately to 1 litre with 
water. Working standards were prepared by 
appropriate dilution. 

A standard solution of phenylfluorone (PF) 
was prepared by dissolving 0.0322 g of the 
reagent (Merck) in about 50 ml of ethanol 
containing a few drops of concentrated hy- 
drochloric acid. Then the solution was trans- 
ferred to a loo-ml standard flask and diluted to 
volume with ethanol. Working solutions were 
prepared by appropriate dilution. 

Pyridine (Py) solution (2.48M) and 2.0 x 
IO-‘M hexadecylpyridiniumbromide (HPB) so- 
lution were prepared by dissolving a suitable 
amount of the reagent in water. 

The pH was adjusted with a buffer solution 
made by mixing 1M sodium acetate and 1M 
hydrochloric acid. 

TAL 37,6-G 
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All reagents were of guaranteed-reagent grade. 
Demineralized water was used throughout. 

Procedure 

Two ml of the buffer solution, 2.5 ml of the 
HPB solution, 2.5 ml of the pyridine solution 
and 2.0 ml of the phenylfluorone solution were 
added to 1 ml of sample solution, in that order. 
The absorbance was measured at 570 nm 
against a reagent blank after the solution had 
stood for 30 min at 25”. 

RESULTS AND DISCUSSION 

Absorption spectra 

Gallium reacts with phenylfluorone to form a 
red complex in the presence of HPB and 
pyridine. The absorption spectra of the gallium 
complex in the four-component system and of 
the reagent blank at pH 4.8 are shown in 
Fig. 1. For comparison, the spectra for other 
combinations of gallium with the reagents at the 
same pH are also given. 

The four-component system shows a pro- 
nounced absorption maximum at 570 nm, 
whereas a less well-defined absorption with a 
peak at 500 nm appears in the absence of HPB 
and pyridine. The deep red complex is formed 
only if both HPB and pyridine are present, and 
in the absence of either, the absorbance is much 
smaller than that of the red complex (Fig. 1, 
curves 4 and 5). 

Eflect of pH 

The effect of pH on the colour development 
of the complex is shown in Fig. 2. Maximum 

Wavelength, nrn 

Fig. 1. Absorption spectra of the gallium complex and 
reagent combinations. (1) HPB-Py-PF, (2) Ga-HPBPy-PF, 
(3) Ga-PF, (4) Ga-Py-PF, (5) Ga-HPB-PF. References are 
water for (1) and reagent blank for (2)-(S). Concentrations 
of Ga(III), HPB, Py and PF 4 x IOe6M, 2.0 x lo-)M, 

2.48 x IO-‘M and 8 x 10-6M, respectively. 

0.5 r 
0.4 r / 

/ 
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Fig. 2. Effect of pH on absorbance. Ga(II1) 2.86 x W6M, 
PF 8.0 x 10-6M, HPB 2.0 x 10-‘&f, Py 0.248M. 

and practically constant absorbance is obtained 
over the pH range 4.0-5.5. 

E#ect of reagent concentrations 

The concentrations of the reagents were opti- 
mized one at a time, with other conditions 
constant. Maximum colour formation was ob- 
tained with slightly greater than 2-fold molar 
ratio of phenylfluorone, 300-fold molar ratio of 
HPB and 3 x 104-fold molar ratio of pyridine 
relative to gallium. 

Stability of the colour 

Full colour development was reached in 
about 20 min after the reagents were added. The 
colour, once developed, was very stable and the 
absorbance remained constant for at least 
several hours. 

Calibration graph 

A calibration graph made under the optimum 
conditions was linear up to 4.3 x 10e6M 
gallium. The molar absorptivity was 1.48 x lo5 
l.mole-‘.cm-‘. 

The reproducibility of the method, expressed 
as the relative standard deviation of the 
absorbance, was 0.5% for gallium (9 replicates). 

Effect of diverse ions 

The effect of diverse ions on the deter- 
mination of 5 pg of gallium is summarized in 
Table 1. Aluminium, iron, tin, titanium, 
cadmium, manganese and vanadium caused 
some error when present in 1: 1 weight ratio to 
the gallium. 

Use of nitrite instead of pyridine completely 
eliminates the interference of aluminium if 
fluoride is also present but the sensitivity is 
reduced: the absorption maximum of the nitrite 



Determination of gallium(II1) with phenylfluorone 

Table 1. Influence of various foreign ions on determination of 5 pg of gallium 
(measured at 570 mm) 

Amount Ga Amount Ga 
Foreign added, found, Error, Foreign added, found, Error, 
ion pg !Qr Irg ion I&? /Jg &3 

2:: 50.0 25.0 5.0 5.0 88 Ti4+ Cd2+ 5.0 5.0 2.3 4.3 -2.7 -0.7 
cu2+ 50.0 5.0 0:o Mn2+ 5.0 3.2 -1.8 
Zn2+ 25.0 5.0 0.0 V(V) 5.0 5.8 0.8 
Pd2+ 25.0 5.0 0.0 v(V)* 50.0 5.1 0.1 
In’+ 10.0 5.0 0.0 Mo(V1) 5.0 5.0 0.0 
Fe’+ 10.0 5.0 0.0 NO, 50.0 5.0 0.0 
Fe’+ 5.0 1.6 -3.4 Cl- 50.0 3.6 -1.6 
Fe’+* 100.0 4.8 0.2 F- 50.0 1.9 -3.1 
Al’+ 5.0 3.6 -1.4 F-t 100.0 4.8 -0.2 
Al’+? 25.0 5.2 0.2 so:- 50.0 5.1 0.1 
Al’+* 100.0 5.2 0.2 PO:- 50.0 1.6 -3.4 
Sn4+ 5.0 7.1 2.1 

*Gallium was separated by ether extraction. 
tin the presence of nitrite instead of pyridine, with 0.5 ml of 0.5% sodium fluoride 

solution added, measurement at 580 nm. 
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complex is at 580 nm and the molar absorptivity 
is 1.05 x lo5 l.molee’.cm-‘. 

Iron(II1) can be masked by reduction with 
10% hydroxylamine hydrochloride or 5% 
ascorbic acid before colour development. If 
large quantities of iron(II1) and aluminium are 
present, gallium can be separated from them by 
extraction into diethyl ether from 6-844 
hydrochloric acid medium after prior reduction 
of the iron(III).20 A similar separation can be 
used when a large quantity of vanadium(V) is 
present. In both cases the organic phase is 
washed twice with 6M hydrochloric acid, and 
gallium is stripped by two extractions with 
water. This aqueous extract is evaporated to 

,,I- 4 

I 
, lo-s/b , 

I 
0 1 2 3 

lo-?b2 

Fig. 3. Relationship between a/(A - A’) and I/b”. Concen- 
trations of Ga(III), HPB, Py and PF: 2.0 x 10m6M, 
2.0 x IO-‘M, 0.248M and 6.0 x 10-6-1.2 x 10-s,44, respec- 
tively. O-0 n = I; 0-O n = 2; measured at 570 nm. 

dryness after addition of a little nitric acid. The 
residue is dissolved in a small quantity of dilute 
nitric acid and diluted with water, then the 
gallium determined as already described. 

Composition of the complex 

The Benesi and Hildebrand method22 was 
used to find the composition of the complex. 
For a GaL, complex (L = ligand) the following 
relationship may be derived: 

a/@ -A’) = {l/(6, - nc2)} + (K’/(c, - nc,)b”} 

where A is the absorbance of the solution 
measured against the reagent blank, a and b are 
the initial concentrations of gallium and the 
reagent respectively, cl and c2 (c2 b = A’) are 
the molar absorptivities of the complex and the 
reagent blank, respectively, at a constant 
pH value. 

The plots of a/(A -A’) against l/b” at 570 
nm are shown in Fig. 3. A straight line is 
obtained for n = 2. 

When similar plots were made for varied 
concentrations of pyridine (0.054 IOM), a 
straight line was obtained for n = 2. Therefore 
it is concluded that a 1: 2: 2 complex is formed 
between gallium, phenylfluorone and pyridine. 

It may be considered that this complex is 
formed in a micelle since the presence of a 
surfactant such as HPB is important. 
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Summary-The reaction of scandium(II1) with ochlorophenylfluorone (o-ClPF) in the presence of 
cetyltrimethylammonium bromide (CTMAB) has been studied. In an acetate buffer at pH 4.4, a red- 
purple complex is obtained, with maximum absorption at 569 nm and a molar absorptivity of 
1.31 x 1051.mole-‘.cm-‘. The composition of the complex is found to be 1:2:2 St-o-CIPFCTMAB. 
Beer’s law is obeyed over the range O-12 &25 ml scandium. The proposed method has been used for 
determination of trace scandium in tungsten ores after its prior separation by solvent extraction. 

Xylenol Orange and Arsenazo III have been 
recommended’ as chromophoric reagents for 
the spectrophotometric determination of trace 
amounts of scandium, but as these have poor 
sensitivity several new methods have been devel- 
oped.2-6 Recently it has been proposed’ that 
ternary systems containing scandium, triphenyl- 
methane dyes and cationic surfactants have even 
greater sensitivity. The derivatives of phenyl- 
fluorone* are highly sensitive chromophoric 
reagents for the spectrophotometric determi- 
nation of easily hydrolysed high-valence metals, 
e.g., o -chlorophenylfluorone (o-ClPF) can be 
used to determine Mo,~ Ta,” Al” and Ga,12 
but there are no reports that it can be used 
to determine scandium in the presence of 
surfactants. 

In this work, the optimum conditions for 
the reaction of scandium(II1) with o-ClPF and 
cetyltrimethylammonium bromide (CTMAB) 
have been studied. The spectrophotometric 
method developed has been used for the deter- 
mination of scandium in tungsten ores after 
solvent extraction of scandium. 

EXPERIMENTAL 

Reagents 

All solutions were prepared with analytical- 
grade chemicals and demineralized distilled 
water unless otherwise stated. 

Standard scandium solution, 5pglml. Dissolve 
0.1534 g of pure scandium oxide in 10 ml of 

12M hydrochloric acid, bring the solution to 
the boil to remove some of the acid, then dilute 
to volume in a lOO-ml standard flask. Dilute this 
solution (1 mg/ml) to 5 pg/ml. 

o-ClPF solution, 1.0 x IO-‘M. Dissolve 
0.0886 g of o-ClPF in 125 ml of ethanol and 
dilute to 250 ml with water. 

Acetate buffer solution, l.O.M, pH 4.6. Dis- 
solve 40.5 g of anhydrous sodium acetate in 
250 ml of water, adjust the pH to 4.6 with 4M 
hydrochloric acid and dilute to 500 ml with 
water. 

CTMAB solution, 1.0 x IO-‘M. 
PMBP solution, 1.0 x IO-*M. Dissolve 1.4 g 

of I-phenyl-3-methyl-4-benzoylpyrazol-5-one in 
500 ml of benzene. 

Sodium diethyldithiocarbamate (DDTC), 20% 
aqueous solution. 

General procedure 

Place 1.00 ml of the standard scandium(II1) 
solution in a 25-ml standard flask, add 5 ml 
of buffer solution, 5 ml of CTMAB solution, 
1.5 ml of o-ClPF solution, dilute to the mark 
with water and heat the solution in a water-bath 
at 70” for 10 min. Cool, and measure the 
absorbance at 569 nm against a reagent blank 
in l-cm cells. 

Determination of scandium in tungsten ores 

Fuse a 0.5-g sample with 10 g of sodium 
peroxide in a nickel crucible at 500” for 
45 min. Leach the melt with 80 ml of a solution 
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containing 8 g of sodium carbonate, 2 g of 
sodium chloride and 2 g of sodium hydroxide, 
in a 250-ml poly(viny1 fluoride) beaker and 
warm it for 1 hr. Cool the solution and let it 
stand overnight. Filter the solution and wash 
the precipitate with 2% sodium carbonate solu- 
tion about 10 times. Place the paper in a 250-ml 
beaker and dissolve the precipitate with 30 ml of 
hot 6M hydrochloric acid. Transfer the solution 
to a lOO-ml standard flask, dilute to volume with 
water and mix. 

Pipette 20.00 ml of this solution into a loo-ml 
separatory funnel, add 1 ml of 10% hydroxyl- 
amine hydrochloride solution and 1 ml of 20% 
sulphosalicylic acid solution. Adjust the pH to 
about 4, add 5 ml of acetate buffer (pH 5.5) and 
3 ml of DDTC solution, mix and let stand for 
3 min. Then shake the mixture for 1 min with 
first 15 and then 10 ml of chloroform, discarding 
the organic phases. Add 20 ml of PMBP solu- 
tion to the aqueous phase, shake the mixture 
for 1 min and discard the aqueous phase. Shake 
the organic phase for 1 min with 10 and 5 ml of 
5% hydrochloric acid. Evaporate the combined 
hydrochloric acid phases on a hot-plate to near 
dryness. Cool, add 5 ml of 5% v/v hydrochloric 
acid and heat to take up the residue. Cool 
and transfer the solution into a 25-ml standard 
flask. Add 1 drop of 0.1% p-nitrophenol solu- 
tion and 6M ammonia solution until the solu 
tion turns yellow. Then add 2% v/v hydrochloric 
acid dropwise with frequent shaking, until the 
yellow colour just disappears. Then determine 
scandium according to the general procedure. 

1.6 
2 

300 520 540 560 560 600 

X/nm 

Fig. 1. Absorption spectra: (1) o-ClPF and (2) o-ClPF- 
CTMAB, us. water; (3) St-o-CIPF-CTMAB, (4) Sc-o- 
HPF-CTMAB, (5) SC-~-NPF-CTMAB, vs. reagent blank. 
[SC] = 4.45 x 10-6M, [o-ClPF] = [o-HPF] = [o-NPF] = 6.0 

x IO-‘M, [CTMAB] = 2.0 x lo-“M. 

A ::p--\ 

0.2 
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Fig. 2. Etrect of pH on the formation of the scandium 
complex. Absorbance measured at 569 nm against a reagent 

blank. 

RESULTS AND DISCUSSION 

Absorption spectra 

Figure 1 shows that in the presence of 
CTMAB the scandium complexes with o-chloro 
(o -ClPF), o -hydroxy (o -HPF) and o -nitro- 
phenylfluorone (o-NPF) have maximum 
absorption at 569, 559 and 560 nm with 
apparent molar absorptivities of 1.31 x lo’, 
1.22 x lo5 and 1.01 x lo5 l.mole-‘.cm-’ 
respectively. The o-CIPF complex shows the 
greatest sensitivity, so was used in the following 
experiments. 

EfSect of pH 

The effect of pH on the scandium- 
o-CIPF-CTMAB system was studied over the 
pH range 3.9-4.9. Figure 2 shows that the 
absorbance is constant and maximal from pH 
4.2 to 4.7, so subsequent determinations were 
performed at pH 4.4. 

Acetate buffer is used to maintain the opti- 
mum pH and improves the stability of the 
colour without affecting the absorbance. 

Effect of surfactants 

The absorbance maximum and apparent 
molar absorptivity of the binary complex of 
scandium and o-ClPF are 520 nm and 
3.60 x 104 l.mole-’ .cm-‘, respectively. If cer- 
tain cationic and non-ionic surfactants, for 
example CTMAB, cetylpyridinium bromide 
(CPB), Tween-80, Triton X-100 and OP are 
added as sensitizers to the scandium-o-CIPF 
system, significant bathochromic and hyper- 
chromic shifts are observed. The experimental 
results are given in Table 1. 

The results in Table 1 show that the 
sensitizing efficiency is greatest for CTMA so 
this surfactant was chosen as sensitizer. 
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Table 1. Characteristics of scandium complexes 
with o-ClPF in the presence of surfactants 

I llUX, 
Surfactant* nm 104l.?no~-‘.cnl-’ 

CTMAB 569 13.1 
CPB 570 11.3 
Tween-80 565 8.33 
Triton X-100 565 5.63 
OP 570 4.95 

*Volume of surfactant added is 3 ml of 0.5% 
CTMAB or CPB solution, 5 ml of 3% Tween- 
80 solution, 3 ml of 1% Triton X-100, OP 
or PVA solution, respectively, in the 25-ml 
standard flask. 

Eflect of reagent concentrations 

When the general procedure was followed 
with varied amounts of the reagents, maximum 
and constant absorbance was obtained with 
0.5-2.0 ml of o-ClPF solution and 3.0-7.0 ml 
of CTMAB solution. Therefore, 1.5 and 5.0 
ml respectively were selected as the optimal 
volumes of these reagents. 

The addition of ethanol is necessary to 
stabilize the SC-o-CIPF-CTMAB system. The 
maximum absorbance is obtained with 2-7% 
v/v ethanol. A higher level of alcohol than 7% 
breaks up the micelles. 

Effect of temperature 

The colour will not develop at room tem- 
perature but is completely formed in 10 min at 
70”. Once the colour has developed, the ab- 
sorbance remains constant for at least 24 hr. 

Calibration graph and sensitivity 

The calibration graph is linear over the range 
O-12 pg/25 ml scandium. The apparent molar 
absorptivity calculated from the calibration 
graph is 1.31 x 10S1.mole-‘.cm-’ at 569 nm. 

Composition of the complex 

The molar ratio of scandium to o-ClPF in the 
complex was determined by the continuous 
variations and molar ratio methods and found 
to be 1:2. The molar ratio of scandium to 
CTMAB in the complex was established as 1: 2 
by the Asmus linear method.13 

E#ect of diverse ions 

To assess the usefulness of the method, the 
effect of diverse ions which often accompany 
scandium was studied. The following pg 
amounts of the ions were found to give an error 
of less than & 5% in the determination of 5 pg 
of scandium: La(III), 2400; Ca(II), Mg(I1) and 

Ba(II), 2000; Cd(II), 510; Zn(II), 160; lan- 
thanides(III), 140; Pb(II), 65; Co(II), 55; Nb(V), 
40; Y(III), 32; Ni(I1) and Mo(VI), 25; Bi(III), 
23; Ta(V), 18; Be(II), 8. Suitable amounts of 
certain metal ions that react with o-ClPF may 
be masked by the addition of masking reagents, 
e.g., 30 pg of Cu(I1) by 3.2 x 10e2M thiourea, 
8 pg of Fe(II1) or 2 pg of Cr(V1) by reduction 
with 3.5 x IO-*M hydroxylamine hydrochlor- 
ide, and 20 pg of Cr(III), 8 pg of Th(IV), 6 pg 
of V(V), 3 pug of Mn(II), 2 pg of Zr(IV) or 1 ,ug 
of W(V1) by 1.3 x 10m3M tartaric acid. Under 
the same conditions, Ga(II1) and In(II1) form 
intensely coloured complexes with o-ClPF in 
the presence of CTMAB, and thus interfere in 
the general procedure. Small amounts of Al(II1) 
and Ti(IV) can be masked with sulphosalicylic 
acid. Scandium must therefore be separated 
from these ions if it is to be determined when 
they are present in the sample. 

The tolerance levels of anions and reagents 
were at least 100 mg of sulphate, 50 mg of 
nitrate or chloride, 80 mg of hydroxylamine 
hydrochloride, 60 mg of ascorbic acid, 6 mg 
of tartaric acid and 1 ml of 30% hydrogen 
peroxide. Fluoride, oxalate and citrate decrease 
the reactivity of scandium with o-ClPF and 
therefore must be absent. 

Separation of scandium 

In addition to the matrix elements such as 
W, Fe, Mn, Ca and Mg in tungsten ores, Al, Sn, 
V, U, Nb, Ta and lanthanides may also be 
present. To eliminate the interference of diverse 
ions the separation of scandium in the solution 
prepared from a fused sample is required. 

When the sample fused with sodium peroxide 
is dissolved in water, several elements such as 
W, MO, V, Mn and Al form anions and pass 
into solution; these can be removed by filtering. 
The precipitate, which contains scandium and 
other hydroxides, is dissolved in hydrochloric 
acid and this solution is extracted first with 

Table 2. Results for determination of scandium in tungsten 
ores 

sc,o,, % 

Found by proposed method 
Certified 

Sample value* Average? Standard deviation 

WO-A 0.0018 0.00178 6.2 x 1O-5 
WO-k 0.0039 0.00382 7.6 x 1O-5 
wo-1 0.0030 0.00307 6.2 x 1O-5 

*Certified value provided by the Guangzhou Research 
Institute of Non-ferrous Metals. 

tAverage values of six determinations. 
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sodium diethyldithiocarbamate to remove Fe, 4. I. Mori, Y. Fujita, K. Fujita, A. Usami, H. Kawabe, 

Cu, Ni, Bi, U and Sn etc.14 Scandium and the Y. Koshiyama and T. Tanaka, Bull. Chem. Sot. Japan, 

lanthanides are then extracted with PMBP.‘5*‘6 
1986, 59, 1623. 

Scandium can then be stripped with 0.6M 
5. C. D. Sharma, S. G. Nagarkar and M. C. Eshwar, 

ibid., 1986, 59, 1662. 
hydrochloric acid. ‘w’ To avoid possible inter- 6. Wan-Ru Chen, Jiao-Mai Pan, Chung-Gin Hsu and 
ference by residual traces of aluminium and Sheng-Song Ge, Mikrochim. Acta, 1985 III, 417. 

titanium, which are also extracted into the 7. M. Jarosz and Z. Marczenko, Anal. Chim. Acta, 

PMBP organic phase, sulphosalicylic acid is 
1984, 159, 309. 

added to mask them.ls This separation of scan- 
8. V. A. Nazarenko, V. P. Antonovich and N. A. 

Veschikova, Talanta, 1987, 34, 215. 
dium may also be applied to other ores.16*‘7 9. Zhen-qing Wang, Quang-hui Xu and Han-xi Shen, 

The results for determination of scandium in Yankuang Ceshi, 1986, 5, 8. 

some tungsten ores by the proposed method 10. Zong-ming Luo and Wei Shen, ibid., 1987, 6, 210. 

are shown in Table 2, and are in reasonable 
11. Zong-ming Luo and Zeng-wen Lin, ibid., 1988, 7, 104. 

agreement with the certified values. 
12. Ying-lu He, Ying Liu, Jin-duan Zhao, Zhong-yi Zhao 

and Fu-peng Wang, Fenxi Huaxue, 1988, 16, 341. 
13. E. Asmus, 2. Anal. Chem., 1960, 178, 104. 
14. Z. Holzbecher, L. DiviS, M. Kdl, L. Sucha and 
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Summary-A method is proposed for the evaluation of equilibrium parameters from potentiometric data, 
in which all the sources of random error are taken into account. This means including in the minimized 
sum the residuals in all the quantities subject to error (titrant volume, emf, parameters of composition 
of the titrant and titrand, parameters of electrode characteristics, and equilibrium constants known 
from other experiments). The method of preparation of the solutions is represented by a directed, 
acyclic graph which allows consideration of the sources of error connected with the composition of the 
solutions, and avoidance of inconsistency in the composition characteristics. Numerical examples are 
presented. 

The least-squares method is a technique 
commonly used for the estimation of the 
parameters which describe chemical equilibrium 
systems.’ Usually the sum to be minimized 
contains only selected measured quantities, be- 
cause of computational limitations. However, it 
is not always justified from the statistical point 
of view. 

According to the maximum likelihood prin- 
ciple, in the case of the normal distribution 
of errors, all the measured quantities should 
appear in the minimized sum. Neglecting 
certain terms often causes substantial changes 
in the parameters determined. In a recent 
pape? we included in the minimized sum the 
residuals in emf values and the residuals in 
the titrant volumes in the case of potentiometry, 
or the residuals in the absorbances together 
with the residuals in the composition charac- 
teristics in the case of spectrophotometry. 
Obviously, some other parameters are measured 
as well and should therefore be included in 
the sum of squares. In the case of potenti- 
ometry, which is considered in this paper, these 
are: 

(a) the electrode characteristics; 
(b) the measured quantities which describe 

the composition of all the solutions in- 
volved (e.g., the titrant and titrand con- 
centrations and volumes, compositions 
and amounts of reagents); 

(c) the equilibrium constants and/or other 
parameters taken from other exper- 
iments or from databases. 

In previous programs, most of the quantities 
above are either fixed or treated as additional 
parameters to be determined, without explicit 
terms in the sum to be minimized.3” 

THEORY 

In this work the sum to be minimized is 
expressed by equation (1). 

4 (x, Y, E”, S, 0, V) 

= 
4 
’ (WS 

i=l 

x % [~~--(Vj,w,EP,si,x,y)]2 
1’1 

+ (l/a;)’ 2 (P; - V;)’ 
/=I 

+ WC - Ey@p - E;)2 

+ (l/O~,)2(Si-Si)2 I 
+ i$, (11aq)2(ui~ - wi)2 

+ ,$, j$l ( wy>y (91 - Yi) Uj - Vj) (1) 

where x = [xi, x2, . . . , x,,,,]’ is the vector of the 
parameters to be determined, 

TM. 37,bcT 
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y=[y,,y2,.--3 y,]’ is the vector of the 
parameters which have been determined from 
other experiments and for which the variance- 
covariance matrix (W;‘) is known (e.g., known 
equilibrium constants), 

E”=[E;, E;,..., EPIT is the vector of the 
standard emfs of the subsequent titrations, 

S=[S,, s, ,...) S,]’ is the vector of the 
Nemstian slopes of the subsequent titrations, 

o=[o,, w2 )...) mUIT is the vector of the 
characteristics of the composition of the titrants 
and titrands directly measured (described in 
detail later), 

(V;,Ej), j=l,2 ,..., ri, i=l,2 ,..., t are 
the jth titrant volume and jth emf in the ith 
titration. 

The c values are the estimated a priori stan- 
dard deviations of the respective quantities (e.g., 
on the basis of the apparatus characteristics), t is 
the number of titrations, ri is the number of 
points in the i th titration, u is the number of 
composition characteristics, p is the number 
of parameters determined previously, -indicates 
the measured quantity. 

In the next section we describe in detail the 
quantities included in the vector w. 

Most of the derivatives required in the mini- 
mization have been given in our previous 
paper.2 Of the rest, only the derivatives in the 
composition characteristics are complicated. 
Their form and derivation are given in the 
Appendix. 

REPRESENTATION OF THE METHOD OF 
PREPARATION OF THE SOLUTIONS 

The solutions used in the potentiometric 
titrations result from mixing various inter- 
mediate solutions, which are in turn formed by 
dissolving or mixing certain reagents. In gen- 
eral, the history of preparing the solutions can 
be represented by an acyclic digraph. Consider 
the example shown in Fig. 1. 

Solution 1, with volume V,, and initial con- 
centrations of species given by vector C,, and 
solution 2, with volume V,, and initial concen- 
trations given by vector C2, were mixed to give 
solution 3, with a volume found to be wJ. Then 
solution 5 was formed analogously from sol- 
utions 3 and 4, and solution 6 from solutions 1, 
3, and 5. Solution 6 was the one used in the 
titrations. From the example presented we can 
see that the vertices of the graph are of three 
types: initial, intermediate, and final. In the 
example, the initial vertices are 1, 2, and 4; 

Fig. 1 

intermediate are 3 and 5 and the final is vertex 6. 
The initial vertices need not correspond to 
solutions; they can also represent solid reagents. 
In such a case the “concentrations” are simply 
the percentages of the species. 

There are two reasons for introducing the 
graph. First, particular methods for preparing 
solutions result in certain relationships between 
the total concentrations of the final solutions, 
which cannot therefore be refined indepen- 
dently. Secondly, such a representation of the 
preparation of the solutions allows the residuals 
in the quantities which are really measured, to 
be included in the minimized sum. (It is well 
known that, from the statistical point of view, 
the transformation of variables is not always 
justified.) Consider the example shown in Fig. 2. 

Assume that in the system studied, there exist 
equilibria between a certain base (B) and pro- 
tons. Assume that solution (reagent) 1 contains 
BH+ and H+, and that solution (reagent) 2 
contains B. Concentrations of these species, 
together with the volumes of the solutions are 
subject to error. Thus, the corresponding terms 
in the minimized sum are given by equation (2). 

‘$‘(TBH+,,v &-I+.,, TB.z, vn, v,:4, ~24~“‘3~‘+‘4) 

= (1/%i+,1)2@BH+,1 - TBH+,1)2 

+ WG+,1)2(f”+,1 - %+,,I2 

+ (1/aB,2)2(pB.2 - TB.2)2 

+ W%,,)2(~13 - Vd2 

+ W”,,)2(C4 - V*d’ 

+ W”*4)2(f24 - V2412 

+ Wv,)‘W - %I2 

+ W%4)2W4 - w.d2 (2) 

where TA i denotes the total concentration of 
species A’in the i th solution. 
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Fig. 2 

If the history of preparing the solutions were 
neglected, these terms would be expressed by 
equation (3). 

= WG,+,~)~(~BH+.~ - TBH+,~~ 
+ (W,,+.d2@‘~+,3 - TH+J)’ 
+ (~/oB,,+,,)~@‘BH+,~ - TBH+,~~ 
+ (l/q,+.d2(f+,,+,, - TH+,~)~ 

+ (Wr,,d2(f+~,4 - TB.~)~ 
where 

&I”+,, = (Gl%) %+,1 

%+.3 = U%/%) %+.I 

&+,4 = (U%) Gl+.I 

%+,4 = (G/%) GH+.I 

Gl,, = @24P4)4) fB.2 

The “theoretical” values TBH+, 3, 

(3) 

(4) 

T H+,37 

T BH+.4? and TH+,~ obtained by the unrestricted 
minimization of the sum of squares containing 
equation (3) need not fulfil the equations in 

(4) (e.g., TBH+.~/TH+,~ # TBH+,~/TH+,~). On the 

other hand, from the way the solutions were 
prepared it is obvious that these restrictions 
must also hold for the “theoretical” values. 

The violation of the constraints in (4) is not 
the only deficiency of minimizing the sum con- 
taining the terms in (3) instead of that contain- 
ing the terms in (2). Since the relationships in (4) 
are not linear, the distribution of error of the 
transformed quantities is no longer normal. 
Therefore, use of the least-squares method is no 
longer justified. 

PRACTICAL IMPLEMENTATION 

We have modified our previous program 
STOICH10,2 which used Marquardt’s mini- 
mization procedure, by incorporating the 
present approach. The program is designed to 

process potentiometric data. Like the original 
version of STOICHIO, it can also determine 
unknown stoichiometric coefficients. The pro- 
gram is written in FORTRAN IV and has been 
implemented on an R-32 computer. A version 
has also been prepared in FORTRAN 77 and 
implemented on an IBM PC. 

NUMERICAL EXAMPLES 

We have performed calculations for a chosen 
system in various ways, e.g., with or without 
fixed electrode characteristics, previously deter- 
mined constants, and solution composition 
characteristics. The number of terms in the 
minimized sum also changed from one run to 
another. 

The system was composed of 4-methoxy- 
pyridine-N-oxide, 2-picoline-N-oxide, and pro- 
tons, in propylene carbonate.6 The equilibria are 
given by (5). 

1. 2 BlH+ + B2 = Bl,B2H;+ 

2. BIH+ + B2 = BlB2H+ 

3. BIH+ = Bl + H+ 

4. B2H+ = B2 + H+ 

5. BIH+ + Bl = B12H+ 

6. B2H+ + B2 = B22H+ (5) 

where Bl stands for 4-methoxypyridine-N- 
oxide and B2 for 2-picoline-N-oxide. 

The constants of equilibria 1 and 2 were to 
be determined; the remaining equilibrium con- 
stants and their variance-covariance matrix 
were known from other measurements. 

Two potentiometric titrations with the use of 
the glass electrode were performed. The method 
of preparing the solutions is shown in Fig. 3. 

Solution 1 contains BlH+ (as the perchlorate) 
with some amount of H+, and solution 2 con- 
tains B2. Solution 3 was titrated with solution 5, 
and solution 4 with solution 6. 

Fig. 3 
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We chose this system for the following 
reasons. First, the glass electrode is not so stable 
in propylene carbonate as in water, and its 
properties can vary slightly from titration to 
titration. Secondly, 4-methoxypyridine-N-oxide 
perchlorate always contains traces of either 
perchloric acid or the free base. Also, errors in 
the equilibrium constants previously determined 
should be taken into account. 

The results are summarized in Table 1. As 
shown, when it is assumed that the parameters 
determined from other measurements are error- 
free, the program (run 2) gives results that are 
qualitatively different from those in which cer- 
tain parameters of this group are adjusted (in 
run 2 the iteration for the first equilibrium 
constant diverges). Neglecting information from 
other measurements (i.e. not including in the 
minimized sum the terms corresponding to 
parameters previously determined) leads to un- 
reasonably large standard deviations of the 
equilibrium constants estimated (run 3). In run 
1, the minimized sum included all the relevant 
quantities, with correct values of the elements 
of the variance-covariance matrix. The equi- 
librium constants determined in this way had 
reasonable standard deviations. 

To estimate the influence of adjusting certain 
groups of parameters on the values of the equi- 
librium constants determined, we performed 
some additional calculations (runs 4-9). In runs 
4 and 5 we adjusted only the equilibrium con- 
stants determined from other measurements, in 
runs 6 and 7 only the electrode characteristics, 
and in runs 8 and 9 only the composition 
characteristics. In runs 5, 7, and 9 all the 
parameters adjusted were included in the mini- 
mized sum, while in runs 4, 6, and 8 they were 
not. 

When the parameters determined from other 
measurements were adjusted without inclusion 
in the minimized sum, the iterative process did 
not converge in 100 iterations. Only when the 
electrode characteristic parameters were ad- 
justed did the equilibrium constants determined 
have reasonable standard deviations. When all 
the quantities adjusted were included in the 
sum, the iterative process converged in a reason- 
able number of iterations, and the equilibrium 
constants had small standard deviations. There- 
fore inclusion of all the quantities adjusted in 
the minimized sum seems to be essential to 
obtain reliable parameters. 

This conclusion is very important, because 
the extended sum of squares is the main feature 

which distinguishes our method from earlier 
algorithms which vary the composition and 
electrode characteristics, but without including 
them in the minimized sum, e.g., the programs 
MUCOMP3 and ACBA.5 Runs 3, 4, 6, and 8 
are very similar to MUCOMP or ACBA 
computations. 

When the results of partial adjustment (runs 
5, 7, and 9) are compared with the results of full 
adjustment (run 1) it seems that varying the 
equilibrium constants previously determined is 
essential, because this gives the best agreement 
with the results obtained when all the par- 
ameters subject to error are adjusted. 

1. 

2. 

3. 

4. 
5. 

6. 
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APPENDIX 

For each path in the digraph which leads 
from vertex number i, to vertex i, through 
vertices is_, , . . . , i2 we can define the product. 

I(i,, iZ,. * * 3 iA = (llwi,) vi,i,(l/wi*) - . * 

. . . vi,_,i,_,(‘/wi,_,) Ks_,rs (Al) 

The symbol I has the obvious property 

Z(i,,. . .,i,,.. .,&)=I(&, . . .,i,)Z(i,,. . .,i,) 

642) 

Let A denote the set of all initial vertices. 
Then a concentration in the solution which is 
represented by any intermediate or final vertex 
i may be expressed by 

Ci= C Ct C Z(i,...,t) (A3) 
IEA ways from 

I to i 

Let Lik be defined by (A4). Equation (A3) can 
be then rewritten as (A5). 

L fk= c Z(i,...,k) 

“X2” 

Ci= 1 LirC, 
IEA 

644) 

645) 
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Let us calculate the derivatives aLik/i3wi. 

aL&?w, = alaw, 1 I(i, . . . , j, . . . , k) 

=a/aw, C Z(i ,..., j)I(j ,..., K) 
ways from k 
to I through, 

= alaw, 
[ 

1 W,...,j) 
ways from 

jto i 1 
x 1 Z(j,...,k) 

ways from 
k to, 1 = a/aw,(LrlLJk) 

It can easily be seen that aLJaw, = 0 and 
a(WjL,k)/dW, = 0. Therefore: 

aL&w, = L,,aLlk/awj 

= L,,a[(l/wj)(WjL,k)l/awj 

= -(1/wj)2w,LyL,k 

= - L,Ljk/w, 

Hence we immediately obtain the derivatives 
atyaw,. 

ac,law,= 1 C,aL,,/aW, 
IEA 

= - LijlWj C C, Ljr 
IEA 

= - LijCj/Wj W) 

Similarly: 

aLc,/av,=alay, C I(i,...,j,l,...,k) 

k 
ways from 
to, itt; yh 

and finally 

ac,py, = 1 c,aL,jla5j 
IEA 

= 1 ctLijLltlwj 

tEA 

= L,, Glw, (A71 

Of course: 

ac,lac,= L, W) 
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METAL ELECTRODES FOR CONTINUOUS 
AMPEROMETRIC MEASUREMENT OF FREE 
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Summary-Titanium-based electrodes have been demonstrated to be useful for measuring free HF 
concentration in the range O.Ol-0.07M at temperatures between 19 and 61°C in acidic, complexed HF 
solutions, by measurement of the current density resulting when the electrode potential is approxi- 
mately +0.6 V with respect to an inert electrode. The current density, i, is linearly related to the HF 
concentration when the solution is adequately stirred to remove diffusion effects at the electrode, and is 
independent of HNO, concentration up to 1.75M. The dependence on the absolute temperature is In 
i = -A/T + B + C In T, and the activation energy at an absolute temperature T, is R(A + T,C), where 
A, B and C are constants and R is the gas constant. For a Ti-2% Pd electrode, the activation energy for 
anodic dissolution is found to be 43.7 + 0.2 k.I/mole at 312 K. The equations relating the current density 
to HF concentration at different temperatures can be. combined to give a single equation for B-IF] as a 
function of both i and T. 

A remote, on-line, rapid-response monitor for 
free HF concentration is required for con- 
trolling continuous complexing of excess free 
HF in the solution produced by dissolving 
Zircaloy-based nuclear fuel in approximately 
1OM hydrofluoric acid. Free HF in the solution 
must be complexed with aluminum nitrate or 
boric acid to give a narrow residual range of 
0.03-0.05M (at 35”) before the solution is trans- 
ferred to downstream stainless-steel vessels. 

Indirect methods have been developed for 
determining free HF in acidic systems contain- 
ing complexing metal ions, by simultaneously 
measuring [H+] and [F-l with ion-selective elec- 
trodes,‘** for which HF-resistant hydrogen-ion 
electrodes have been developed.‘-3 Though use- 
ful for laboratory determinations of HF in 
samples that can be adjusted for ionic strength 
and compared against standards, this approach 
cannot be applied to remote, continuous on-line 
measurements. In addition to the inability to 
adjust the analyte solution accurately, frequent 
calibrations are impractical, and ruggedness and 
long life are essential. 

Metals slightly reactive with hydrofluoric acid 
at process concentrations were investigated as 
electrode materials that might, when at a posi- 
tive potential relative to an inert reference elec- 
trode, result in anodic dissolution rates and 

measured currents that are proportional to the 
free HF concentration. Criteria for selection of 
the electrode material were (1) ready availabil- 
ity, (2) that the metal should be sufficiently 
reactive to produce reasonable limiting anodic 
currents, but not so reactive that the surface 
area would change rapidly, requiring frequent 
calibration or remote-electrode replacement, (3) 
rapid and constant response to changes in HF 
concentrations, requiring infrequent calibra- 
tion, and (4) no response to any strong acids or 
fluoride complexes present, except for any 
effects on the free HF concentration. 

A number of metals and alloys might be 
suitable, depending on the HF concentration 
range and the temperature of interest. For our 
purposes, pure Ti and a Ti-2% Pd alloy proved 
to be the best materials and our investigations 
have been concentrated on them. A summary of 
early results is reported here. Details and more 
extensive results, including investigations with 
other materials, will be reported in a subsequent 
paper. 

EXPERIMENTAL 

Reagents 

A stock solution of reagent grade hydro- 
fluoric acid was standardized by acid-base 
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titration (relative standard deviation 0.03%). 
This and concentrated reagent grade nitric acid 
were weighed into a standard flask and diluted 
to volume to prepare HF-HNO, solutions. The 
aluminum nitrate used for complexing the 
hydrofluoric acid was a 2.2M technical grade 
solution analyzed by atomic-absorption spec- 
trophotometry (relative standard deviation 
2%). 

Apparatus 

Ti and Ti-2% Pd alloy anodes were prepared 
by heat-shrinking one layer of 0.238 cm diame- 
ter Teflon and two layers of 0.318 cm diameter 
polyolefin heat-shrink tubing over 0.157 cm 
diameter metal rods so that only the polished 
rod ends were exposed to the solution. The 
cross-sectional areas were determined by photo- 
micrography. The cathode consisted of a 12 cm 
long, 0.127 cm diameter Hastelloy C-4 metal 
rod. Pressure fittings were used to connect 
the rods to wires, which were attached to an 
adjustable voltage supply. A simple converter 
circuit was used to measure the current through 
the electrodes by taking a voltage reading across 
a resistor. 

The solution and electrodes were placed in a 
capped Teflon bottle immersed in a constant- 
temperature water-bath. The solution was 
stirred with a paddle. The temperature of the 
bath was controlled within 0. lo and measured to 
0. lo with an NBS-calibrated thermometer, and 
was shown by calibration to be within 0.1’ of 
that of the equilibrated experimental solution. 

Procedures 

A potential of 0.55 V was applied across the 
anode and the inert cathode. The current 
changes only slowly with applied voltage if that 
is at or above this value. For temperature- 
dependence studies, voltage readings across the 
resistor were taken by a computer data-acqui- 
sition system every 4-Y, with a minimum of 18 
readings at each equilibrated temperature. Elec- 
trodes were wired so that readings from both 
types of anode were obtained simultaneously 
under identical conditions. After measurement 
of the voltage as a function of increasing tem- 
perature from 19 to 61’) the solution was cooled 
to the mid-range temperature and the measure- 

tThe semiconductor, n-silicon, is unsuitable for use in 
continuous monitoring. Its response to HF drifts, neces- 
sitating frequent calibration, it is affected by HNO,, and 
the sensitivity of material from various sources to HF is 
widely variable and unpredictable. 

ment was repeated. In this way, constancy of 
response could be verified. In a few instances, 
the repeat reading was higher by more than 
three standard deviations; a slight channeling or 
shrinkage of the Teflon tubing had occurred, 
changing the exposed surface area. Data from 
such experiments were not used. The electrode 
responses to solutions of 0.03-0.07M hydro- 
fluoric acid were investigated. Nitric acid at 
1.75M concentration was normally present to 
restrict dissociation of HF to less than 0.07%, 
over the temperature range used. This is typi- 
cally the concentration of strong acid in the 
zirconium-fuel solutions after complexation 
with aluminum nitrate. For measurements at 
elevated temperatures the HF concentrations 
were corrected for the measured increase in 
volume due to expansion. The current densities 
measured at different temperatures for a given 
solution were then normalized to a constant HF 
concentration for correlation of temperature 
effects. 

RESULTS AND DISCUSSION 

The current increased with stirring, by a 
factor of up to 1.5 at 25” and 2.0 at 60”, relative 
to an unstirred solution, for both the Ti-2% Pd 
and Ti electrodes, as a result of a mass-transfer 
limiting process near the electrode. A stirring 
rate was found, above which the limiting current 
density did not change, and all measurements 
were made under those conditions. Freshly pre- 
pared electrodes that have been exposed to air 
have a surface oxide layer that causes the cur- 
rent to increase rapidly for a few minutes and 
then slowly for -30 min, before becoming 
constant. Once conditioned to this state, im- 
mersed electrodes with an applied potential give 
a stable and reproducible response. 

The Ti and Ti-2% Pd electrodes provided 
linear responses to HF concentration over the 
range 0.03-0.07M. The coefficients of the linear 
equations for response to 1.75M nitric acid sol- 
utions of HF at different temperatures are listed 
in Table 1. The current densities obtained with 
Ti electrodes are greater than those with Ti-2% 
Pd by 8-20%, the difference decreasing as the 
temperature and HF concentration increase. 

When In i is plotted against l/T, a nega- 
tive curvature is displayed in all cases, which 
indicates a dependence of activation energy 
on temperature. The data of McKaveney and 
Byrnes4 for the n-silicon electrode in 0.002 to 
0.012M HF showed similar characteristics.t 
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Table 1. Coefficients of the equation i = a[HF] + b (i is current density, 
mA/cm*, and [HF] is molarity of HF in 1.75M HNO,) 
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Residual 
std. devn. 

Electrode Temperature, “C a b of i r** 

Ti-2% Pd 19.0 24.49 -0.048 0.003 0.9999 
24.9 34.48 -0.065 0.016 0.9992 
29.9 49.05 -0.149 0.028 0.9985 
35.3 68.72 -0.280 0.026 0.9994 
37.2 74.01 -0.219 0.079 0.9949 
40.6 87.59 -0.135 0.069 0.9972 
45.7 114.2 -0.14 0.11 0.9958 
50.7 151.9 -0.46 0.07 0.9991 
56.0 188.5 -0.47 0.20 0.9948 
61.0 222.9 -0.30 0.17 0.9974 

Ti 19.0 26.56 0.029 0.009 0.9994 
24.9 36.58 
29.9 51.94 

-;:g ;g 0.9983 
0.996 1 

35.2 72.54 -0.188 0:052 0.9977 

*Correlation coefficient. Number of degrees of freedom is > 178 for all 
cases. 

The data were well fitted by the function In 
i = -A /T + B + C In T. If it is considered that 
the curvature is imparted by a heat capacity of 
activation, c*, that is independent of tempera- 
ture, the constants are related to the activation 

energy, E,*, at a reference temperature, T,, and 
c*byA=E,*IR-T,CandC=c*/R,whereR 
is the gas constant. Thus, E: = R(A + T,C) 
and - E,*/R is the tangent, or slope, of the curve 
at the reference temperature.t T, is taken here 
to be at the mid-point of the range of l/T, or 
3 11.7 K. Results for the Ti-2% Pd electrode are 
summarized in Table 2. 

The coefficients of the equations are highly 
correlated; their individual magnitudes may 
vary considerably, but the overall represen- 
tation of data remains good, as shown by the 

tThe E: derived at the mid-point of l/T agrees within cu. 
0.5% with the activation energy estimated from a linear 
fit of In i to l/T. (Interestingly, E: at the mid-point of the 
In T range agrees with E* deduced from the linear fit, 
within 0.02%.) 

statistical parameters and the derived value 
of E:,,, 43.7 f 0.2 kJ/mole for the Ti-2% Pd 
electrode. Similar treatment of the limited Ti- 
electrode data yields E$,, = 43 & 1 kJ/mole for 
this electrode. 

The complete set of Ti-2% Pd data for 
1.75M nitric acid medium fitted well to a single 
equation relating current density, HF con- 
centration and temperature. The linear coef- 
ficients a and b from Table 1 were fitted to a 
quadratic and a linear function of temperature, 
respectively. The resulting equation, solved for 
HF concentration, is 

P-IF] = 
i + 0.00871t - 0.0120 

0.0851t’ - 2.033t + 32.54 

where [HF] is expressed in molarity, i in mA/cm* 
and t in “C. The residual standard deviation in 
[HF] is 0.00088M and the correlation co- 
efficient, r*, is 0.9992. 

Measurements at 18.1” for 0.050M HF in 0, 
1, and 1.75M nitric acid showed the absence of 
an effect of nitric acid on the current density. 

Table 2. Coefficients of the equation In i = -A/T + B + C In T, and the 
activation energy ET,* at 311.7 K, for the Ti-2% Pd electrode in HF-1.75M 

HNO, solutions (i is the current density in n&cm*) 

Residual 
E:,,,t std. devn. 

[HF], M A E C kJ/mole of In i r* 

0.0300 12862 186.42 -24.327 43.88 kO.15 0.023 0.9988 
0.045 I 12326 175.21 -22.647 43.79 f 0.08 0.022 0.9989 
0.0500 16624 270.53 -36.401 43.87 f0.20 0.029 0.9982 
0.0600 15236 240.95 -32.123 43.41 kO.15 0.025 0.9985 
0.0700 13428 200.26 -26.202 43.73 kO.14 0.018 0.9993 

tMean + standard deviation. Number of degrees of freedom is > 177 for all 
cases. Data are over the temperature range 19-61°C. 
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The HF concentration in the absence of nitric 
acid was corrected for dissociation and self- 
complexing to HF; . (Whether HF; contributes 
to the current is being evaluated; at present, it 
is ignored in the data correlation for pure HF.) 
The fact that the pure HF solution results in the 
same current density as the HF-HN03 solution 
at an equivalent HF concentration shows that 
the ionic strength of the dilute HF solution is 
sufficient to conduct the current and that nitric 
acid does not participate in the electrode 
response. 

The ability to measure HF in an acidic com- 
plexed system was tested by titrating a 0.07M 
HF, 1.75M HN03 solution to a final concen- 
tration of O.OlM HF with 2.2M Al(N03),. 
After each of 10 titrant additions, the HF 
concentration was measured with the Ti elec- 
trode. The free HF concentration was calculated 
from the composition of the solution by means 

of an equilibrium computer program containing 
the complexing equilibrium constants reported 
by Hammer.5 The measured HF agreed with 
the calculated concentration within 5% at all 
points, which indicates the validity of extra- 
polating the derived equations to O.OlM HF, 
and is adequate accuracy for the intended appli- 
cation. 
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Summary-A study has been made of the polarographic (DC and DPP) behaviour of the food dyes Sunset 
Yellow and Tartrazine in acid and alkaline media and in the absence and presence of polyvinylpyrrolidone. 
Methods are proposed for the determination of both dyes by DPP over a concentration range of 0.1-10 
ppm. The methods have been applied to their determination in soft drinks. 

Food dyes are usually determined spectrophoto- 
metrically’” and prior separation is almost 
always involved. 2*4 There are several references 
to electroanalytical determination of food dyes; 
methods have been proposed for almost all the 
permitted dyes. Several papers report on deter- 
mination of the dyes either in isolated form or 
as mixtures, by differential pulse voltammetry 
with dropping mercury or solid electrodes, in 
either batch or flow systems.W The voltam- 
metric (DC and DPP) behaviour of Sunset 
Yellow and Tartrazine in presence and ab- 
sence of tetraphenylphosphonium chloride, with 
glassy carbon6 and dropping mercury elec- 
trodes,“” is known. The phosphonium com- 
pound shifts the waves or peak potentials and 
modifies the currents. A method is proposed 
here for the determination of Tartrazine in the 
presence of other dyes in samples of dandelion 
and burdock drinks and tablet coatings. 

Recently, Barros et ~1.‘~ studied the polaro- 
graphic behaviour of sixteen food dyes and 
three dyes used in cosmetics, in the presence of 
gelatin. The presence of gelatin modifies the 
reduction of Sunset Yellow and Tartrazine. At 
pH 9.5 the peak current for Tartrazine is com- 
pletely suppressed. The method can be applied 
to the determinaton of Tartrazine in coloured 
gelatin capsules but not in cosmetic blusher. 

In this paper the electroanalytical behaviour 
of the two dyes in the absence and presence of 
polyvinylpyrrolidone is described and methods 

*Presented in part at the Tenth Meeting of the Electrochem- 
ical Group of the R.S.E.Q., San Sebastian, 1987. 

TAuthor for correspondence. 

are proposed for their determination in soft 
drinks. 

EXPERIMENTAL 

Apparatus 

A Metrohm Polarecord E-506, equipped with 
an E-505 stand was employed. A three-electrode 
system was used: a Metrohm EA-1019/l drop- 
ping mercury electrode as working electrode; 
a home-made saturated calomel electrode as 
reference and a platinum wire as counter- 
electrode. 

Reagents 

Solutions of Sunset Yellow [sodium 1-(4-s& 
phophenylazo)-2-naphthol-6-sulphonate] and 
Tartrazine [sodium 5-hydroxy- 1 -p-sulpho- 
phenyl-4-(p-sulphophenylazo)pyrazol-3-car- 
boxylate] were prepared from the products 
supplied by Hispanoland S.A. Solutions of 
polyvinylpyrrolidone K-90 (PVP; Scharlau) 
were prepared. All chemicals used were of 
analytical reagent grade. 

Procedure 

To a suitable amount of dye solution add 10.0 
ml of 0.6M Britton-Robinson buffer solution, 
1 .O ml of a solution of 1% K-90 PVP, adjust to 
pH 1.6 and dilute to volume in a 50.0-ml 
standard flask. Deaerate the solution by passage 
of nitrogen for 10 min, and polarograph the 
solution, using the following conditions: tem- 
perature, 25”; mercury column height, 70 cm; 
drop-time, 2 set, scan-rate, 4 mV/sec; in DPP, 
a pulse amplitude of -0.050 V. 
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RESULTS AND DISCUSSION The mechanism of polarographic reduction 

Polarographic behaviour 
of azo-compounds has been known for some 

With a droPPin! mercury electrode SunSet 
time.5*‘3 Both in the absence and presence of 

Yellow and Tartrazine in 0.12M Britton- 
PVP, the electrode process must be consistent 

Robinson buffer as supporting electrolyte give 
with the mechanism that postulates a step- 

poorly defined reduction waves with potentials 
wise breakage of the molecule, similar to that 

which are a function of pH. 
occurring in the metabolic processes of these 

In view of the behaviour of the two dyes, 
dyes. 

especially the shape of the waves, the following R-N=N-R, + 2H+ + 2e- 

studies were made at pH 1.6 and 10.0. 
The polarograms for Sunset Yellow, at pH 

-+R-NH-NH-R, 

1.6 and in the absence of PVP, indicate the R-NH-NH-R, + 2H+ + 2e - 
presence of adsorption phenomena, and have a 
very narrow and pronounced maximum which +R-NH2 + RI--NH2 

almost completely prevents measurement of the 
current. At pH 10.0 this phenomenon does not 

At moderate pH values, such as those em- 

occur. At pH 1.6, the presence of the polymer 
ployed in the present study, the overall process 

inhibits appearance of the maximum, though 
occurs in a single step: 

this reappears at high concentrations of the dye. R-N=N-R, + 4H+ + 4e- 

At pH 10.0 the signals are much improved but 
the current is lower. Figure 1 shows the DPP 

-+ R-NH2 + RI-NH2 

curves obtained in the absence and presence where RNH, is sulphanilic acid and R,NH2 is 
of PVP. I-amino-2-hydroxy-6naphthalenesulphonic 

The DPP curves for Tartrazine at both pH acid (Sunset Yellow) or 5-hydroxy-l-p-sul- 
values is improved by the presence of PVP phophenyl-4-(p-sulphophenylazo)-pyrazol-3 
and at pH 1.6 the sensitivity is increased but at carboxylic acid (Tartrazine). 
pH 10.0 the polymer leads to a very pronounced The variation in current with concentration is 
decrease in the DPP peak (Fig. 2). shown in Fig. 3. For Sunset Yellow at pH 1.6 

For both dyes the best results were obtained in the presence of PVP, two well defined zones 
by use of 0.02% PVP, so this concentration was are observed that are characteristic of adsorp- 
chosen for later studies. tion-controlled processes. For low dye concen- 

pH 1.6 pH 10.0 

I I I I I I 

-0.2 0 0.2 -06 -0.6 -0.4 

E, V 

Fig. I. Voltamperograms (DPP) of solutions of Sunset Yellow in the absence (a) and presence (b) of PVP 
in 0.12M Britton-Robinson buffer. [Sunset Yellow]: pH 1.6, 1.24 x 10e6M; pH 10.0 3.73 x 10v6M. 
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Fig. 2. Voltamperograms (DPP) of solutions of Tartraaine in the absence (a) and presence (b) of PVP 
in 0.12M Britton-Robinson buffer. ~artrazine] 2.96 x 10e6M. 
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Fig. 3. Differential pulse polarography. Effect of the concentration of dye on peak current. Sunset Yellow: 
(a) pH 1.6 with PVP; (b) pH 10.0 without PVP, (c) pH 10.0 with PVP. Tartrazine: (d) pH 1.6 without 

PVP; (e) pH 1.6 with PVP, ( f) pH 10.0 without PVP. 



658 F. BECERRO D~MINGUEZ et al. 

Table 1. Calibration data, precision and detection limits* 

Dye PH 
Linearity range, Slope, Intercept, Limit of detection, 

M pA.I,mole-’ PA r M 

Sunset Yellow 1.6 1.6 x lo*-2.2 x IO-’ 4.56 x 10” -0.010 0.9997 1.3 x 10-E 
(kO.03) (~0.003) (n = 22) 

10.0 2.2 x IO-‘-l.6 x 10-j 1.34 x 104 0.0017 0.9998 4.5 x 10-s 
(kO.01) 

Tartrazine 1.6 1.9 x 10-7-1.9 x 10-r 1.98 x lo4 3.0 x 10-r 
(*0.02) 

*Mercury column height, 70 cm; drop-time, 2 set, scan-rate, 4 mV/sec; pulse amplitude -0.050 V. 

trations, the peak currents are linearly related 
to the analyte concentrations but at higher 
concentrations the response is non-linear owing 
to adsorption phenomena. Something similar 
occurs at pH 10.0 but the zone controlled by 
adsorption appears at higher concentrations. 
At the same pH and in the absence of PVP, 
although the curve can readily be linearized, it 
is rather sigmoidal. Tartrazine at pH 1.6 and 
in the presence of PVP shows more clearly 
a behaviour typical of adsorption processes. 
In the other cases, the phenomenon is less 
pronounced. 

Determination of Sunset Yellow and Tartrazine 
in soft drinks 

Studies of the effect of some of the instrumen- 
tal parameters point to the same: processes 
partially controlled by adsorption. 

The proposed method was tested for the 
determination of these dyes in a soft drink and 
in two orange and lemon juice concentrates. In 
all cases, 1.0 ml of 1% PVP solution plus a 
solution of 0.6M B&ton-Robinson buffer was 
added to 1.0 ml of the sample; the pH was 
modified where necessary and the volume 
brought accurately to 50.0 ml. Measurement 
was done by the standard addition method. The 
content of Sunset Yellow was determined at 
two pH values and that of Tartrazine only at 
pH 1.6. 

Polarographic determination of Sunset Yellow 
and Tartrazine 

Sunset Yellow can be determined by DPP 
in the presence of 0.02% PVP at pH 1.6 or 
10.0, with 0.1244 Britton-Robinson buffer as 
supporting electrolyte. Tartrazine can also be 
determined in the presence of PVP at pH 1.6, 
with the same supporting electrolyte. It should 
be noted that in the presence of PVP at pH 10.0 
Sunset Yellow shows a good polarographic 
signal, whereas that of Tartrazine is practically 
zero. 

The amounts of Sunset Yellow found were 
6.5 ppm in the soft drink (also containing 
Ponceau Red), 17.8 ppm in the orange con- 
centrate and 7.5 in the lemon concentrate. 
These values were in agreement with the 
manufacturer’s specifications. 

Acknowledgement-This research was supported by the 
CICYT (Project No. PA86-0 113). 
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2. 
Table 1 shows the data for the concentration 

ranges used. 
3. 

Simultaneous determination 4. 

To study the applicability of the method, 
synthetic samples of the two dyes, in different 
proportions, were analysed. It was observed 
that at pH 10.0 it is possible to determine Sunset 
Yellow in the presence of up to 10 times as much 
Tartrazine. The determination of Tartrazine in 
the presence of Sunset Yellow was only possible 
at pH 1.6 and when the Sunset Yellow interfer- 
ent/Tartrazine ratio was less than 1. In all cases, 
the recovery was close to 100%. 
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6. 
7. 
8. 

9. 
10. 
11. 
12. 

13. 

REFERENCES 

J. A. Yeransian, K. G. Sloman and A. K. Foltz, Anal. 
Chem., 1985, 57, 278R. 
H. Zeng, A. Wang, X. Min and C. Fan, Shipin Yu 
Fajiao Gongye, 1983, 4, 20; Chem. Abstr., 1984, 101, 
7113lh. 
H. Sasak, Shoukuhin Eiseigaku Zasshi, 1979, 20, 93; 
Chem. Abstr., 1979, 91, 106687~. 
R. B. Patel, M. R. Pate], A. A. Patel, A. K. Shah and 
A. G. Patel, Analyst, 1986, 111, 577. 
J. P. Hart and W. F. Smyth, ibid., 1980, 105, 929. 
A. G. Fogg and D. Bhanot, ibid., 1980, 105, 868. 
A. G. Fogg and A. M. Summan, ibid., 1984,109, 1029. 
A. G. Fogg, A. A. Barros and J. 0. Cabral, ibid., 1986, 
111, 831. 
A. G. Fogg and D. Bhanot, ibid., 1980, 105, 234. 
A. G. Fogg and K. S. Yoo, ibid., 1979, 104, 1087. 
A. A. Barros, ibid., 1987, 112, 1359. 
A. A. Barros, J. 0. Cabral and A. G. Fogg, ibid., 1988, 
113, 853. 
T. M. Florence, J. Electroanal. Chem., 1974, 52, 115. 



Talanta, Vol. 37, No. 6, p. 659, 1990 0039-9140/90 $3.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright 0 1990 Pergamon Press plc 

A SIMPLE SOLID-STATE pH GLASS ELECTRODE 
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Department of Chemistry, University of Missouri-Kansas City, 
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Summary-A modernized version of the Thompson electrode is described. A copper wire is connected to 
the inner surface of the membrane of a glass electrode with a conductive adhesive resin. 

In 1932, Thompson’ pioneered a glass electrode 
with a comparatively thick wall and a direct 
metal connection to the glass, but it was found 
to be less accurate than the type of electrode 
that had an internal electrolyte solution. Early 
patents were also issued on the use of metals and 
alloys for electrical contact with the glass.*,’ 
Bates4 has pointed out that electrodes of this 
type have not been found as satisfactory as 
those with inner reference electrodes and have 
never been widely adopted. Recently, Parr et al.’ 
reported a relatively complicated solid-state pH 
glass electrode that exhibited near Nemstian 
response (>50 mV/pH). Here we present a 
simple one with neither an internal solution nor 
an inner Ag/AgCl reference electrode. A piece of 
copper wire attached to the inner surface of 
glass membrane with silver paste (Johnson 
Matthey conductive adhesive resin, A500H) 
serves as the reference electrode. A slope of 
58.3 mV/pH was obtained for the pH range 
l-10. The contact area between the silver paste 
and the inner glass surface is not important. The 
time for discharging the electrode potential is 

less than 0.1 set, and that for recharging is 
10-20 set, depending on the pH. This new 
solid-state pH glass electrode, which behaves in 
an identical manner to a commercial pH glass 
electrode could find application as a micro- 
electrode and in pH measurement at low and 
high temperature. It is also inexpensive. We 
have previously stated that the internal solution 
of an ion-selective electrode is unnecessary; it 
serves only as a contact between the inner 
membrane and the reference electrode. Now a 
piece of copper wire replaces the internal 
reference electrode. 
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3. 

4. 

5. 
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ADSORPTIVE VOLTAMMETRY AND HYDROLYSIS 
KINETICS OF LOPRAZOLAM MESILATE 
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Summary-Lopraxolam is determined by square-wave adsorptive stripping voltammetry in 0.04M 
ammonium chloride at pH 4.0, with an accumulation potential of -0.25 V us. Ag/AgCl/KCl(s), at which 
the nitro group is reduced to a hydroxylamine group, with adsorption of the product. Cathodic stripping 
results in reduction of the axomethine bond of the adsorbed product. With a deposition time of 120 set 
the detection limit is 2.5 x 10-i”M. The relative standard deviation is 1.7% for 5 x lo-‘M loprazolam 
(60 set deposition). Reversible hydrolysis of the axomethine group occurs in sulfuric or hydrochloric acid. 
The reaction is initially first-order, followed by an apparent second-order reaction. First-order rate 
constants and half-lives are reported for O.l-1M sulfuric acid and 0.02M hydrochloric acid media and 
compared with the values for nitraxepam hydrolysis. 

Loprazolam mesilate 6-(2chlorophenyl)-2,4- 
dihydro-2-[(4-methyl- 1 -piperazinyl)methylene]- 
8-nitro- lH-imidazo[l,2-a]-[1,4-benzodia- 
zepin-l-one methylsulfonate, is a nitro deriva- 
tive of the imidazobenzodiazepine family and 
is pharmacologically characterized by a slow 
absorption rate, low plasma level and slow 
excretion rate.’ 

Adsorptive stripping voltammetry is a power- 
ful electroanalytical technique for trace metal 
measurements’ and trace levels of reducible and 
oxidable organic compounds such as drugs can 
also be determined.3 We have previously made 
an electrochemical study of loprazolam in 
aqueous and non-aqueous media,4 and have 
now developed a sensitive adsorptive stripping 
method for determination of this compound. 
Because of a hydrolysis reaction occurring in 
acidic media, we have also focused our study on 
the kinetics of the reaction. 

EXPERIMENTAL 

Instrumentation 

The voltamperograms were recorded with a 
PAR model 384B Polarographic Analyzer 
coupled with a PAR 303A Static Mercury Drop 

*On leave of absence from Department of Analytical 
Chemistry, University College of Burgos, APD 231, 
Burgos, Spain. 

Electrode (medium size drop; area 0.017 cm*) 
and a Houston “Hiplot” DMP 40 Digital 
Plotter. All the potentials were referred to the 
Ag/AgCl/KCl(s) reference electrode and a plat- 
inum wire was used as counter-electrode. A 
PAR 305 stirrer was connected to the PAR 
303A instrument. The peak heights were auto- 
matically recorded with the “tangent fit” capa- 
bility of the instrument. 

A PAR model 273 potentiostat-galvanostat 
coupled with the same mercury unit and an IBM 
XT computer was utilized for cyclic voltammet- 
tic measurements. 

Reagents 

Loprazolam mesilate, generously provided by 
Roussel (Bruxelles, Belgium) was used without 
further purification. All other reagents were of 
analytical grade except ammonium chloride, 
which was suprapure grade. The supporting 
electrolyte solution (0.04M ammonium chlo- 
ride) and the loprazolam mesilate solution for 
the adsorptive stripping analysis were prepared 
in doubly-distilled water. 

For the hydrolysis study, stock solutions of 
the compound were prepared in methanol on 
the day of use. The working solutions for ad- 
sorptive stripping measurements did not contain 
methanol, owing to the low concentrations in- 
vestigated, but those for the hydrolysis studies 
contained 20% methanol. 
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Procedure 

For adsorptive stripping voltammetry, 10 ml 
of the supporting electrolyte were deaerated for 
12 min. The accumulation potential was then 
applied to a new mercury drop, the solution 
being stirred at 400 rpm. A negative-going scan 
was performed after an equilibration time of 5 
set, with the following parameters: deposition 
potential (and initial scanning potential), -0.25 
V; scan rate, 200 mV/sec; frequency, 100 Hz; 
pulse amplitude, 20 mV. The same procedure 
was applied in the presence of the analyte. 

RESULTS AND DISCUSSION 

Adsorptive stripping voltammetry 

Loprazolam exhibits three polarographic re- 
duction waves in methanol/water solution,’ suc- 
cessively corresponding to reduction of the nitro 
group to a hydroxylamine group, reduction of 
the azomethine group, and reduction of the 
hydroxylamine group to the amine with reduc- 
tion of the double bond between the N- 
methylpiperazine and imidazole groups. The 
reduction products of each wave exhibit adsorp- 
tion phenomena. In addition, at pH c 2.0, hy- 
drolysis of the azomethine group occurs, 
resulting in a splitting of the second wave owing 
to the appearance of a new wave arising from 
reduction of the benzophenone group formed 
during hydrolysis. The adsorptive stripping 
voltammetry is performed at pH 4.0 by ad- 
sorbing the hydroxylamine product from the 
first reduction, and reducing its azomethine 
group during stripping. 

Supporting electrolyte. Acetate, phosphate, 
carbonate, ammonia and B&ton-Robinson 
buffers, as well as sodium sulfate and perchlor- 
ate and ammonium chloride, were investigated 
as supporting electrolytes. Each medium allows 
the accumulation of the compound at the elec- 
trode surface, since a substantial increase in the 
response results from imposing a deposition 
step. However, taking into account the influence 
of both the pH and the nature of the supporting 
electrolye, an ammonium chloride solution (PH 
4.0) was selected since it gives rise to a lower 
background current as well as an enhanced 
stripping current. A 0.04M ammonium chloride 
concentration was selected, since it had no 
marked influence on either the intensity or 
shape of the recorded peak. 

Operating parameters. Square-wave voltam- 
metry was selected for further study because it 
gave ten times the current obtained in the 
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Fig. 1. Comparison of the voltammetric response of SWS 
and DPS. Loprazolam mesilate; 5.0 x IO-*M; supporting 
electrolyte; 0.04M NH&l; pH 4.0; deposition time, 60 set; 
deposition potential; -0.6 V, scan rate, mV/sec; SWS 200; 
DPS 8; pulse amplitude, SWS and DE3 20 mV; SWS 

frequency 100 Hz; (a) second peak; (b) third peak. 

differential pulse mode (Fig. 1). The background 
current is also increased, but to a lesser extent. 

The voltammetric response is mainly affected 
by the form and reproducibility of the waves. 
The peak current increased linearly with drop 
size and forced convection during the accumula- 
tion step also affected the resulting stripping 
peak current. The best conditions were found to 
be 400 rpm for a 0.017~cm* drop size. The peak 
height also changed linearly with pulse height 
up to 20 mV and with frequency up to 100 Hz. 

I I I I 

0 -0.2 -0.4 -0.6 -0.6 

V YS. Ag/AgCl/KCl (sl 

Fig. 2. Influence of the deposition potential on the SWS 
peak current: loprazolam mesilate; 5.0 x 10-*M; supporting 
electrolyte; 0.04M NH,CI; pH 4.0; deposition time; 60 set; 

(a) second peak; (b) third peak. 
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Fig. 4. Calibration plots of loprazolam mesilate: supporting 
electrolyte; 0.04M NH& pH 4.0; deposition potential, 
-0.25 V, deposition time; (a) 30 set; (b) 60 set; (c) 120 sec. 
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Fig. 3. Effect of the accumulation time on the SWS peak 
current: for loprazolam mesilate: supporting electrolyte; 
0.04M NH,CI; pH 4.0; deposition potential, -0.25 V, 
loprazolam mesilate (a) 2.5 x IO-*M; (b) 5.0 x lo-sM; (c) 

1.0 x lO_‘M. 

The dependence of the adsorptive stripping 
peak current on the accumulation potential in 
ammonium chloride is shown in Fig. 2. Ac- 
cumulation potentials of -0.25 and -0.9 V 
were selected for determinations based on the 
second and third peaks, respectively. The prox- 
imity of the third peak to the discharge current 
of the supporting electrolyte, and the very nega- 
tive potential required, caused poor reproduci- 
bility of the measurements and so the second 
peak was chosen for further studies. 

The effect of accumulation time on the peak 
currents obtained at three different concen- 
trations is shown in Fig. 3. For the lowest 
concentration, the current increased linearly 
with accumulation time up to about 180 sec. 
For the higher concentrations, the range of 
linear relation to time is decreased. The current 

decreases at long accumulation times, a charac- 
teristic feature of adsorptive stripping with a 
stirred solution, since the molecules metastably 
adsorbed on the electrode surface are in a 
dynamic interaction with the solution, some 
being readsorbed in a more favorable orien- 
tation and others being lost to the solution.6 
This feature, together with the fact that a 
plateau is observed when the concentration is 
increased and a constant deposition time is used 
(Fig. 4), indicates that a monolayer is probably 
formed. The different levels of the current 
shown in Fig. 3, where different concentration 
peak heights are plotted against the deposition 
time, result from the reorientation of the 
molecules at the electrode surface. 

Figures of merit. Peak currents were plotted 
against loprazolam concentration for accumu- 
lation times of 30, 60 and 120 set (Fig. 4). 
Characteristics of these plots are summarized in 
Table 1. The detection limit was calculated as 
the concentration equivalent to a signal three 
times the standard deviation of the blank. 

A concentration of 2.5 x lo-I’M can be de- 
tected if a deposition time of 120 set is used, 
which corresponds to 1.44 ng of the compound 
in 10 ml of solution. 

Table 1. Characteristics of the calibration plots for loprazolam mesilate (second 
reduction peak) with different deposition times: 0.04M NH,CI; pH 4.0, square- 
wave voltammetry; frequency 100 Hz; pulse amplitude 20 mV; scan rate 

200 mV/sec 

Deposition 
time, 
set Equation* r 

Linearity 
range,? M 

30 y = 0.960x + 0.92 0.999 8 0 
7’5 

x 1O-‘o-1 0 x lo-’ 
60 y = 2.50x - 0.32 0.996 

120 y = 4.06x - 0.23 0.996 2:5 
x 10+8’0 x 10-s 
x lo-‘O-8:0 x 1O-9 

*Units: y, nA, x, nM; intercept nA. 
tThe lower limit of the linearity range is the detection limit. 
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Fig. 5. Loprazolam mesilate adsorption isotherm: support- 
ing electrolyte.; 0.04M NH,Cl; pH 4.0; deposition potential, 
-0.25 V, deposition time; 120 set; solution stirred at 400 

rpm during the deposition step. 

The reproducibility of the adsorption process 
was evaluated by ten repetitive experiments on 
a 5 x 10m8M loprazolam solution with a depo- 
sition time of 60 sec. The relative standard 
deviation was 1.7%. 

Quantitative measurements. The results of 
quantitative measurements obtained after pre- 
concentration have been compared with those 
obtained without previous accumulation of the 
compound but with three different potential- 
time waveforms, These results are summarized 
in Table 2. The supporting electrolyte was sel- 
ected with regard to peak current enhancement. 
Ammonium chloride alone, giving rise to a pH 
of 4.0, gives the lowest background current in 
the adsorptive method, whereas the pH 6.5 
ammonia buffer used for the polarographic 
techniques shifts the supporting electrolyte 

reduction far enough for a better defined third 
wave to be recorded. 

Comparison of the square-wave peak 
currents for the second reduction step shows 
that the application of a 60-set accumulation 
period results in only a tenfold increase of the 
current obtained with the adsorptive technique, 
and the correspondingly lower detection limit 
(by a factor of about a hundred) is attributed to 
the better baseline, allowing measurement of 
peak currents that are a tenth of these obtained 
by the same method without accumulation. 

Taking into account that for the square-wave 
potential scan an HMDE was used, and a DME 
for scanning the differential pulse and the sam- 
pled d.c. potentials, the results obtained by the 
different techniques without preconcentration 
were compared. The square-wave mode gave a 
current that was 20 times that for the differential 
pulse polarograms, but the detection limits were 
about the same since d.p.p. provides a lower 
background current. Concentrations higher 
than the upper limit mentioned in Table 2 
gave rise, for both techniques, to a linear rela- 
tionship up to 1 x 10m4M but with a lower 
slope, especially when the square-wave mode 
was used. Uniform linearity up to this concen- 
tration level could be obtained only by use of 
sampled d.c. polarography. 

Adsorption isotherms. The loprazolam ad- 
sorption isotherm (6 as a function of concen- 
tration where 8 is the fraction of covered surface 
estimated from the ratio of the peak area to 
maximum peak area) was calculated. This was 
linear up to 8 x 10-8M for 120~set accumu- 
lation time with a stirring rate of 400 rpm. 
The plots of In [e/(1 - 8)c] as a function of 8 

Table 2. Characteristics of the calibration plots for loprazolam mesilate measured by 
voltammetric techniques without accumulation step: O.lM NH&l/NH, buffer; 
pH 6.5; 20% methanol; WV = square-wave voltammetry; DPP = differential pulse 
polarography; DCP = sampled direct current polarography; frequency of WV, 
100 Hz; pulse amplitude, SWV and DPP, 20 mV; scan rate (mV/sec), SWV, 200; 

DPP, 5; DCP, 5 

Linearity, 
Method Peak/wave Equation r M 

SWV 

DDP 

DCP 

1st y = 1.37x - 53.1 
2nd y = 1.87x - 13.8 
3rd y = 1.51x + 19.8 

1st y = 0.0750x - 4.28 
2nd y = 0.0650x - 1.03 
3rd y = 0.0750x + 0.001 

1st y = 0.092x - 15.6 
2nd y =0.101x + 12.8 
3rd Y =0.152x + 17.3 

0.997 2 x 10-7-2 x 10-5 
0.998 1 x 10-7-l x 10-S 
0.998 1 x 10-7-l x 10-S 

0.998 4 x 10-Q x 10-S 
0.999 4 x 10-Q x 10-S 
0.999 4 x 10-7-4 x 1o-5 

0.998 1 x 10-6-l x 10-4 
0.994 1 x 10-6-l x lo-’ 
0.998 1 x 10-6-l x 10-a 

*Units: y, nA; x, ptM; intercept, nA. 
tThe lower limit of the range is the detection limit. 
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Table 3. Kinetic data of hydrolysis reactions in sulfuric and hydro- 
chloric acid media: loprazolam 2 x 10m4M, nitrazepam 2 x 10W4M; 

cyclic voltammetry scan rate 200 mV/sec 

Loprazolam Nitrazepam 

Acid k, set-’ t,,,, min k, set-’ tli7. min 

H2S04, 1M 4.1 x lo-4 24 2.2 x lo-s 500 
H,SO,, 0.25M 3.3 x lo-4 40 2.8 x 1O-5 410 
H,SO,, O.lM 1.9 x 1o-4 50 2.8 x lO-5 380 
HCl, 0.02M 1.5 x lo-” 76 2.6 x lO-5 430 

were linear up to 6 x lo-‘M (slope = 1.13, 
intercept = 15.9) indicating a Frumkin-type ad- 
sorption.’ The validity of this plot at low con- 
centrations under stirring conditions is suported 
by similar results reported by Zapardiel ef al. for 
temazepam.’ From the intercept (equal to In b, 
the adsorption coefficient), fi was estimated to 
be 7.7 x lo6 I./mole. 

Hydrolysis reaction 

As with most of the benzodiazepines, the 
investigated compound undergoes reversible hy- 
drolysis in acid media. The azomethine reduc- 
tion wave decreases with time and a wave at a 
more negative potential increases simulta- 
neously. The kinetics of the reaction was inves- 
tigated at three sulfuric acid concentrations 
(0.10,0.25 and 1 .OM), cyclic voltammetry being 
used to follow the decrease in the azomethine 
peak with time. 

Reaction order. A first-order reaction was 
observed in each case, as shown by the initial 
linear portion of a plot of In current VS. time. All 
three plots showed eventual curvature, at 
10-20 min, which indicated a change in reaction 
order. The hydrolysis reaction is reversible. 
When a hydrolyzed solution of loprazolam is 
neutralized, the polarograms exhibit the fea- 
tures of the initial compound. This means that 
the hydroxyl group is not eliminated by the 
hydrolysis reaction and remains in the benzo- 
phenone structure, giving rise to an amino- 
alcohol. 

One of the most likely causes of the deviation 
from first-order kinetics is that the reverse reac- 
tion is significant. This is also suggested by the 
fact that the hydrolysis reactions of benzo- 
diazepines do not go to completion.9 Deviation 
from first-order kinetics can also be explained 
by postulation of second-order kinetics, and in 
fact graphs of l/c us. t were linear for 0.10 and 
0.25M sulfuric acid media. As the second-order 
process does not become significant until the 
reverse reaction has begun, it is probable that 
the reaction appears to be second-order because 

of a combination of the forward and back 
reactions. The hydrolysis is actually first-order, 
but the reversibility of the reaction produces 
second-order kinetics after a short period of 
time. The reaction then continues under the 
second-order kinetics until the back-reaction 
becomes significant and an equilibrium position 
is reached. 

Rate constants. The first-order rate constants 
for the reaction of loprazolam in the three acid 
solutions are shown in Table 3. The half-life 
reported is that which would apply if first-order 
kinetics were valid for the entire reaction. 

Nitrazepam hydrolysis. To assess the influence 
of the imidazole ring on the hydrolysis reaction, 
a comparative study of nitrazepam (1,3 - dihy- 
dro - 7 - nitro - 5 - phenyl - 2H - 1,4 - benzodia - 
zapin-2-one) was made. In this case, the appear- 
ance of the benzophenone group was monitored 
since the disappearance of the original reduction 
peak is complicated by the occurrence of two 
reduction processes5 A first-order reaction was 
observed for the entire reaction. The parameters 
are summarized in Table 3. The two compounds 
were also studied in hydrochloric acid at pH 1.6, 
which approximates to conditions in the human 
stomach. 

Though for loprazolam the half-life decreased 
with increasing acidity, as expected, the reverse 
was the case for nitrazepam. This unexpected 
result is similar to that reported by Smyth and 
Groves9 for nitrazepam and other nitrobenzo- 
diazepines. They reported a half-life of 672 min 
for nitrazepam in 1M hydrochloric acid and 652 
min in 0.M hydrochloric acid. 

The loprazolam is hydrolyzed at a much 
faster rate than nitrazepam. This is attributed to 
the fact that there is a rigid cycle at the N-C 
bond of the imidazole ring, making it less 
stable.‘0,” 
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A NUMERICAL METHOD OF FINDING 
POTENTIOMETRIC TITRATION END-POINTS BY USE OF 

APPROXIMATIVE SPLINE FUNCTIONS 
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Summary-A new numerical method of determining potentiometric titration end-points is presented. It 
consists in calculating the coefficients of approximative spline functions describing the experimental data 
(e.m.f., volume of Want added). The end-point (the inflection point of the curve) is determined by 
calculating zero points of the second derivative of the approximative spline function. This spline function, 
unlike rational spline functions, is free from oscillations and its course is largely independent of random 
errors in e.m.f. measurements. The proposed method is useful for direct analysis of titration data and 
especially as a basis for construction of microcomputer-controlled automatic titrators. 

Difficulties in using various methods of would verify the calculated inflection points so 
determining potentiometric titration end-points that appropriate titration end-points could be 
have resulted in attempts to develop a method chosen. The value of the first derivative at the 
which would be suitable for analysis of any inflection points of the spline functions was 
potentiometric titration curve and allow the use taken as the criterion for this selection. The 
of computer techniques for processing the inflection point coinciding with the extremum 
measurements. The fulfilment of this last con- of the first derivtive (the highest or lowest, 
dition is important in the construction of auto- depending on the direction of the titration 
matic titrators controlled by microcomputers. curve) was accepted as the titration end-point. 

The success of the method depends on the 
choice of appropriate mathematical tools. A 
very interesting and useful approach is the use 
of spline functions.’ Determination of titration 
curves by means of spline functions has been 
attempted several times.2-5 It is assumed here 
that the titration end-point coincides with the 
inflection point of the titration curve, which in 
most cases appears to be true.6 

In an earlier method,2 the titration curve was 
described by means of a rational spline function, 
and the zero points of the second derivative of 
this function were calculated, and taken as 
giving inflection points of the curve. This 
procedure had some disadvantages, however. 
The rational spline function is constrained 
to pass through all the points and therefore 
contains micro-oscillations because of errors in 
measurement. 

When the titration curve has two or more 
inflection points, corresponding to the titration 
of more than one component in the solution, the 
criterion of the minimum or maximum value of 
the first derivative is insufficient, and this signifi- 
cantly curtails the applicability of the method 
to the automatic analysis of titration curves 
of mixtures, i.e., to a fully automatic analysis 
which does not require any visual interpretation 
of the titration graph. 

A better description, free from the above- 
mentioned flaws, is ensured by the use of ap- 
proximative spline functions,’ which eliminates 
the oscillations caused by measurement errors 
(mainly those in the indicator-electrode poten- 
tial, as discussed elsewhere2). 

As a result of these oscillations, inflection 
points were also found at places where, accord- 
ing to the stoichiometry of the reaction, they 
should not occur. Hence it was necessary to 
introduce an additional calculation stage which 

Approximative spline functions pass between 
the data points at distances ensuring optimal 
smoothing of the curve. An example of the 
difference befween curves produced by approxi- 
mative and rational spline functions is shown in 
Fig. 1. The inflection points of the titration 
curve are taken as the zero points of the second 
derivative of the approximative spline function. 

667 
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:: t 

Fig. I. Examples of the approximative spline function 
(a) and rational spline function (b) fitted to the same set 

of points. 

THE APPROXIMATIVE SPLINE 
FUNCTION’ 

Let 

7 be a linear operator such that 7: S +X, 

and 

y a linear operator such that y : S + Y, 

where X, Y, S, (S E X, S E Y) are linear spaces. 
If it exists, the spline function s, (s,, E S) which 
is the solution of 

mu: UIP(~)llX+P Ilr(S)--fll*l (1) 

is called the approximative spline function for 
the function f E Yin the sense of the operators 
y and 7, for a given value of the parameter p (a 
numerical coefficient); f is an element of the 
set Y. If X, Y are Hilbert spaces, then we can 
make statements guaranteeing the existence and 
unicity of the approximative spline function 
from the definition above. 

Existence 

The necessary and sufficient condition for the 
existence of the approximative spline function 
s,, E S for fixed f E Y and p, in the sense of the 
definition, is that 

N(J) + N(y), [N(a) = (x E X: a(x) = O}l 

for the sum of the kernels of operators y and 7 
should be a closed set. 

Unicity 

The sufficient condition for unicity of the 
solution of equation (1) is that the intersection 
of the sets N(y) is an empty set: 

N(7) n N(y) = (01 

Note that the existence and unicity of the spline 
function that is the solution of (1) do not depend 
upon the value of p. 

We will now show what form the solution 
s,, E S takes when particular spaces and opera- 
tors are selected. 

Let 

X = 
i 
f:f,(“- i) absolutely continuous; 

s 

b 

If@(t)12 dt < cc 
II 

Y=R”, S=X 

7:s +x T(g)=g’“’ 

Y :S -+ Y Y(g)=[g(x,), dx2), * * * 9 &l)l 

a<x,<x,c-.*cx,,<b 

Then N(f) = I&_,, the space of polynomials of 
the degree a - 1, and N(y) = (0). The condi- 
tions for solution of the problem (1) given above 
are fulfilled. The solution of the problem 

min 
If 

b [all dt + P C[s(Xi) -f (Xi)l’ (2) scs (I I 
is a polynomial spline function s, fulfilling the 
following conditions: 

1. s,En,,_,(Xi,Xi+l);i=l,..., n-1 

2. s, E C2a-2 (a, 6) 

3* sO(xi) =f Cxi) 

+f (- l)“[.s(:b_‘)(Xi) - s’2*-“(Xi)] 

4. @(x1) = sli”(x,) = 0. , 

j = 0, . . . ,2a - 1 

Condition (3) explains how far the value of s(x,) 
differs from the value off (xi). 

PRACTICAL REALIZATION OF 
CALCULATIONS 

During potentiometric titration a set of data 
originates in the form of pairs of numbers 
(6, Ei) where K is the volume of titrant added 
and Ei the EMF measured, for the ith point in 
the titration, In the computational process the 
spline function will treat the variable V as X and 
the variable E as Y [in (l)]. It is known that the 
theoretical titration curve passes near, but not 
necessarily through, the measurement points, 
because the data include errors, as discussed 
above. Thus, the titration curve should pass 
through points having co-ordinates (Vi, Ei + ci) 
where ei is the error in measurement Ei. 
Although the values of the errors ci are 
unknown, a mathematical description has 
to take their existence into account. If the 
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deviation of the curve from the measurement 
points is expressed by the so-called root mean 
square deviation 

where s(V) is the function describing the titra- 
tion curve, and the measure of smoothness is 

s “” [s”( I’)]* dI’ 
“I 

then we may search for the curve which gives the 
best compromise between the smoothness (4) 
and minimization of (3). Mathematical formula- 
tion of this problem gives 

r PV. 
min 

=G<“,* ““) 1J 
‘. [s “( V)]* d I’ 

y, 

+ f: tEi - s( vi))2l C5) 
i=l J 

where C*( V,, I’,,) denotes the set of all 
functions that can be twice differentiated con- 
tinuously in the interval (V,, V,). For 
each value of p > 0 we can, according to (l), 
obtain a polynomial spline function of the 
third degree as a solution of this minimization 
problem. 

Numerical solution of (5) proceeds as follows: 

(6) 
where 

hi= Vi,, - vi; ei=Ei-ppi; 
pi=s:(vi)-ss’ll(vi); mi=s’(vi) 

A significant role in the mathematical descrip- 
tion of the measurement points is played by p, 
which controls the course of the spline function. 
This parameter has great importance in balanc- 
ing the smoothness against the root mean 
square deviation. In establishing its value 
two extreme tendencies have to be taken into 
account. 

(1) If we know that the curve has to pass close 
to the measurement points (Vi, Ei), i.e., the 
errors ti are small, then greater importance 

should be attached to the root mean square 
deviation, so the value of p in (5) should be 
small. 

(2) If we must smooth large oscillations in the 
data (ci large), then p should be large. 

It should be stressed that the numerical value 
given to p depends on the individual set of data 
(Vi, Ei). Attempts to use the same value of p 
for all data sets may lead to spline functions 
that are inappropriate to the problem under 
consideration. 

Several ways are known of establishing ap- 
propriate values of p,’ but most are based on 
determination of the values of individual large 
matrices. This is a time-consuming process re- 
quiring a computer with a large memory and is 
uneconomical for use with a microcomputer. 
Another method has been suggested: based on 
analysis of the components of (5) as a function 
of the variable p. Such an analysis is easy to do 
on a microcomputer: after evaluating (5) for 
p = 0.01, 1 and 100 it is possible to establish a 
value p* which maximizes the expression 

i $ [Ei-S(vi)l* 
I 

(7) 

The polynomial spline function calculated for 
the parameter p* smooths the titration curve 
and at the same time eliminates points with 
large measurement errors, provided that they 
are not too numerous. 

DESCRIPTION OF THE PROGRAM 

The program used for calculation of titration 
end-points was designed acording to the flow- 
chart in Fig. 2. Data may be entered from the 
keyboard, or read directly via the interface from 
the pH-meter and automatic burette in the case 
of automatic titrations controlled by a micro- 
computer. Then spline functions are calculated 
for three values of p (0.01, 1 and 100). Next 
follows the calculation of the optimal value 
p* and the coefficients of the corresponding 
optimal spline function. 

The next step is finding all zero points of 
the second derivative of this spline function 
and outputting their volume co-ordinates as 
end-points of the titration. The program also 
has graphics segments that show the measure- 
ment points, plot the spline function and mark 
the titration end-points. The program allows the 
value of the spline function to be calculated for 
any value of V in the interval (V,, I’,,). A 
program listing is available on application. 
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START 9 
/Read data CV, E / 

SW for p and value of 

Compute spiine function 

Compute S”(V) and zero V, 
S”(Vp 1 - 0 -inflection point 

1 

Print end-points of 

/ / titration V,, S(V,) 

1 1 g subroutines 

Fig. 2. Flow-chart of the program for calculating potentio- 
metric titration end-points by use of approximative spline 

functions. 

RESULTS 

The smoothing properties of the proposed 
spline function are shown in the titration curve 
in Fig. 4b. Random measurement errors, even 
those having relatively large values, should have 
little effect on the shape of the approximative 
spline function, provided that the number of 
error-bearing points is small relative to the total 
number of points on the titration curve. This is 
an advantage of the proposed method and the 
main difference between it and that using ratio- 
nal spline functions.* In the latter case each 
measurement error resulted in a new inflection 
point, which later necessitated selection of the 
true end-point (e.g., from 28 and 22 inflection 
points for the curves in Figs. 3a and 3b, respec- 
tively). On the plot of the titration curve in Fig. 
4b, the measurement points with errors have 
been marked. 

lated from measurement points (AI’ = 0.1 ml), 
Table 1 shows the titration end-points calcu- 

- -1m1 

V 

Fig. 3. Complexometric titration curves for pairs of cations 
titrated with 10-2M BADMF (details in Table 3). (a) 10-3M 

Cu*+ + IO-‘M Zn*+, (b) 10T3M Cu*+ + lo-‘M Mnr+. 

for which the experimental EMF has been 
deliberately loaded with a random error. A 
significant difference in the results can be 
observed only in the case of gross errors intro- 
duced very close to the theoretical end-point. 

I I I I ) 

0 2 4 6 6 

V (ml) 

Fig. 4. Curves for the complexometric titration of copper(I1) 
with lo-*kf BADMF (details in Table 3). (a) lO-‘M 

Cu*+ + IO-‘M Ni*+. (b) lO-)M Cu*+. I \ , 
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Table 1. The effect of measurement errors on the calculation 
of titration end-points (titration of lo-‘M Cu2+ with 
BADMF at pH 6 with Cu2+-ISE, AV = 0.1 ml, theoretical 

end-point 4 ml) 

Volume at which Introduced error Calculated 
error was introduced, in EMF, end-point, 

ml mV ml 

- 
3 
3 
3.5 
3.5 
3.7 
3.7 
3.7 
3.7 
3.9 
3.9 
3.9 
3.9 
3.9 
3.9 

- 4.055 
+5 4.052 
-5 4.061 
+5 4.037 
-5 4.077 
+5 4.047 
-5 4.074 
f10 4.044 
+10 4.089 
+3 4.071 
-3 4.036 
+5 4.078 
-5 4.014 
+10 4.092 
-10 3.87 

Table 2. The effect of the separation of 
measurement points on the calculation 
of the end-points for the titration in 

Table 1 

Separation Titration 
measurement points, end-point, 

ml ml 

0.1 4.055 
0.2 4.057 
0.3 4.052 
0.4 4.061 
0.5 4.072 

Table 3. Results for titrations with 10m2M BADMF (Cu2+-ISE, pH 6, AV = 0.1 ml) 

Sample 

End-points, ml 

Approximative Rational 
Theory spline spline Graphical 

lo-'A4 Cu + lo-'A4 Zn* 5, 10 4.95, 10.09 4.93 4.9, 10.7 
IO-‘M Cu + 10T3M Mn* 5, 10 5.07, 10.21 10.28 4.0, 10.5 
10T3M Cu + lo-‘M Nit 4 4.04 4.02 4.3 
lo-3M cut 4 4.05 4.06 4.1 

*Figure 3. 
tFigure 4. 

Table 2 shows end-points calculated for the 
curve in Fig. 4b, at different separations of the 
measurement points. The results agree closely, 
indicating that the spline function is not highly 
sensitive to the selection of points. It should be 
stressed that the titration curve in Fig. 4b 
is moderately symmetrical, like most curves 
encountered in analytical practice. In the case of 
titration curves that are less symmetrical about 
the inflection point, the accuracy of calculations 
of the end-points will depend more strongly on 
the distance between the measurement points. 

Figure 3 shows curves for the titration 
of copper in the presence of either zinc or 
manganese, with benzylamino-N,N-di (methane- 
phosphonic) acid [BADMF].‘,” and use of a 
Crytur 29-17 copper ion-selective electrode as 
indicator. In spite of distortions of the curves 
caused by interfering ions, the end-points 
(Table 3) calculated from the approximative 
spline function are close to the theoretical values 
and also to those determined graphically or by 
means of rational spline functions.* Figure 4 

shows the effect of nickel on the titration of 
copper with BADMF. The end-points are 
generally accurate (Table 3), except for that 
determined graphically for the curve distorted 
by the presence of nickel. 
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PLASTIC MEMBRANE ELECTRODES RESPONSIVE TO 
BETA-BLOCKER DRUGS 
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People’s Republic of China 
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Summary-The construction and performance characteristics of ion-selective PVC membrane electrodes 
for metoprolol, propranolol and timolol are described. The electrodes, based on ion-pair complexes with 
dinonylnaphthalenesulphonate or with tetra(2chlorophenyl)borate show near-Nemstian responses down 
to lo-‘M drug concentration. Their selectivity relative to various inorganic and organic cations is 
reported. Direct potentiometry is used to determine beta-blocker drugs both in aqueous solutions and 
pharmaceutical preparations, with good results. 

In recent years, ion-selective membrane elec- 
trodes have been used more and more in drug 
quality control. id No pharmacopoeia has yet 
introduced their use for assays, though this will 
probably be done in the next few years. 

Selinger and Staroscik’ have described the 
behaviour of a PVC potassium ion-selective 
membrane electrode towards some beta-blocker 
agents (bamethan, oxprenolol, propranolol), 
and others have characterized coated-wire elec- 
trodes sensitive to propranolol* and acebutolol.9 

The present paper reports the use of the 
lipophilic ion-pairs of beta-blockers such as 
metoprolol, propranolol and timolol with di- 
nonylnaphthalenesulphonate (DNNS) or tetra- 
(2-chlorophenyl)borate, as the electroactive 
materials for making beta-blocker responsive 
plastic membrane electrodes; these have proved 
useful in pharmaceutical analysis. 

The official standard methods for the assay of 
beta-blockers in pharmaceutical preparations 
are based on extraction followed by spectro- 
photometry.” Analytical methods based on gas 
chromatography, ‘W HPLC and TLC i3-16 and 
spectrometry ” have also been developed for 
assay of beta-blockers in biological samples. 

The electrode methods proposed in this paper 
for assaying beta-blockers in the bulk drug 
substances as well as in pharmaceutical prep- 
arations have the advantages of simplicity, 
reduced analysis time, and economy. 

*Author for correspondence. Present address: Institute of 
Chemical and Pharmaceutical Research Bucharest, 
74351-SOS. Vitan 112, Bucharest-3, Romania. 

EXPERIMENTAL. 

Apparatus 

Direct potentiometric measurements on mag- 
netically stirred solutions were performed at 
room temperature with a pX-meter (Rex, pXSJ- 
216, Shanghai, China), the beta-blocker selec- 
tive electrode and a saturated calomel electrode 
(SCE) (Model 217, Dian Guang, Shanghai, 
China). The pH measurements were made with 
a combination glass electrode (Model 23 1, Dian 
Guang) and an SCE. 

Reagents 

All reagents used were of analytical-reagent 
grade. The beta-blockers used were obtained 
from the People’s Republic of China pharma- 
ceutical industry, and assumed to be pure. 

Beta-blocker stock solutions 

Metoprolol tartrate and propranolol hydro- 
chloride solutions (O.lM), and timolol maleate 
(0.0144) were prepared by dissolving the 
required amounts of the pure substance in water 
and contained enough acetate buffer to keep the 
pH (5.0) and ionic strength (O.lM) constant. 

Electrode preparation and handling 

The PVC membrane electrodes were con- 
structed as described previously’* (with Aldrich 
high molecular-weight grade PVC dissolved in 
tetrahydrofuran) except that the electroactive 
material used was either dinonylnaphthalene- 
sulphonic acid (DNNS) or tetra(2+hloro- 
phenyl)borate (potassium salt) (CITPB). The 
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internal reference solutions were O.OlM solu- 
tions of the respective beta-blocker at pH 5.0 
(acetate buffer). The DNNS or ClTPB in the 
PVC membrane was converted into the beta- 
blocker form by soaking the electrode in a 
O.OlM solution of the drug for 24 hr. When not 
in use, the electrodes were stored in air. 

Electrode characteristics 

The performances of the electrodes were 
investigated by measuring the e.m.f. values 
in 10-‘-10-6M metoprolol and/or propranolol 
and 10-2-10-6M timolol solutions. Potentials 
were recorded when stable readings were 
obtained. 

Direct potentiometric measurement of beta- 
blocker drugs in the pglml range 

The appropriate drug electrode and an SCE 
were immersed in the aqueous sample solution 
(25.0ml) at pH 5.0 (acetate buffer). After the 
potential had been brought to equilibrium by 
stirring, the e.m.f. value was recorded, 2.5 ml of 
a O.OlM standard solution of the drug were 
added and the change in reading (accuracy 
+ 0.1 mV) was recorded and used to calculate 
the concentration of the drug. 

Direct potentiometric measurement of propra- 
nolo1 in tablets 

Propranolol tablets were analysed by finely 
powdering ten tablets from the same lot. A 
portion of the powder equivalent to about 5 mg 
of propranolol was transferred to a 50-ml 
standard flask, 5.0 ml of acetate buffer (pH 5.0) 
were added and the solution was made up to 
volume with distilled water. This solution was 
divided into two 25-ml portions. The indicator 
and reference electrodes were immersed in the 
test solution, and after electrode equilibration 
by stirring, and recording of the e.m.f., 2.5 ml 
of O.OlM propranolol hydrochloride standard 
solution (pH 5.0, acetate buffer) were added and 
the change in e.m.f. was recorded and used to 
calculate the propranolol content of the tablets. 

RESULTS AND DISCUSSION 

Membrane materials 

Beta-blocker drugs react with DNNS or 
ClTPB to form stable water-insoluble ion-pairs 
which are very soluble in the membrane phase. 
The ion-pairs were obtained in situ by soaking 
DNNS/PVC or CITPB/PVC membranes in 
0.01 M drug solution. In all cases o-nitrophenyl- 
octyl ether (o-NPOE) was used as the 
plasticizer. Variation of the concentration of 
electroactive-site carrier in the membrane within 
the range 2-8% did not produce significant 
differences in the main characteristics of the 
electrodes. For further investigations and appli- 
cations, the membrane compositions used were 
5.7% electroactive-site carrier, 63.0% o-NPOE 
and 31.3% PVC (w/w). 

Calibration data 

The critical response characteristics of these 
membrane electrodes are summarized in Table 1. 
Calibrations were done at constant pH and 
ionic strength, provided by using acetate buffer, 
pH 5.0. The highest concentrations of meto- 
pro101 and propranolol used for calibration 
were 0.1 M, and for timololO.01 M (its solubility 
in water is lower than that of metoprolol and 
propranolol). All the electrodes can be used for 
drug concentrations down to IO-‘M; the low 
detection limits indicate the feasibility of using 
them to determine traces of beta-blocker drugs 
in various samples. 

Eflect of pH 

The effect of pH on the potentials of the 
electrodes was examined by measuring the 
e.m.f. of the cells in beta-blocker solutions in 
which the pH was varied by adding appropriate 
amounts of hydrochloric acid and/or sodium 
hydroxide solution. At pH values in the ranges 
3.5-7.5, 2.5-7.5 and 2.0-8.0 for the metoprolol, 
propranolol and timolol electrodes, respectively, 
no significant changes in the membrane poten- 
tials were observed (in all cases, for IO-‘M 

Parameter 

Table 1. Response characteristics for beta-blocker membrane electrodes 

Metoprolol Propranolol Timolol 
electrode electrode electrode 

DNNS ClTPB DNNS CITPB DNNS ClTPB 

Slope*, mV/decade 
Linear range, M 
Detection limit, M 

pggiml 

54.0 + 0.4 55.6 + 0.8 57.4 f 0.5 55.4 f 1.2 55.2 + 0.7 56.6 f 0.5 
10-r-10-5 10-r-10-5 10-L10-5 IO-‘-10-5 10-r-1.5 x 10-S lo-*-lo- 
4.5 x 1O-6 5.6 x 1O-6 4.0 x 1O-6 2.5 x IO+ 6.3 x 1O-6 4.0 x 10-h 

3.1 3.8 1.2 0.7 2.7 1.7 

*Mean & standard deviation for multiple calibrations in lo-*-lo-‘M range. 
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Table 2. Selectivity coefficients for the beta-blocker membrane electrodes 

Selectivity coefficient 
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Interfering 
species, J 

Alanine 
Hi&dine 
Lysine 
Nicotinamide 
Caffeine 
Vitamin B, 
Vitamin B, 
Atropine 
Metoprolol 
Propranolol 
Timolol 

W+l 
Metoprolol electrode Propranolol electrode Timolol electrode 

[J*+ I DNNS ClTPB DNNS ClTPB DNNS ClTPB 

lo-3 < 1o-4 <lo-’ <10-4 1.3 x lo-4 <lo-4 <lo-4 
10-3 1.6 x lO-4 <lo-4 < 10-4 <lo-4 5 x 10-4 < lo-4 
lO-3 <lo-4 < 10-4 <lo-4 <lo-4 <lo-4 <lo-4 
10-3 <lo-4 2.5 x lO-4 3.3 x 10-d 1.7 x lo-4 1.7 x 10-4 2.0 x IO-’ 

2 x 10-J 2.2 x 10-4 2.2 x lo-4 1.2 x lo-4 4.5 x lo-4 2.4 x lO-4 4.7 x 10-d 
IO-’ 2.4 x IO-’ 4.9 x lo-3 1.9 x 10-d 3.8 x lO-4 8 x lo-’ 1.3 x 10-Z 
10-3 2.2 x 10-3 4.2 x lO-3 5.2 x lO-4 7.5 x lo-4 2.8 x lO-3 8.6 x 10-S 
lo-” 1.4 x IO-’ 5.7 x 10-I 1.0 x 10-Z 3.1 x IO-2 4.9 x 10-I 1.9 
lo-3 - ’ - 3.5 x 10-Z 5.2 x 1O-2 1.9 2.3 
IO-’ 9.1 14.8 - - 28.4 39.6 

5 x 10-3 1.4 x 10-l 2.4 x 10-l 1.8 x lO-2 3.0 x 10-Z - - 

solution). At pH values >7.5, the beta-blocker 
bases are precipitated, and the potentials are 
shifted towards more negative values. 

Selectivity of electrodes 

Beta-blocker substances very often have to be 
determined in pharmaceuticals which also con- 
tain various inorganic and organic substances. 
These matrices constitute a serious problem in 
various conventional analytical methods and 
have to be adequately removed before determi- 
nation of the beta-blocker. The effect of some of 
these matrices on the response of our electrodes 
was estimated by the mixed solution method, 
and the respective selectivity coefficients, Kpj:“:, 
were calculated from the equation: 

KE = (lOAE” - l)[Bl+]/[J’+]“’ (1) 

where AE is the change in potential in the 
presence of the interfering ion J’+; S is the slope 
of the calibration graph for the beta-blocker 
primary ion (i) and [Bl+] and [J’+] are the 
concentrations of the primary and interfering 
ions, respectively. The selectivity coefficients 
(Table 2) indicate that the response of all the 
electrodes is not affected by the presence of 
amino-acids, nicotinamide, caffeine, or vitamin 
B,. The results show that the propranolol elec- 

trode has a higher degree of selectivity than 
either the metoprolol or timolol electrode, 
because propranolol is more hydrophobic, owing 
to the naphthalene group in its molecule. The 
lower selectivity of timolol is related to its higher 
lipophilicity, due to the morpholino-group in 
the molecule. Other drug compounds found 
in commercial beta-blocker formulations (e.g., 
hydrochlorothiazide, bendrofluazide, spirono- 
lactone) do not interfere, since they do not form 
ion-pairs with DNNS or ClTPB. Excipients 
such as corn-starch, gelatine, sugar, lactose, etc., 
also do not interfere. 

Response time, reproducibility and stability 

The electrode response times were measured 
for beta-blocker solutions of different concen- 
trations. For all the electrodes, the response 
times were about 3 min for 10e6 and lo-‘M 
solutions and less than 20 set for more concen- 
trated solutions. 

The reproducibility of the potential readings 
was better than f0.9 mV over the entire range 
of concentrations but in the first 2-4 days after 
electrode preparation the absolute potential 
varied by ca. 5-10 mV, necessitating a one- 
point re-standardization before each run. 
The potential drift in 10e3it4 solutions was 

Table 3. Determination of the beta-blocker drugs in pure solutions by the standard-addition 
m&od+ 

Drug 

Range of concentration 
of sample solution 

Taken, before std. addition, Recovery,? 
mg Mlml % 

Metoprolol tartrate 3.42-l 1.97 137479 100.0 f 1.5 
Propranolol hydrochloride 1.48-5.18 59-207 100.2 f 1.8 
Timolol maleate 1.08-6.48 43-259 100.4 f 1.7 

*See experimental section. 
tMean recovery fstd. devn. for 6 determinations over the specified range. 
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less than f0.3 mV/hr. All the electrodes 
were used continuously for serial calibrations, 
selectivity coefficient determination and various 
applications, over a 2-month period, without 
significant changes in their behaviour. 

Analytical applications 

All these membrane electrodes proved useful 
in the determination of the beta-blocker 
drugs when the standard-addition method was 
used. Results for measurements of pure drug 
solutions at 40-480 pg/ml levels are shown 
in Table 3. In all cases the relative standard 
deviation was ~2.0%. Propranolol was also 
determined in tablets with good precision 
(r.s.d. = 1.1%) and an average recovery of 
99.4% (n = 6), calculated from the nominal 
value. Direct single measurements are less 
precise. 
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Summary-Various electrodes used in controlled-potential electrolysis of metal ions are discussed: (1) a 
double-junction saturated calomel reference electrode \iith sodium formate as bridge electrolyte; (2) an 
auxiliary electrode made by winding platinum wire on a Teflon cylinder; (3) a working electrode made 
of tantalum gauze. The advantages of the tantalum electrode over a platinum electrode are that the 
hydrogen overpotential is higher, and the tantalum electrode need not be precoated with copper before 
deposition of metals such as Bi, Zn and Sn, which tend to form alloys with platinum. The electrode needs 
pretreatment before use, but this takes only 4 min or less. 

Controlled-potential electrolysis (first employed 
by Haber’) can be used for both determination 
and separation. It not only gives selectivity but 
also maximizes the effective current obtainable. 
We present here a study of some working, 
auxiliary and reference electrodes used for the 
purpose. 

EXPERIMENTAL 

Reagents 

Analytical-reagent grade chemicals were used, 
and solutions were prepared with distilled water. 

Sodium formate solution, 5M. 
Sulphuric acid, 1.8M and 9M. 
HydroJuoric acid (1 f 3). 

Apparatus 

Reference electrode. Take a saturated calomel 
electrode of double-junction type and fill the 
upper tube with saturated potassium chloride 
solution, and the lower sleeve with 5M sodium 
formate until this solution is in contact with the 
lower tip of the upper tube. Discard the formate 
solution in the electrode immediately after use. 

Auxiliary electrode. Round the lower 5.5 cm 
of a Teflon tube (1 cm in diameter and 12.5 cm 
long, sealed at the bottom) wind a spiral of 
platinum wire (0.03 cm in diameter, about 40 cm 
long) and pass the upper end of the wire through 

*This work was financially supported under the Chinese 
TDMI Science Foundation, Grant No. 87551203. 

tAuthor for correspondence. Present address: 99 Handan 
Road, 200433, Shanghai, People’s Republic of China. 

a small hole in the side of the top of the tube, 
and connect it to a copper wire lead. 

Working electrode. Weave tantalum wire 
(0.2 mm diameter) to form a gauze cylinder 
45 mm in height and 45 mm in diameter, with 
324 meshes per cm*, and stiffen the cylinder at 
top and bottom with a band of tantalum 2 mm 
wide and 1 mm thick. Weld it onto a tantalum 
stem 1 mm in diameter and 140 mm long. 

Pretreatment of tantalum electrode. Immerse 
the electrode in hydrofluoric acid (1 + 3) for 
20 set, then immediately stir it in 1.8M sulphuric 
acid, finally immerse it in 9M sulphuric acid for 
2 min, and rinse it with water. 

RESULTS AND DISCUSSION 

Reference electrode 

The calomel electrode, introduced by 
Ostwald: is the most widely used reference 
electrode. The electrode made with 0.1 or 1M 
potassium chloride takes longer to prepare than 
the saturated calomel electrode (SCE), and its 
conductance is poorer. A calomel electrode 
made with 3.5M potassium chloride is reported 
to have a low temperature coefficient and rela- 
tively short equilibration time.3 An SCE made 
with methanol as solvent4 offers little practical 
advantage, and in our experience is readily 
contaminated if kept in contact with the analyte. 
Although the SCE is regarded as a “half- 
bridge”, a salt bridge should be incorporated in 
it to maintain its proper functioning for as long 
as possible. 
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Table 1. Ionic conductance 1” 
at infinite dilution at 25°C 

(S .cm*. mole-‘)L2 

Ionic species A” 

K+ 73.52 
Cl- 76.34 

NH: 73.4 
NO, 71.44 

Na+ 50.11 
HCOO- 52 

is*- 79.8 

KC1,5v6 KNO, ,‘T~ NH4N03 ,5*6 NaN03 ,6 
(NH4)2 SO, ,5 NazS0,,7 and KzSOd,8,9 have all 
been suggested for use as bridge electrolytes. 
The use of a mixture of salts has been found of 
little advantage.” 

To minimize the liquid-junction potential EJ’ 
the transfer numbers of the oppositely charged 
ions of the bridge electrolyte should be as close 
as possible, since” 

E; = [(t- - t+)RT/I;lln(a&zJ (1) 

where t_ and t, are the transfer numbers of the 
anion and cation of the bridge electrolyte re- 
spectively, and a, and a2 are the mean activities 
of the bridge and external solutions, respec- 
tively. The transfer number is the fraction of the 
total current carried by a given ion, and hence 
the ratio of the conductance of that ion to the 
total conductance of all ions present. Of the 
electrolytes listed above, only KC1 and NH4N03 
are really suitable (Table 1). 

The leakage rate of the bridge solution should 
be as low as possible, but the flow through the 
junction should be positive, unimpeded and 
continuous,” so the bridge electrolyte selected 
should not interfere with the electroanalytical 
reaction of interest. This requirement places 
certain limitations on the use of these two 
electrolytes: chloride is potentially subject to 
anodic oxidation to chlorine (which could 
attack certain anodes), and nitrate is reported to 
hinder electroreduction of certain ions to the 
metal, e.g., Ni(II),‘* Sn(IV),” Cd(II)‘5*‘6 and 
Zn(II).‘5*‘6 The ammonium ion is also reported 
to make electroreduction of Sn(IV) to tin 
incomplete.‘7 To the best of our knowledge 
a universally useful bridge electrolyte is still 
lacking. 

Our study suggests that sodium formate 
could serve the purpose very well. Its ions satisfy 
the requirement for equality of transfer numbers 
better than do those of the other electrolytes 
proposed (Table 1). Sodium ions will cause no 
interference, and the formate should have little 

if any unfavourable effect. Any carbon dioxide 
produced by anodic oxidation would have little 
or no effect on a well buffered solution, and 
would have limited solubility in acid medium. In 
general, the ionic strength of a bridge solution 
should be 5-10 times that of the analyte solu- 
tion,13 so high solubility of the bridge electrolyte 
is desirable. That of sodium formate is >21M.‘* 
Moreover, the specific gravity of the 5M solu- 
tion recommended here (compared to for satur- 
ated potassium chloride solution) will ensure 
adequate flow through the junction. 

We recommend loading the electrode with 
just enough 5M sodium formate solution to 
make its ionic conductance measurable, and 
discarding the solution after the electrolysis is 
complete. For use in fluoride solutions, it is 
advisable to coat the outer surface of the elec- 
trode with a thin film of epoxy resin and to cure 
this at 100” for 16 hr.t9 

Auxiliary electrode 

The auxiliary electrode acts as the anode in 
the electro-deposition of metals. Lead,” in- 
soluble lead alloys,21 mixed oxides of Ti and Ru 
on a Ti substrate,22 and passivated metals such 
as iron,23 nickel24 or stee12* have all been sug- 
gested as anode materials. A lead dioxide/ 
titanium anode was reported to be too un- 
stable.25 More attractive are the anodes made of 
carbon, e.g., graphite,26l27 Ceylon graphite,28 and 
especially glassy carbon,29,30 which is highly re- 
sistant to chemical attack. 

We first examined the use of high-purity 
glassy carbon in plate form, but found that 
flaking gradually occurred during the electroly- 
sis. It has been reported3’ that this happens 
when the current density reaches 0.02 A/cm’, 
and as a current density as high as O.C4 A/cm2 
may be required in macro-scale electro-depo- 
sition, this material should be used only for 
microanalysis. Hence for the time being, only 
platinum seems suitable as a universally applica- 
ble anode material. Our method of fabrication 
of the anode uses it very sparingly (only 1 g was 
used for making the anode). 

Working electrode 

The working electrode is the cathode in the 
electro-deposition of metals. Platinum has long 
been used as the cathode material. It has some 
intrinsic drawbacks, however. The hydrogen 
overpotential is very low, so hydrogen is readily 
evolved, and this may cause poor adhesion of 
the deposit, Platinum also tends to form alloys 



Electrodes used in controlled-potential electrolysis 679 

Table 2. Weight loss of Ta wire under different conditions 

Time of immersion, hr 
Weight loss of Ta 

wire, mg Medium A B 

0.05 HCl(1 + 10) 16 2.5 
0.30 HNO,(l + 9) 49.5 
0.10 10S 

0.10 H,SO,(l + 35) 26.5 
0.05 80* 

0.00 H,SO,(l + 1) 3* 

0.10 HClO,(l + 9) 46.5 
0.05 3 

0.10 HCl/HNO,, 5% v/v each 18 
0.05 3.5 

0.05 1M NaOH 40 
2.20 1.5 

0.10 1M KOH 21 

0.05 NH,(aq) (1 + 1) 45.5 
0.10 NH, (a@ (1 + 10 31 

A-at room temuerature: B-at boiling temperature. 
*Time in min. 
tContaining 6% sodium tartrate. 

with various metals, such as Zn,32-34 Sn,32,33*35 
Bi33”5 and Ga,M which necessitates its protection 
by precoating with another metal, such as Cu, 
Ag or Hg, 33 but a voltaic couple may form 
between the coating metal and the metal de- 
posited on top of it.36 

There has therefore been extensive search for 
replacements, 3747 but only mercury has so far 
been found acceptable. It has a very high hydro- 
gen overpotential, so can be used for deposition 
of a wide range of metals, but its main use is for 
separation rather than determination. 

Tantalum, first proposed by Brunck, 48,49 also 
has a high hydrogen overpotential, 0.39 V,% so 
a cathode depolarizer is not necessary; it is also 
cheaper than platinum, an important point in 
many countries. It can be obtained in high 
purity by the high-vacuum electron-beam melt- 
ing technique. We therefore chose it for further 
examination. 

Pretreatment of Ta electrode. Removal of the 
oxide layer is of paramount importance. 
Hampson” recommended polishing the elec- 
trode mechanically, etching it in a mixture of 
perchloric acid and acetic acid, and finally wash- 
ing it. Our experiments show, however, that 
neither acid removes the oxide layer. We de- 
cided that a strong complexing agent for tanta- 
lum should remove the oxide by formation of a 
soluble complex. Hydrogen peroxide, oxalic 
acid and hydrofluoric acid were tested as clean- 
ing agents, but only the last proved useful. 
Cleaning with a 1 + 3 dilution of concentrated 
hydrofluoric acid takes only 20 set, and pre- 
sumably works by formation of fluoride com- 
plexes of tantalum. 

The wash solution for removal of the surplus 
cleaning solution should be used only once, 
as otherwise the hydrofluoric acid accumulated 
in it might dissolve some of the metal. We 

Metal 

cu 

Bi 

Cd 

Ag 

Zn 

Table 3. Controlled-potential (E,) electro-deposition of various metals 

E,, V 
Taken, mg Found, mg Medium vs. SCE i, A 

995.0 994.3 HNO,/H,SO,, each 0.2M -0.40 
993.3 993.3 

104.6 104.0 0.65M HCIO, -0.40 60.2 
62.1 62.4 -0.70 

60.0 60.0 Na,SO,, pH 5 -0.85 
80.0 79.9 -1.00 

100.0 100.1 NaNO,/NaF, pH 5-6 +0.60 GO.1 

100.0 99.4 +0.09 

100.0 100.3 Na,SO,,, pH 4.7 -1.40 



680 ZHOU NAN and HE CHUN XIANO 

selected 1.8M sulphuric acid for the purpose. 
However, this treatment resulted in uneven 
depositing metals on the cleaned electrode, and 
it was concluded that activation of the surface 
was necessary. It was found that this could be 
achieved by immersing the cleaned electrode 
in 9M sulphuric acid for not less than 2 min. 
The complete three-step pretreatment takes 
about 4 min. The initial cleaning step with 
hydrofluoric acid was found to remove about 
0.5 mg of material from the electrode, but the 
weight loss in the other two steps was negligible. 
Omission of the washing step would increase the 
loss. 

4. 
5. 

6. 
7. 

8. 

9. 
10. 

11. 

12. 
13. 

Recommendations for use of the electrode. The 
pretreated electrode is ready for use and should 
be used immediately (without being weighed) to 
ensure the surface is in its active state. The 
electrolysis is performed, the electrode is dried 
and weighed, the deposit is dissolved with an 
acid which does not attack the electrode 
(Table 2), and the electrode is washed, dried and 
reweighed. It can then be stored, and pretreated 
immediately before its next use. This method of 
operation avoids errors arising from interaction 
of the electrode with a corrosive electrolyte 
(such as a hydrofluoric acid/nitric acid medium) 
before any metal has been deposited. 

14. 

15. 

16. 
17. 

18. 

19. 

20. 

21. 

Applications 22. 

Results for some representative determin- 
ations are shown in Table 3. The use of a 
hydrochloric acid medium is not recommended, 
however, as somewhat lower results are ob- 
tained than with a platinum cathode. This will 
be discussed in a paper on use of the electrode 
for determination of copper. 

23. 
24. 
25. 
26. 
27. 
28. 

Conclusion 

29. 
30. 
31. 

Modified working, auxiliary and reference 
electrodes are proposed for use in controlled- 
potential electrolysis. The modification include 
a reduction in the amount of platinum used, 
which may be of economic importance in many 
countries. 

32. 
33. 
34. 
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FLOW-INJECTION DETERMINATION OF PHOSPHATE 
WITH A CADMIUM ION-SELECTIVE ELECTRODE 
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Summary-A flow-injection method is described, in which phosphate standards are introduced into a 
reagent stream containing Cd2+, resulting in the formation of Cd, (PO,), . The associated reduction in free 
metal concentration is sensed by a cadmium-selective electrode. With the exception of major interference 
from iodide and moderate interference from bromide and thiocyanate, the system exhibits excellent 
response to phosphate and selectivity over several common anions in solutions buffered at pH 8.4. 
A maximum sampling rate of 16O/hr is possible for phosphate standards in the concentration 
range 10-5-10-‘M with a 10m4M Cd2+ reagent stream at a total flow-rate (carrier and reagent stream 
combined) of 8.4 ml/min. 

In a recent review of ion-selective electrodes 
for phosphate and sulphate determination, 
Midgley’ concluded that no potentiometric 
phosphate sensor yet devised exhibited sulhcient 
stability and selectivity to be considered accept- 
able in the analysis of complex matrices. Conse- 
quently, the development of indirect methods 
for phosphate determination with existing 
electrode systems warrants further attention. 
By adapting these techniques to flow-injection 
analysis (FIA),’ the problem of slow analysis 
rates normally associated with indirect potenti- 
ometry may be overcome. 

Coetzee and Gardner3 used a dual-line mani- 
fold, with water as carrier merging with a 10m5M 
lead perchlorate reagent stream buffered at 
pH 8.0 with ammonium acetate. Injected phos- 
phate standards reacted with this solution to 
form an insoluble lead phosphate, the accom- 
panying reduction in free [pb2+] being moni- 
tored with a solid-state PbS/Ag,S membrane 
electrode. Use of a similar system to determine 
sulphate and tripolyphosphate, however, re- 
vealed a lack of selectivity towards phosphate, 
and the authors acknowledged that some form 
of chromatographic separation would be advan- 
tageous. An analogous system using a calcium- 
selective electrode was reported by Alexander 
and Koopetngaim4 However, although this was 
highly sensitive to EDTA, tripolyphosphate and 
pyrophosphate, no detectable response was 
found for orthophosphate standards at pH 9.4. 

It was the objective of the present work to 
devise a flow-injection system capable of rapid 

and selective phosphate determination with 
a commercially available electrode. Cadmium 
forms considerably fewer insoluble compounds 
than lead does; the phosphate Cd,(P04)2, with 
a &, of 3.6 x 1O-29 at 18”,5 is one of them. 
Consequently, an indirect method similar to 
that of Coetzee and Gardner, but employing a 
cadmium sensor in place of the lead electrode, 
has been investigated. Performance criteria have 
been examined at length. The specificity of the 
system towards phosphate in the presence of 
several commonly encountered anions has been 
assessed, and mechanisms for both phosphate 
and interferent response are proposed. 

EXPERIMENTAL 

Apparatus 

The FIA manifold (Fig. 1) consisted of a 
Gilson Minipuls 2 peristaltic pump fitted with 
Tygon pump tubing, a network of OS-mm 
internal diameter PTFE tubing and polypropyl- 
ene connectors linking the other system com- 
ponents. This configuration ensured equivalent 
flow-rates for both the carrier and reagent 
streams, permitting the combined rate to be 
varied between 0.9 and 8.4 ml/min. The total 
reactor volume, V, (the volume from the carrier/ 
reagent stream confluence point to the detector 
cell) was calculated to be 250 ~1. 

The sampling unit, combining a Rheodyne 
5041 Cway rotary valve and a Festo DSN-lO- 
40P pneumatic actuator, was activated by a 
Festo 4447 air pilot valve and two Festo 7768 
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Fig. 1. Flow-injection manifold. (P) Pump, (S) sampling 
unit, (M) mixing coil(s) (see text), (E) earthing connector, 
(D) detector cell, (W) solution waste. Tubing lengths given 

in cm. 

240-V coil units. The rotary valve was fitted 
with lengths of OS-mm i.d. PTFE tubing in 
order to study the effect of sample loop volume, 
V,, on electrode response over the range 
100-590 ~1. A Datum programmable timer 
(Gammatron, Pooraka, S.A.) was used for con- 
trolling all switching sequences. The Perspex 
detector cell, described elsewhere,6 enabled an 
Orion 9448A CdS/Ag, S membrane solid-state 
electrode to be used, with an Orion 90-02 
double-junction reference electrode and an 
Orion 801A digital pH/mV meter connected to 
an MFE 2115M variable-scan pen recorder 
through a home-made offset device.’ 

X-Ray photoelectron spectroscopy was 
performed with a Perkin-Elmer PHI 5100 
ESCA System. The output was fed to a Hewlett 
Packard LaserJet II laser printer. 

Reagents 

Analytical grade reagents were used except 
where noted. 

The carrier streams employed were based on 
two buffer systems. The first, comprising O.OlM 
ammonium acetate and laboratory-reagent 
grade ammonia solution,3*8 enabled the elec- 
trode response to be studied in the pH range 
6.6-9.0, where the predominant phosphate 
species is HPOi- . The second, based on 2M 
solutions of acetic acid and sodium acetate,9 
covered pH values from 3.6 to 5.4, permitting 
investigation of the sensor’s response to H*PO;. 
Electrostatic noise was minimized and the ionic 
strength adjusted by making all carriers 0. IM 
with respect to potassium nitrate. Laboratory- 
reagent grade sodium azide (1 g/l.) was added to 
inhibit mould and microbial growth. 

Phosphate stock solutions (O.lM) were pre- 
pared by dissolving either potassium hydrogen 
phosphate or potassium dihydrogen phosphate 
in the appropriate carrier solution and adjusting 
the pH accordingly. Stock solutions were simi- 
larly prepared from potassium salts for the 
anion selectivity studies. 

Reagent streams consisted of aqueous sol- 
utions of cadmium nitrate. Conductivity water 

from a Millipore Mill&Q purification system 
was used throughout. 

RESULTS AND DISCU!WON 

Effect of pH 

At any given pH, the electrode response will 
be influenced by three major factors: (i) the level 
of Cd’+ in the reagent stream; (ii) the possibility 
of hydroxide formation given this level of metal 
ion and the solution pH; (iii) the ability of CdZ+ 
to react with the phosphate species, PO:-, 
HPOj- and H2PO;. The peak-height became 
irreproducible at pH above 8.5, and the re- 
sponse was found to be most favourable at 
around pH 8.4, the region where the hydrogen 
phosphate ion predominates (Fig. 2). Response 
in this pH region was enhanced by increasing 
the level of Cd2+ in the reagent stream. The 
irregular response at higher pH may be at- 
tributed to blocking of the electrode function by 
a thin coating of cadmium hydroxide. In con- 
trast, response in the sodium acetate/acetic acid 
buffers (pH 3.65.4), though reproducible, was 
poor, the reaction between Cd’+ and H2PO; to 
form Cd3(P04)2 being extremely slow. Conse- 
quently, all further studies were performed at 
pH 8.4. 

Eflect of sample volume and mixing coils 

With the O.lM KN03/0.01M CH3COONH4/ 
NH, carrier at pH 8.4 and a IO-‘M Cd’+ 
reagent stream flowing at a combined rate of 
3.48 ml/min, five replicate injections of O.lM 
phosphate gave an average peak-height which 
steadily increased from -35.1 to -43.1 mV 
over the sample volume range 100-590 ~1, and 
the response and baseline-recovery times were 
doubled in the process. As the aim of the work 
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Fig. 2. Effect of pH on response to O.lM phosphate with 
(A) 10e6M, (0) lo-‘M and (0) 10e4M Cd*+ reagent 
streams. Carrier, O.lM KNO,/O.OlM CH,COONH,/NH, 
(pH > 6) or 2M CH,COOH/ZM CH,COONa (pH < 6); 
total flow-rate, 1.7 ml/min; sample analysis rate, 20 per 

hour. 
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at which linearity ceased, electrode response 
always being slower when passing from a sol- 
ution of higher to one of lower determinand 
concentration. 

E -40: 
E -30: 
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Fig. 3. Calibration curves for phosphate standards injected 
into (A) 10e6M, (0) 10-5M and (0) 10e4M Cd’+ reagent 
streams. Carrier, O.lM KNO,/O.OlM CH,COONH,/NH, 
(pH 8.4); total flow-rate, 8.4 ml/min; sample analysis rate, 

30 per hour. 

was to develop a rapid means of phosphate 
determination, it was decided that the lOO+l 
loop best suited the situation. 

The same manifold, fitted with the lOO+l 
loop, was used to study the influence of use of 
mixing coils on the electrode response. It was 
found that with one 60-cm long coil (aspect 
ratiolo = 15.4) fitted, an average peak-height 
(n = 5) of -36.3 mV was recorded. Adding a 
second coil reduced this to -34.0 mV, identical 
to the value found when no coil was fitted. The 
peak broadening was only slightly increased by 
the addition of each coil; hence, all further tests 
were done with one coil. 

Calibration at pH 8.4 

The calibration curves for phosphate stan- 
dards injected into reagent streams of varying 
Cd2+ concentration (Fig. 3) were perceptibly 
different from those for ions sensed directly. In 
direct flow-injection potentiometry, raising the 
background level of determinand increases the 
lower limit of Nernstian response, giving rise to 
inverted peaks when the background concen- 
tration of the primary ion exceeds that of the 
injected standard.6 For the indirect system here, 
however, this lower limit decreased as the level 
of cadmium in the reagent stream was increased 
from 10W6 to 10p4M, with little apparent differ- 
ence between the responses when phosphate 
standards of 10e3M or less were injected. 

This trend can be explained in that the elec- 
trode will always be responding to a depletion 
in the level of reagent stream Cd2+ by formation 
of the insoluble phosphate; hence, all peaks 
recorded are inverted peaks. This also accounts 
for the relatively high level of phosphate 

*Note that this equation is given incorrectly in reference 11. 

Proposed mechanism of phosphate response 

The observed slope factor in the linear region 
of the calibration with 10m4M Cd’+ reagent 
stream (- 19.0 mV/decade total phosphate) 
indicated that the product of the reaction was 
Cd3(P04)2. Evidence that the response arose 
from an in-stream reaction, rather than at the 
electrode surface, was obtained by treating the 
analysis as a flow-injection titration. Consider- 
ing the reaction to be 

3Cd2+ + 2HPO:- eCdj(PO4)2 + 2H+ 

equivalence will be reached when 

3c, v, = 2c, v, (1) 

where C, and C, are the sample and reagent 
concentrations, and V, and V, are the sample 
and reactor volumes, respectively.* R6iiEka and 
Hansen” noted that the concentration gradient 
generated within the sample bolus by an in- 
stream reaction could best be described in terms 
of a single-tank reaction model. By selecting a 
point at a constant height above the baseline on 
both the rise and fall curves of each peak, they 
showed that the time between the two points- 
the equivalence time, t,-was a function of the 
flow-rate, Q, and the parameters in equation (1): 

tq = 
2.303 I’, 
- log 

Q 
(2) 

This expression will be valid provided (i) V, 
is much larger than V,; (ii) the sample plug 
undergoes homogeneous mixing with the 
reagent; (iii) the flow parameters used in 
equation (2) are reproducible. Consequently, if 
V, and V, are held constant, the graph of tes vs. 
l/Q will be linear for a sample of concentration 
C, injected into a system with reagent stream 
concentration C,. The slope of this graph, k, will 
be given by 

(3) 

Regression lines were obtained for t,, us. l/Q for 
the 10-l and 10e3M phosphate standards in- 
jected into the three Cd2+ systems. Substituting 
V, = 100 ~1 and V, = 250 ~1 into equation (3) 
gave k values that agreed well with the slope 
factors of the lines for 10e4 and 10W5M Cd2+ 
(Table 1). This confirms in-stream formation of 
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Table 1. Application of the single-tank model” to the determination of phosphates 
with the manifold in Fig. 1 

lo-4 1.000 1.74 1.83 0.999 0.70 0.68 
10-5 0.997 2.45 2.40 0.996 1.28 1.25 
10-6 0.992 4.19 2.98 0.885 0.66 1.83 

C, = concentration of Cd2+ reagent stream; C, = concentration of injected phosphate 
standard; r2 = coefficient of determination for regressed line; k+ = slope deter- 
mined experimentally; kfak = slope calculated from equation (3) with V, = 100 ~1 
and V, = 250 ~1. 

Cd3(PO&. A departure from linearity, and 
hence poor correlation between k values, was 
evident when a 10e6M Cd*+ reagent stream was 
used. In this instance, the value of C, lay outside 
the region in which the shapes of the rise and fall 
curves satisfy the requirements for the single- 
tank model.“,‘2 

Response characteristics 

With two notable exceptions, the response 
characteristics exhibited by the cadmium elec- 
trode in the presence of phosphate (Table 2) 
were similar to those observed in the direct 
sensing of iodide.6 As expected, the response 
time for the peak maximum, tR was much 
smaller than the 99% recovery time, tw, regard- 
less of flow-rate. Again, both tR and tg9 de- 
creased when the total flow-rate was increased. 
However, in the present study, only tw dimin- 
ished with an increase in the level of Cd’+, tR 
increasing slightly. In addition, peak-heights did 
not always remain constant with increases in 
flow-rate. The pronounced reduction in H for 
the 10p6M Cd’+ system is in accordance with 
the findings of the single-tank model for that 
value of C,. 

Table 2. Effect of flow-rate on peak profiles for O.lM 
standards injected into (A) 10-4M and (B) 10e6M Cd(NO,), 
reagent streams; carrier stream 0.M KNO,/O.OlM 

CH, COONHJNH, ( pH 8.4) 

Flow-rate, t,, r,, H, 
mllmin set see mV 

r.s.d. of 

(A) 0.9 37.7 170.4 
1.7 17.9 77.0 
3.2 9.2 43.6 
8.4 3.7 18.8 

(B) 0.9 33.6 757.5 
1.7 15.8 478.5 
3.2 8.9 290.3 
8.4 3.3 156.8 

-48.3 0.23 
-48.4 0.23 
-47.8 0.25 
-46.1 0.15 

-43.2 1.55 
-40.5 0.99 
- 36.2 0.89 
-31.4 0.41 

1, = response time at peak maximum; tW = recovery time 
from peak maximum to 1% of peak potential; 
H = peak-height. 

These phenomena appear to be artefacts of 
the indirect nature of the determination. In 
direct measurement systems, limitations in the 
speed and magnitude of response are solely due 
to the reaction(s) at the electrode membrane. In 
an indirect system, response is also dependent 
on the rate of reaction between the injected 
species and the reagent stream. The reductions 
found in peak-height and t, as flow-rate in- 
creased would appear to indicate that it is this 
reaction, and not the response to Cd2+ at the 
electrode, that is the rate-determining factor. 

An analysis rate of 160 samples/hr was 
achieved for phosphate standards in the range 
lo-‘-lo-‘M injected into the 10e4M Cd2+/ 
O.OlM CH3 COONH,/NH, system flowing at 
a combined rate of 8.4 ml/min. Peak-height 
repeatability and baseline recovery between 
samples was good throughout, indicating neg- 
ligible carry-over. This compares well with the 
performance of the optimized calorimetric sys- 
tem described by Janse et al.,l3 which permitted 
injection of 180 samples/hr in the concentration 
range 1.2 x 10m3-7.7 x 10p2M phosphate. 

Selectivity 

The response of the 10w4M Cd2+ system 
at pH 8.4 to a number of anions is depicted in 
Fig. 4; there was no response to fluoride and 

5‘ -60 -6 
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Fig. 4. Calibration curves for (A) thiocyanate, (A) bi- 
carbonate, (m) sulphate, (0) bromide, (a) iodide, (0) 
chloride and ( + ) phosphate standards injected into a 

10-4M Cd2+ reagent stream. Other details as for Fig. 3. 
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nitrate over the concentration range investi- 
gated. Of the anions tested, only bicarbonate 
would be expected to form a precipitate 
(CdCOJ with the cadmium reagent streamI 
and thus give rise to a detectable response. 
From Fig. 4, however, it appears to constitute 
a minor interferent in the determination of 
phosphate by this system, as also do sulphate 
and chloride. 

In contrast, the response towards bromide, 
thiocyanate and iodide is much greater than that 
predicted from the solubility of the cadmium 
salts. Given the presence of silver sulphide in the 
electrode membrane, this is suspected to be due 
to some form of direct electrode response rather 
to any depletion in the level of Cd2+. It is 
postulated that the Ag,S at the surface of the 
membrane undergoes oxidation to Ag, SO, and, 
as the solubility of this compound is consider- 
ably greater than that of AgBr, AgSCN or 

AgI, ‘,I5 the sulphate is converted into the more 
insoluble halide or pseudohalide. The oxidation 
of Ag,S was invoked by Wilson and Pool 
to explain the response and stability of their 
prototype HPO:--selective electrode.16 As in 
their studies, X-ray photoelectron spectroscopy 
(XPS) was employed to confirm the presence of 
sulphate. 

Observations made with the flow system 
again support this hypothesis. When the 10e4M 
Cd2+ reagent stream was replaced by a 10v6M 
solution, the response to phosphate was reduced 
(Fig. 3), yet that to Br-, SCN- and I- was 
enhanced so much that the bromide and thio- 
cyanate calibration lines almost coincided with 
that for phosphate. The system became vastly 
more sensitive towards iodide, the buffered stan- 
dards giving a linear calibration over the range 
10-5-10-‘M I-, with a slope of -25.8 mV/ 
decade. This may be attributed to some form 
of mixed potential arising at the electrode 
membrane. The appearance of “potential over- 
shoot”-a phenomenon where the fall curve of 
the recorded peak drops to a potential below 
that of the baseline, then recovers to the original 
baseline potential-was also noted for the 
bromide, thiocyanate and iodide standards. 
Observed by Lewenstam et aLI in steady state 

work with AgX membrane electrodes, such 
behaviour has been regularly encountered in our 
studies on the selectivity of AgX/Ag2S mem- 
brane electrodes in flow-injection environments. 
It must, therefore, be concluded that only by 
elimination of Ag,S from the membrane could 
a more phosphate-selective system be obtained 
than that using the cadmium electrode and a 
10m4M Cd2+ reagent stream. Current studies 
with home-made membranes are being pursued 
with this in mind. 
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Summaq-A semi-automatic system for potentiometric stripping analysis (PSA) based on the use of a 
potentiostat, a pH-meter with RS232C interface, and a personal computer is described. The appropriate 
software developed allows automatic control of the pre-electrolysis time, data acquisition and manual or 
automatic data treatment. Several elements can be determined at ng/ml level. 

Potentiometric stripping analysis (PSA) was 
introduced by Jagner and co-workers’” 
for trace and ultratrace analysis. One of its 
advantages is that only simple instrumentation 
is required. Manual application of PSA is 
tedious in the determination of very low metal 
levels, since a very long pre-electrolysis step is 
required. Automatic techniques are therefore 
very convenient. 

Various oxidants have been proposed for 
stripping the reduced metals. In most appli- 
cations, mercury(I1) is added prior to the pre- 
electrolysis for in situ formation or regeneration 
of the mercury film on the glassy-carbon elec- 
trode, and for the stripping reoxidation of the 
amalgamated metals. If mercury (II) is to be the 
predominant oxidant it is necessary to remove 
dissolved oxygen from the sample. 

Jagner and co-workers have therefore used 
the dissolved oxygen as the stripping agent, but 
the faster kinetics of this reaction shortens the 
plateaus in the potentiometric curves and the 
determination limits are less favourable. To 
overcome this problem, a microprocessor-based 
system was developed,4 which could take a great 
number of measurements in a very short time 
interval, and then present the potentiometric 
curve on an expanded time scale. The micro- 
processor also measured the capacitance back- 
ground, subtracted it from the potentiometric 
curve for the sample and gave the difference 
as output at a data-rate suitable for the strip- 
chart recorder. Anfalt and Strandberg have 
also designed a computerized PSA system.’ 
Mortensen et aL6 have described a multichannel 
scanning PSA apparatus. 

More recently, a computerized system for 
flow potentiometric and constant-current strip- 
ping analysis was proposed,’ which required 

two 1Zbit D/A converters and a 1Zbit A/D 
converter, to control a peristaltic pump, a 
sampler and six inlet valves for controlling an 
autosampler. 

Here we report a very simple semi-automatic 
system for potentiometric stripping analysis, 
based on the use of standard laboratory instru- 
ments. A suitable BASIC program has been 
developed, which allows experimental data 
acquisition and manual or automatic data 
treatment. 

EXPERIMENTAL 

Apparatus 

The components of the automatic stripping 
potentiometric system were a general purpose 
potentiostat; an electrolytic cell provided with a 
reference SCE, a glassy-carbon or a Kemula 
hanging-drop working electrode and a Pt auxil- 
iary electrode; a Crison 517 potentiometer and 
a Crison automatic burette, both provided with 
serial RS-232C interfaces; a personal computer, 
with a minimum of 16 kbytes of RAM, graphics 
card, user port or RS-232C interface and home- 
made card-supported control relays; cassette or 
diskette storage units. 

A Commodore VIC-20 computer was chosen, 
with its memory expanded by 16 kbytes and 
implemented with a Superexpander cartridge 
for graphics. The RS-232C serial interface was 
simulated through the user port, which was 
simultaneously used to trigger the control relays 
by means of optocouplers. 

Since the simulated RS-232C serial interface 
of the VIC-20 computer works at TTL voltage 
levels (i.e., 5 V), a voltage adapter was needed 
to interface it to the standard (i.e., 12 V) 
RS-232C of the C&on potentiometer.s 
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Fig. 1. Block diagram of the automatic potentiometric stripping analysis system. 

Figure 1 shows a block diagram of the system. 

Chemicals 

All chemicals were of analytical grade. 

Procedures 

Preparation and regeneration of the working 
electrode surface. The glassy-carbon working 
electrode was first polished with an abrasive 
paper. When in constant use, this electrode was 
manually polished for l-2 min several times a 
day. After polishing, the glassy-carbon surface 
was carefully washed with acetone to remove 
any trace of grease and fingerprints. When not 
in use, the working electrode was stored dry. 

Precoating with a mercury film. The glassy- 
carbon working electrode had to be covered 
with a mercury film thick enough to dissolve all 
the mercury-soluble metals reduced during the 
plating period. It was therefore precoated with 
mercury by holding the electrode at -0.5 V US. 
SCE for 10-30 set in a non-deareated solution 
containing 0.1 M hydrochloric acid and 25 mg/l. 
mercury(I1). A stripping curve was registered 
and a steady baseline established. The plating 
potential was then changed to -0.60 V and the 
plating/stripping cycle repeated. This procedure 
was repeated at - 0.70, -0.80 and -0.90 V. 
Finally the plating was run for 2 min at - 0.9 V, 

and after stripping, the working electrode 
was rinsed with distilled water. If the working 
electrode was allowed to stand in the precoating 
solution for long periods of time, calomel 
formed on the electrode surface. 

Analytical procedure. The standard-addition 
method was used for samples containing 0.05M 
hydrochloric acid, 0.5M sodium chloride and 
1 mg/l. mercury(II), previously deareated by 
passage of pure nitrogen for 15 min. A nitrogen 
atmosphere was maintained above the sample 
surface during the analysis. The sample was 
plated for 5 min at -0.95 V during the pre- 
electrolysis period, followed by stripping, data 
acquisition, etc. Then known volumes of a 
solution containing lead(I1) and cadmium(I1) 
were added from an automatic burette con- 
trolled by the computer, the plating/stripping 
cycle being run after each addition. 

Working system 

The classic PSA system is controlled by the 
computer, which starts and stops the pre- 
electrolysis at preset times. The potentiometer, 
in parallel with a register, transmits the data 
to the computer via an RS-232C serial inter- 
face. The potential changes are simultaneously 
monitored throughout the pre-electrolysis and 
stripping steps. 
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Program 

The BASIC package was split into two pro- 
grams, owing to the lack of computer memory. 
As in earlier work,” to control the burette 
and potentiometer the communication protocol 
provided by the manufacturer was used. The 
I/O commands of the user port of the computer 
were applied to trigger the control relays. 
The Commodore VIC-20 microcomputer is 
provided with facilities for these tasks. 

the potential of the first plateau. If the data 
acquisition began after the pre-electrolysis 
was stopped, there were not enough data for 
calculation of the length of the first plateau. 
Therefore, the data acquisition had to begin 
some seconds before the pre-electrolysis was 
stopped. The points to be considered for linear 
extrapolation could also be manually chosen. 

Program PSAl controls the experimental 
functions, data acquisition and storage, con- 
nection and disconnection of the electrodes, 
addition of the standards, etc. 

Finally, the computer automatically com- 
puted the concentration of the samples from 
the plateau lengths obtained by the standard- 
addition method. 

The other program (PSA2) is used for data 
treatment. It can automatically identify the 
components of the sample, calculate the length 
of the plateaus, obtain the calibration curve and 
provide the sample concentrations. 

If the automatic procedure fails at any point, 
or improvement is possible, manual control 
can be implemented at any time. The overall 
computerized data treatment may also be over- 
ridden and manually performed. 

RESULTS AND DISCUSSION 

The data treatment presented a number of 
problems. The first was automatic location of 
the plateaus in the potential/time curves for 
each element to be determined. This was done 
by means of the first and second derivative 
curves with respect to time. The potential/time 
curves have a sudden slope change before and 
after the plateau, which means a corresponding 
sign change in the second derivative. The pro- 
gram analyses these sign changes to delimit the 
actual plateau. The presence of noise introduces 
additional difficulties since it produces transient 
sign changes of the second derivative, which do 
not correspond to true transitions from one 
element to another. 

The glassy-carbon electrode, coated with a 
thin mercury film, and the Kemula hanging- 
drop electrode both showed an excellent 
response. The Kemula electrode gives the best 
and most sensitive behaviour, with least noise., 
especially when an unstirred solution is used 
during the stripping step. 

However, since constant stirring is needed 
during the pre-electrolysis to obtain reproduc- 
ible results, the hanging mercury drop can easily 
fall. Therefore, the glassy carbon electrode is 
preferred. 

Two methods were used to deal with the noise. 
First, when a sign change was detected for the 
second derivative, a maximum of the first 
derivative was used to confirm the beginning 
or the end of a plateau. In this way, small 
variations of the signal by the background noise 
could be eliminated from consideration. The 
second method compared the potential of the 
detected plateau with a table of potentials for 
the elements to be determined, and ignored the 
plateau if the potentials did not match. In this 
way, good results were obtained even when the 
signals were noisy. 

On the other hand, when the standard- 
addition method is used, the surface of the 
electrode is very important. Since the automatic 
procedure performs consecutive deposition/ 
stripping cycles, the concentration of the oxidant 
[mercury(II)] continuously decreases, an effect 
which becomes more important with increase in 
the surface area of the electrode. This induces a 
deviation from linearity in the standard-addition 
method, an effect which is more important when 
the number of additions is increased. 

The successive steps in the program are 
shown in Fig. 2: discrimination of the plateaus, 
identification of the elements, calculation of the 
plateau length, and calculation of the plots for 
the standard-addition method. 

Once the plateaus were located, the program Figure 2(a) show the stripping curve for 
computed their lengths by means of a lineariz- a blank. A little background noise may be 
ation of the points corresponding to the plateau observed, identified as such by the program, 
and to the zones before and after it. which points out that there is no element to be 

The first plateau gave additional problems. determined and directly goes on to obtain the 
Once the pre-electrolysis was stopped, the standard-addition plot in order to check its 
potential rapidly increased until it reached linearity. 
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Fig. 3. Determinations of 1 ng/ml Pb under the conditions stated in Fig. 1, with a pre-electrolysis time 
of 150 min. 

Figure 2(b) corresponds to the addition of for lead can be correctly located and easily 
250 ng/ml Cd and Pb. The program locates the measured. In addition, the presence of a 
plateaus for these two elements, shows their cadmium impurity was detected (though not 
corresponding potentials and the beginning and automatically by the program) and could be 
end of each plateau. quantified by the manual method. 

Figure 2(c) shows the different linear 
regressions performed by the program, with the 
initial and final points marked by arrows. The 
program computes the intersection points and 
the length of each plateau. This process 
is repeated for a second addition and finally 
[Fig. 2(d)] the program prints out the standard- 
addition plot and the sample concentration. 
Since in this case Cd and Pb present similar 
responses, both calibration lines coincide and 
the intercepts are zero, since the sample is a 
blank. 
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THE USE OF BF, AS THE SUPPORTING ELECTROLYTE 
ANION IN VOLTAMMETRIC STUDIES ON CARBON 

ELECTRODES-A CAUTIONARY NOTE 
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(Received 8 December 1989. Accepted 10 January 1990) 

Snmmar-BFc , a supporting electrolyte anion commonly employed in aprotic as well as protic solvents, 
is found to give an anodic peak at around +0.8 V us. SCE on glassy carbon electrodes in dimethylfor- 
mamide media. The voltammetric peak is influenced by the sweep-rate as well as the concentration of BF; . 
The electrode, when anodically polarized under these conditions, is also found to retard the charge-transfer 
rate of the ferricyanide/ferrocyanide redox system. Possible mechanisms for formation of a film on the 
electrode are discussed; possibilities are fluorination of carbon atoms on the electrode surface by reactions 
such as CLttia + BF,- -+ (C-F. . . BFa)attia + e - or C-H,, + BF; + (C - F . . . BF,),,, + H+ + 2e -. 
The analytical importance of considering the influence of BF, and other fluoride species on carbon 
electrodes in the anodic region is emphasized. 

Tetrafluoroborate (BFi ) anions are assumed to 
be among the inert species that can be used 
to obtain wider anodic potential windows in 
voltammetric investigations in aprotic media.‘” 
This property, coupled with a weak tendency to 
form complexes, is responsible for the extensive 
use of HBF, and its salts as supporting elec- 
trolytes in such investigations. However, in a 
recent systematic investigation of the voltam- 
metric behaviour of glassy carbon in an aprotic 
solvent, a totally unexpected voltammetric 
response to BF; anion at a potential in the 
region of +0.8 V vs. SCE was observed.6 Some 
experimental details, the possible mechanism 
involved in this anodic process, and its analyti- 
cal implications are discussed here, and a cau- 
tionary note on the possibility of this wave being 
misinterpreted as due to another depolarization 
is sounded. 

EXPERIMENTAL 

A 5-mm diameter Tokai glassy carbon rod 
embedded in a glass tube with epoxy resin was 
used as the working electrode in a conventional 
“H” type cell with a platinum counter-electrode. 
A reference SCE was connected to the cell 
through a Luggin capillary filled with KCl/agar. 
In a few experiments, a platinum microelectrode 
was employed for establishing the electrode 
effect due to the glassy carbon material. 

Laboratory-reagent grade dimethylformide 
(DMF) was freshly distilled before use. The 
tetra-n-butylammonium salts employed were of 
analytical reagent grade. The working electrode 
was polished with successively finer emery 
papers (ranging from l/O to 4/O) to a mirror 
finish, and washed thoroughly with water, then 
trichloroethylene and finally with the support- 
ing electrolyte solvent mixture, in which it was 
then cycled for about 10 min in the potential 
region of the voltammetric measurements. This 
treatment was found to give a sufficiently repro- 
ducible voltammetric response (+5 mV vari- 
ation in peak potential and +2% in peak 
current). The reproducibility and active state of 
the electrode were also tested by recording the 
voltammetric response to the anthracene/ 
anthracene-radical anion couple in the same 
media, at regular intervals. All the experiments 
were done at 25 + 1”. 

All other experimental details and the voltam- 
metric instrumentation employed have already 
been discussed in detail.6 

RESULTS 

Typical background currents at a glassy car- 
bon electrode in O.lM solutions of tetra-n-butyl- 
ammonium salts of DMF are shown in Fig. 1. 
The voltamperograms were recorded under 
carefully controlled conditions after complete 
deaeration. The absence of dissolved oxygen 
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- 3.2 

b 

Fig. 1. Potential range of the glassy carbon electrode (GCE) in DMF containing different tetra-alkyl- 
ammonium supporting electrolytes (0. IM). (a) TBAI, (b) TBAP and (c) TBABF,. Sweep rate 10 mV/sec. 

from the solution is confirmed by the absence 
of an oxygen/oxygen-radical anion reversible 
peak at around -0.75 V vs. SCE. The cathodic 
limit occurred at about the same potential 
for different tetra-alkylammonium salts. The 
anodic limit for tetra-n-butylammonium iodide 
(TBAI) was quite low compared to those for 
tetra-n-butylammonium perchlorate (TBAP) 
and tetrafluoroborate (TBABF,), as would be 
expected from the lower oxidation potential for 
iodide. 

The most significant result from the viewpoint 
of the present investigation was the presence of 
the anodic peak at around +0.8 V, which is 
substantially lower than the anodic limiting 
potential of about + 1.6 V. This anodic peak 
was thought to be an experimental artifact and 
every effort was made to eliminate it in order 
to improve the reproducibility of the systems. 
The solvent/supporting electrolyte systems 
were thoroughly purified, the deaeration and 
moisture removal were carefully repeated, 
and the electrode was cleaned repeatedly. Some 
experimental activation procedures (oxidation, 
reduction, potential cycling)’ were also tried on 

the glassy carbon electrode. In spite of all these 
efforts, the appearance of an oxidation peak at 
around +0.8 V was quite consistent. 

Final confirmation for this response is due to 
some specific interaction of glassy carbon with 
BF; anions came from comparison of the back- 
ground responses of glassy carbon and platinum 
electrodes in these three solvent/supporting elec- 
trolyte systems. The background responses of 
the platinum electrode were quite similar to 
those of the glassy carbon electrode except for 
the absence of the anodic peak at + 0.8 V for the 
platinum electrode in TBABF, medium. 

This wave was investigated further with the 
glassy carbon electrode. The anodic peak for 
0. 1M TBABF, in DMF increased substantially 
with sweep rate (Fig. 2), but the peak current 
did not decrease substantially with successive 
sweeps. When proper background correction 
was made, the peak current increased approxi- 
mately with the square root of the sweep rate. 
The peak potential was also found to shift 
anodically with increased sweep rate. 

To evaluate the concentration effect, the O.lM 
TBAP/DMF system was taken as the back- 
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Fig. 2. Cyclic voltamperograms with the GCE in O.lM 
TBABFJDMF at various sweep rates: (a) 10, (b) 20, (c) 40, 

(d) 80, (e) 160, (f) 320 and (g) 64OmV/sec. 

ground system. The effect of mM concen- 
trations of TBABF, on the voltammetric re- 
sponse of the glassy carbon electrode in this 
medium is presented in Fig. 3. The peak current 
indeed increased with concentration of BFi, 
but the i,/[BF; ] value decreased substantially 
with increasing [BF; ] and at BF; concen- 
trations >25mM the peak current became 
almost independent of BF; concentration. 

To see whether the glassy carbon electrode 
anodically polarized in the BF; medium has a 
film attached to it, electrodes continuously 
cycled in the TBABF, medium at potentials 
between 0 and + 1 .O V for sufficiently long times 
were subjected to visual and microscopic exam- 
ination. The mirror finish of the electrode sur- 
face was not affected to any noticeable extent, 
nor was physical damage observed by micro- 
scopic analysis. However, formation of a thin 
inhibitory film was indirectly confirmed by 
establishing the effect of this film on a charge- 
transfer reaction. In aqueous O.lM potassium 
chloride medium, the cyclic voltammetric 
response of a TBABF,/DMF-treated glassy 
carbon electrode showed quasi-irreversible 
behaviour for the ferricyanide/ferrocyanide 
redox couple.’ The peak separation, BE,, 
depended on the duration of potential cycling in 
the DMF/BF; medium, but was always greater 

0 o-2 Od 0.6 
E, V vs SCE 

0.8 1.0 
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Fig. 3. Effect of BF; concentration on anodic voltammetty 
with the GCE in O.lM TBAE/DMF at 32OmV/sec (a) 5, 

(b) 10 and (c) 15mM. 

than 60 mV and was sometimes 100 mV or more 
(Fig. 4A). However, a perfectly reversible 
voltammetric response for the same redox sys- 
tem on the glassy carbon electrode could easily 
be obtained by polishing the electrode surface 
with 3/O and 4/O emery papers and subjecting it 
to potential cycling in 0.1 M potassium chloride 
(Fig. 4B). 

DISCUSSION 

Tetra-alkylammonium tetrafluoroborates and 
hexafluorophosphates are commonly employed 

I I I I I I 

- 0.2 - 0.1 0 +O.l so.2 l 03 l 0.1 l 05 
E, V vs SCE 

Fig. 4. Cyclic voltamperograms of ferrocyanide (2mM) in 
0.1M KC1 at lOmV/sec. (A) with a GCE polarized in 

TBABFJDMF and (B) with a pretreated GCE. 
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as supporting electrolytes in aprotic solvents to 
provide a wide potential range for electrochemi- 
cal studies. However, it is also known that the 
tetra-alkylammonium cations themselves can 
be reduced at very negative potentials and 
the resulting alkyl radicals and trialkylamines 
can be incorporated in the electrode matrix, 
especially in the case of porous graphite elec- 
trodes.“” In an earlier investigation,’ the same 
type of cathodic process and the resulting in- 
hibitory effect on simple electron transfer was 
also established for the glassy carbon electrode, 
but the inhibitory influence of the BF; anion 
itself is rather surprising. 

Graphite is known to form intercalation com- 
pounds with anions such as ClO; , F- and BF; 
in highly acidic aqueous media.12-14 This type 
of process is linked with the formation of salt- 
like intercalation compounds between oxidized 
carbon lattices and the anions. 

Gttice + Gtice + e - (1) 

Gtrice + BFi -+ (C+BF; Lice (2) 

However, very strongly acidic conditions are 
required for the formation of such salts and the 
oxidation potentials encountered in such pro- 
cesses are also much more positive. These types 
of films also show Nernstian behaviour” and 
hence are not expected to inhibit charge trans- 
fer. This is exactly contradictory to the present 
observation (Fig. 4). Hence, we assume that in 
the non-aqueous conditions of the present work, 
these types of intercalation compounds are not 
formed on the surface of the glassy carbon 
electrode. 

It should be mentioned that glassy carbon 
also contains fused benzene ring structures, as 
do graphite materials, but the former are 
extremely non-porous because of the method 
of manufacture, namely the heat-treatment of 
polymeric materials. ‘L’~ The carbon atoms or 
carbon-hydrogen bonds exposed to the solution 
side of the interface may be easily fluorinated by 
an electrochemical oxidation process: 

Clattice + BF; + (C-F . . . BF3 imice + e - (3) 

C-Hlaltice + BF; 

-(C-F.. . BF, hattie + H + + 2e - (4) 

The potential region for this process may be 
much more negative than the F-/F, redox 
potential. In this sense, such a process can be 
compared to the underpotential deposition of 
metals.” This would explain the observation of 

the anodic wave at + 0.8 V US. SCE although the 
actual fluorine evolution potential is +2.87 V 
us. NHE. 

In a sense, the formation of a carbon fluoride 
film proposed here is analogous to formation of 
graphite fluoride compounds prepared by pass- 
ing fluorine into a graphite matrix.18~‘9 However, 
since glassy carbon is quite non-porous, the 
film formation is confined to the surface region. 
The electron transfer is generally diffusion- 
controlled as suggested by the diffusion tail in 
the voltammetric response (Fig. 1) and the 
dependence of the peak current on sweep rate 
(Fig. 2). At constant sweep rate, the i,/[BF;] 
value decreases with increasing [BF; ] (Fig. 3) 
and hence eventually becomes almost indepen- 
dent of it. The maximum value of the peak 
current is probably related to the maximum 
surface area of the electrode available for the 
surface reaction [equation (3)]. The surface film 
inhibits the ferricyanide/ferrocyanide redox pro- 
cess (Fig. 4), but this effect can easily be re- 
moved by very mild polishing of the electrode 
surface, which again suggests that film for- 
mation is confined to the surface. 

CONCLUSIONS 

The present work establishes the existence of 
an electrochemical oxidation process due to 
BFi at a carbon substrate. A C-F surface film 
formed by some underpotential process is per- 
haps responsible for the voltammetric response 
at around +0.8 V us. SCE in DMF media. 
Many interesting questions may be asked. Is 
this process specific to BF; or common to all 
fluoro-complex anions? Is this process solvent- 
specific? Can we also observe this process 
in aqueous solvents? Efforts to answer at 
least some of these questions are already in 
progress. 

The present communication has the primary 
objective of pointing out the analytical impli- 
cations of the results. First, the fact that BF; 
anions, which are supposed to be inert, can 
show such a well-defined voltammetric peak in 
such an easily accessible potential region may be 
made use of for analytical purposes. Although 
the plot of iP vs. [BF; ] is non-linear at higher 
concentrations, a standard graph method 
may still be used for estimation of BF; at 
lower concentrations. Secondly, BF;-containing 
supporting electrolyte/solvent systems should be 
used with care for the determination of other 
redox species, especially in the anodic region. 
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The effect of the surface film in the electron 8. J. 0. Besenhard and H. P. Fritz, J. Electroanal. Chem., 

transfer process of interest should be carefully 1974, 53, 329. 

assessed in each case. 
9. J. Simonet and H. Lund, ibid., 1977, 75, 719. 
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Summary-A method is proposed for the determination of copper in white-metal bearing alloys by direct 
controlled-potential electrolysis with a tantalum cathode at -0.32 V vs. SCE in a sulphate/bisulphate 
buffered electrolyte (PH 2) with fluoroboric acid and sodium tartrate as masking agents. Only Bi(II1) 
interferes. Any co-deposited Bi can be corrected for by its spectrophotometric determination with 
Semi-Xylenol Orange after preconcentration with La(II1) as carrier, from an ammoniacal solution 
containing the redissolved deposit. Any residual Cu(I1) in the electrolyte is determined by spectrophoto- 
metry with 2,9-dimethyl-l,lO-phenanthroline. The standard deviation of this method has been found to 
be 0.03 mg (a = 12) and its relative standard deviation from 0.03 to 0.17%. It has been successfully used 
for referee analysis and certification of standard reference materials. 

The standard methods for the determination of 
copper in tin- and lead-base alloys are constant- 
current electrolysis’-4 and spectrophotometry 
with DDTC.s In either case bismuth interferes. 
The copper may also be determined by 
iodimetry.2~5 A preliminary precipitation of 
copper from an alkaline tartrate solution is 
indispensable, however.2,s The spectrophoto- 
metric method with hydrobromic acid3 as well 
as the electrolytic method’s3*4 requires the re- 
moval of tin and antimony by volatilization as 
the bromides. It has been reported that the 
temperature and time of heating during this 
process should be rigidly controlled, or as much 
as 25% of the copper may be lost.3 Moreover, 
it is a time-consuming operation. 

We now propose a new method established to 
meet the requirements of referee analysis and 
certification of standard reference materials in 
our laboratory. It is a combination of direct 
controlled-potential electrolysis with a tantalum 
cathode and determination of any residual 
copper by spectrophotometry with 2,9- 
dimethyl-1, IO-phenanthroline. As the bismuth 
content of alloys of this kind may be as high as 
0.2%’ and under the specified conditions of 
controlled-potential electrolysis its interference 
cannot be completely eliminated, a correction 
for it is incorporated. 

*Author for correspondence. Present address: 99 Handan 
Road, 200433, Shanghai, People’s Republic of China. 

EXPERIMENTAL 

Apparatus 

A controlled-potential electroanalyser, type 
DJS 52, with a rotating anode (Rex Instru- 
ments, Shanghai) was used. 

Reagents 

Unless otherwise specified, analytical-reagent 
chemicals and demineralized water were used. 

Fluoroboric acid solution, 40%. 
Saturated sodium carbonate solution. 
o-Cresol Red solution, 0.1 O/O. 
Ascorbic acid solution, 4%, freshly prepared. 
2,9-Dimethyl-I,IO-phenanthroline solution, 

0.2% in ethanol. 
Lanthanum solution. Dissolve 0.120 g of 

La203 of > 99.9% purity in 5 ml of 1M 
nitric acid (ultrapure grade), transfer the sol- 
ution to a 50-ml standard flask, dilute to volume 
and mix. 1 ml Of this solution contains 2 mg of 
La(II1). 

DDTC solution. Prepare a 0.2% sodium di- 
ethyldithiocarbamate solution just before use. 

Copper standard solution A. Dissolve 100.0 
mg of electrolytic copper of 899.9% purity in 
20 ml of concentrated hydrochloric acid and 
several drops of concentrated nitric acid (both 
ultrapure grade) by gentle warming. Cool the 
solution, transfer it to a 200-ml standard flask, 
dilute to volume and mix. 1 ml Of this solution 
contains 0.500 mg of Cu(I1). 
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Copper standard solution B. Prepared just 
before use by diluting 2.00 ml of standard 
solution A to volume in a loo-ml standard flask. 
1 ml Of this solution contains 10 pg of Cu(I1). 

Procedures 

Sample preparation. Transfer 1 g of the 
sample, weighed to the nearest 0.1 mg, to a 
250-ml beaker. Add 20 ml of concentrated 
hydrochloric acid and several drops of concen- 
trated nitric acid (both ultrapure grade), and 
warm gently till dissolution is complete. Cool, 
add 5 ml of concentrated sulphuric acid and 
heat to strong fumes. Cool to room tempera- 
ture. Add successively 10 ml of fluoroboric acid 
solution, 1.5 g of sodium tartrate, 1 or 2 drops 
of o-Cresol Red indicator solution, and satur- 
ated sodium carbonate solution dropwise till the 
indicator colour changes just from red to 
yellow. Dilute to ca. 70 ml with water. 

Controlled-potential electrolysis of copper. 
The electrodes used are: (1) an SCE reference 
electrode of double-junction type with 5M 
sodium formate as the bridge electrolyte, (2) a 
rotating anode, (3) a tantalum gauze cathode. 
The use and pretreatment of this cathode has 
been described elsewhere.6 Set the cathode 
potential at -0.32 V vs. SCE. Continue the 
electrolysis until the electrolytic current no 
longer decreases. Wash the split cover glasses, 
the rotating anode and the inner walls of the 
beaker with a little water. Continue the elec- 
trolysis for 5 min. Remove the beaker contain- 
ing the sample and immediately replace it with 
one containing ca. 100 ml of water, and wash 
the electrodes in this for 30-60 sec. Repeat this 
operation once more. Remove the cathode and 
dip it into ethanol for 30 set, then dry it to 
constant weight with hot air from hair-drier. 
Dissolve the copper in 15 ml of hot ultrapure 
nitric acid (1 + 3) then wash, dry and reweigh 
the cathode. Reserve the solution for determina- 
tion of bismuth as described below. The weight 
of the deposit is found by difference. 

Spectrophotometric determination of residual 
copper. Transfer the electrolysed sample sol- 
ution and the washings (the second of which has 
been evaporated to 50 ml) into a 250-ml stan- 
dard flask, dilute to volume and mix. Pipette an 
appropriate aliquot (~25 ml) into a 60-ml 
separating funnel. Add ultrapure ammonia sol- 
ution (1 + 1) dropwise until the pH is 5-6, then 
add 5 ml of ascorbic acid solution and 2.0 ml 
of 2,9-dimethyl-l,lO-phenanthroline solution 
and mix. Shake the mixture with 10 ml of 

chloroform for 1 min. Measure the absorbance 
of the organic extract at 457 nm vs. chloroform 
as the reference solution,‘*’ using 2-cm cells. 
Read the Cu content from a calibration curve 
prepared with 0.50-3.00 ml of Cu standard 
solution B treated in the same way as the 
sample. 

Correction for Bi. Transfer the nitric acid 
solution of the copper deposit in small portions, 
with vigorous stirring, to a beaker containing 10 
ml of ultrapure ammonia solution (1 + 1) and 
70 ml of water. Add 5 ml of lanthanum solution 
and boil gently for 2 or 3 min. Cool to room 
temperature, filter off the precipitate on a filter 
paper of medium porosity, wash it with am- 
monia solution (ultrapure grade, 2 + 98) and 
redissolve the precipitate with hot nitric acid 
(ultrapure grade, 1 + 15) added in portions. 
Concentrate the resulting solution to 3-4 ml. 
Then determine the bismuth spectrophotometri- 
tally with Semi-Xylenol Orange as reported 
elsewhere.9 

If a considerable amount of bismuth is 
present, first dilute the concentrate to volume 
in a 25-ml standard flask, mix, and use an 
appropriate aliquot for the determination. 

The Cu content of the sample can be calcu- 
lated from 

Cu = lOO(a + b - c)/G % 

where G = sample weight (g); a = weight of 
deposit (g); b = amount of residual Cu (g); 
c = amount of co-deposited Bi (g). 

RESULTS AND DISCUSSION 

Sample decomposition 

The decomposition technique used is the most 
efficient available, as discussed elsewhere.‘O 

Choice of medium for electrolysis 

Controlled-potential electrolysis is used, as 
electrolysis at constant applied voltage or con- 
stant current lacks selectivity; we have found 
that it is impossible to prevent the co-deposition 
of Sn during electrolysis of Cu by the ASTM 
procedure” at constant applied voltage. 

Nitric acid is commonly used as the electroly- 
sis medium but has the drawback that nitrous 
acid is often liberated during the electrolysis, 
especially in summer, and causes dissolution of 
freshly deposited copper. The analyte is present 
in a hydrochloric acid medium after the sample 
decomposition, but this is unsuitable for 
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electrolysis, in which the electroreduction of 
Cu(I1) is a two-stage process: 

Cuz+ + Cl- + e - + CuCl; E” = + 0.538 V 

CuCl+e-+Cu+Cl-; E”= +0.137 V 

Hence under such conditions Cu(I1) is more 
readily reduced to Cu(1) than Cu(1) is to the 
metallic state. This is due to the complexation 
with chloride. Complications may arise because 
the Cu(1) complexes such as CuCl; and CuCl:- 
can be reoxidized to Cu(I1) at the anode unless 
precautions are taken. Moreover, sufficient 
anodic depolarizer should be present to prevent 
the anodic liberation of chlorine. 

Therefore sulphuric acid was chosen as the 
medium because sulphate is not electroactive. 
The advantages of Ta over Pt as cathodic 
material have been discussed elsewhere.6 The 
side-reaction of the cathodic reduction of 
protons to hydrogen is minimized since the 
overpotential of hydrogen on Ta is considerably 
higher than that on Pt. Sodium formate is used 
as bridge electrolyte for the SCE to avoid 
contamination of the electrolyte with nitrate or 
chloride. 

Moreover, the electroreduction of Cu(I1) in 
this medium leads straight to the metallic state, 
because (potentials are taken from Latimer”), 

Cu2++2e-+CuE”= +0.337 V 

Cu2++e-+Cu+E”= +0.153 V 

Cu++e--tCuE”= +0.521 V 

On the one hand the reduction of Cu(I1) to 
Cu takes place more readily than that to Cu(1) 
and on the other, though Cu(1) may be formed 
as an unstable intermediate, its reduction to Cu 
goes much more easily than that of Cu(I1). 

Lead, a major constituent of the sample, will 
be precipitated as the sulphate in this medium. 
This does no harm because it settles at the 
bottom of the beaker and is not disturbed by the 
rotation of the anode. Under such conditions 
the conditional electrode potential of Pb(I1) 
would be shifted from -0.113 to -0.359 V,i3 
which is favourable for the electrolytic separ- 
ation of Cu(I1) from Pb(I1). 

Choice of pH 

The analyte solution should be sufficiently 
acidic to limit the hydrolysis of Sn(IV) (a major 
component in the solution), otherwise the equi- 
.librium of the system used for masking the tin 
(see below) would be unfavourably disturbed. 

On the other hand too great an acidity would 
also disturb this system by protonating the 
ligand used. The optimum pH was found to be 
ca. 2, which is very close to the p& value of 
sulphuric acid. It is very easy to adjust the 
system to this value because an equimolar bisul- 
phate/sulphate solution has maximum buffer 
capacity at this pH and o-Cresol Red serves 
very well as the indicator.14 

Choice of masking agents 

Our preliminary experiments revealed that 
the presence of sodium tartrate and tetrafluoro- 
boric acid does not affect the deposition of 
Cu and that neither alone can prevent the 
co-deposition of Sn. The combined use of the 
two proved effective, however. This may be 
ascribed to the formation of more stable mixed- 
ligand complexes. It serves also to prevent the 
co-deposition of As and Sb, but not Bi. As 
maskant for Bi(III), EDTA, DPTA, DCTA and 
NTA were tried, but the deposition of Cu is 
hindered in each case. Therefore a correction for 
the co-deposition of Bi is incorporated. 

Cathode potential 

It was found that the electro-deposition of Cu 
begins at -0.18 V us. SCE under the chosen 
conditions. The amount of deposit increases as 
the cathode potential shifts to more negative 
values and becomes constant at -0.30 V and 
below (Table 1). Our preliminary experiments 
revealed that the co-deposition of Sn begins at 
-0.36 V under the same conditions. Therefore 
the cathode potential is set at - 0.32 V us. SCE. 

Correction for the deposition of Bi 

The correction for Bi involves co-precipi- 
tation of Bi(II1) with La(II1) as carrier from an 
ammoniacal solution to separate it from Cu(II), 
and subsequent spectrophotometric determi- 
nation of Bi(II1) with Semi-Xylenol Orange9 in 
nitric acid medium (0.18M). This preconcen- 
tration technique 15,‘6 has been used in our 

Table I. Effect of cathode potential on the 
deposition of Cu: [added: Cu(II) 67.00 mg; 
Sn(IV) 1000 mg; 40% HBF, 10 ml; sodium 
tartrate 1.5 g; total volume 80 ml; pH 21 

Cathode potential, Cu deposited, 
V vs. SCE w 

-0.18 61.30 
-0.25 65.65 
-0.30 66.90 
-0.34 66.90 
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laboratory for ten years and is based on the 
following facts and data: (1) the ionic radii 
of Bi(II1) and La(II1) are very similar, 1.20 
and 1.15 A, respectively;” (2) bismuth hydrox- 
ide is much more insoluble in water than lanth- 
anum hydroxide (their pKsp values are reported 
to be 36.91 and 19.6 respectively).‘8 La(II1) is 
used as carrier because it can be tolerated in 
considerable amounts in the Bi-SXO spec- 
trophotometric system under the conditions 
specified. 

Successive determination of Cu and Bi 

The same sample may be used for determi- 
nation of Bi. Transfer to a separating-funnel an 
appropriate aliquot (f”h) of the solution re- 
served for the determination of residual Cu and 
adjust it to pH 9 with ammonia solution (1 + 1, 
ultrapure grade). Add 5 ml of freshly prepared 
0.2% DDTC solution and shake the mixture 
with 5 ml of chloroform for 1 min. Repeat this 
operation till the addition of DDTC gives no 
turbidity and the extract is colourless. Combine 
the organic extracts and transfer to a lOO-ml 
beaker containing 10 ml of water. Evaporate 
the chloroform by heating in a water-bath. Then 
add 1 ml of perchloric acid (1 + 11) and con- 
tinue to evaporate to 3-4 ml to decompose the 
DDTC into carbon dioxide and diethylamine. 
Finally pipette in f % of the solution prepared 
for the bismuth correction, and determine the Bi 
with Semi-Xylenol Orange.’ 

Application 

Volatilization of Sn(IV) as the bromide is easy 
in the absence of other cations, but is time- 
consuming in the presence of Cu(II), several 
repetitions of the volatilization step being 
needed. This can be explained as follows. Both 
Sn(IV) and Cu(I1) react with bromide to form 
anionic complexes. During the volatilization 
these dissociate to form molecular species. The 
ionic radii of Sn(IV) and Cu(I1) are very similar 
0.71 and 0.69 A respectively.” Once formed, 
CuBr, would precipitate and carry down some 

Table 2. Determination of Cu in synthetic samples by the 
proposed method 

Cu, mg 

Composition of the sample, mg Taken Found 

Sb 150, Sn 60, Pb 758, Bi 2 30.00 30.05 
Sb 50, Sn 898, Bi 2 50.00 49.97 
Sb 100, Sn 738, Pb 110, Bi 2 50.00 49.98 
Sb 80, Sn 838, Bi 2 80.00 80.03 
Sb 110, Sn 688, Pb 100, Bi 2 100.00 100.02 

Table 3. Determination of Cu in some SRM samples 

cu, ‘% 

Sample Certified value Proposed method 

:I?iM 
178 4.08 4.08 
610 5.97 5.96 
615 2.66 2.61 

SnBr,. Hence this is by no means a clean-cut 
and efficient method of separation. 

The proposed method is a direct one as it 
involves no preliminary separation. The con- 
trolled-potential electrolysis serves as a means 
of simultaneous separation and determination 
of Cu. Its combination with a spectrophotomet- 
ric finish and correction for Bi eliminates any 
error, either positive or negative. The accuracy 
of the method is thus ensured. This has been 
validated by analysis of some synthetic (Table 2) 
and SRM samples (Table 3). The standard 
deviation of this method has been found to be 
0.03 mg (n = 12) and its RSD from 0.03 to 
0.17%. It has been successfully used for referee 
analysis and certification of standard reference 
materials. 

CONCLUSION 

Proposed in this paper is a direct and accurate 
method for determination of copper in white- 
metal bearing alloys by controlled-potential 
electrolysis with a tantalum cathode at - 0.32 V 
vs. SCE in a sulphate/bisulphate buffer of pH 2 
in the presence of tetrafluoroboric acid and 
sodium tartrate. Its combination with a spec- 
trophotometric finish with 2,9-dimethyl- 1, lo- 
phenanthroline and correction for co-deposited 
bismuth eliminates any possible error. The bis- 
muth may also be determined. 
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AN ATOMIC-EMISSION ‘STUDY OF THE REMOVAL AND 
RECOVERY OF CHROMIUM FROM SOLUTION BY AN 

ALGAL BIOMASS (Chlorella vulgaris)* 

CONSTANTINOS P. PAPPAS, SEAN T. RANDALL and JOSEPH SNBDDON~ 

Department of Chemistry, University of Lowell, Lowell, MA 01854, U.S.A. 

(Received 23 June 1989. Revised 17 August 1989. Accepted 21 August 1989) 

Summary-Inductively coupled plasma atomic-emission spectrometry has been used to study the removal 
of chromium, principally in the sexivalent oxidation state, from solution by an algal biomass, Chlorellu 
vulgaris, and its subsequent recovery. Binding of the chromium at the 5-100 rg/ml level was maximal 
(75%) at pH 3 within 3 min, with 5 mg of algae. Quantitative recovery of chromium was achieved by 
lowering the pH. The algae could be used four times in removal/recovery cycles before losing their 75% 
removal efficiency. 

The ability of certain phytoplankton and micro- 
algae to bind metal ions has been well docu- 
mented and there are many reports on the 
accumulation of metal ions by different species 
of micro-organisms. ‘-9 When waters containing 
metal ions are passed through a body of water 
where algae are growing, the effluent waters 
often have lower metal ion concentrations than 
the inflowing waters, and algal growth is often 
suppressed. Metal ions,” cobalt chloride and 
zinc sulfate,” and chlorinated waters” have all 
been reported to have a deleterious effect on 
algal growth. Since favorable environments are 
needed for the growth and reproduction of algae 
there are obvious limitations to the removal 
(and recovery) of low levels of toxic or precious 
metals by use of living algae. Living micro- 
organisms primarily accumulate metal ions in 
solution by adsorbing them on the outer 
surface of the cell wall. This adsorption process 
has variously been called bioconcentration, 
bioaccumulation and biosorption, the last 
being the most frequently used. Biosorption is 
independent of biological functions. Thus 
dead cells may be used for the removal of metal 
ions from solution under conditions normally 
toxic to living organisms. Recent work from 
this laboratory. I3914 Darnall and co-workers ‘W 
and others’7-‘9 has shown the potential oi an 
algal biomass for the removal and recovery 

*Presented, in part, at the 40th Pittsburgh Conference in 
Atlanta, Georgia, 6-10 March 1989. 

TAuthor for correspondence. 

of metal ions in solution at low concen- 
trations (pg/ml levels). This relatively cheap, 
simple and rapid method of removing trace 
and ultratrace metals from solution has 
potential application in the recovery of precious 
or important metals, I3 detection and control 
of toxic metals in waters,15 and for the 
preconcentration of trace metals for deter- 
mination.” 

In this work a study of the use of Chlorellu 
vulgaris for the removal and recovery of 
chromium, principally in the sexivalent oxi- 
dation state, is presented. 

EXPERIMENTAL 

Instrumentation 

A Leeman Labs. Plasma-Spec II (Lowell, 
MA) inductively coupled plasma atomic- 
emission spectrometer (ICP-AES) was used 
with sample introduction by a Hildebrand Grid 
nebulizer and a variable speed persistaltic 
pump. The sample uptake rate was 1.5 ml/min 
in the “slow” position and 3.0 ml/min in the 
“fast” position. The support gas was argon at a 
consumption of 10 l./min for the coolant gas 
and 0.5 ml/min for the injector tube. A detailed 
description of the ICP-AES characteristics is 
given elsewhere.” 

The pH-meter used was an Orion model 501 
Digital Ionanalyzer with an automatically tem- 
perature-compensated semimicro combination 
probe. The precision of the pH measurements 
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was & 0.01 and of the temperature measurement 
kO.1”. 

A Perkin-Elmer Model 570 spectropho- 
tometer and Model 700 infrared spectrometer 
were used. 

Reagents 

The algal biomass, Chlorella vulgaris, was 
obtained from Laurel Canyon Herbs Inc. 
(Emeryville, CA). All other reagents were ob- 
tained from Fisher Scientific Co. All pH adjust- 
ments were made with OSM nitric acid and 
0. 1M sodium hydroxide. Stock 1000 pg/ml 
chromium solutions, made from a potassium 
dichromate certified atomic-absorption stan- 
dard for Cr(V1) and chromium acetate for 
Cr(III), were diluted as required, with dis- 
tilleddemineralized water, and used at pH 
O-5.5. 

Procedure 

The Chlorella vulgaris was treated as pre- 
viously described,13 to remove potential con- 
taminents, and killed by heating in an oven at 
120” for 6 hr, then cooled to room temperature 
in a desiccator. This minimized living-cell fac- 
tors which could adversely affect the experimen- 
tal reproducibility. 

The removal of chromium ions from solution 
by Chlorella vulgaris was examined by the batch 
method.‘3-‘6 A known mass of the algae (typi- 
cally 5 mg) added to a known volume of 
chromium solution (typically 5.0-10.0 ml) is 
agitated or stirred gently for a predetermined 
time. The suspension is then centrifuged at 
3000 rpm for 7-10 min and the supernatant 
liquid analyzed for chromium. The amount of 
chromium bound by the algae is calculated 
from the initial and final chromium con- 
centrations in solution. The pH of the chro- 
mium solution is adjusted before addition of 
the algae and measured again afterwards. 
Previous work2’g22 had shown that this method 
gives results comparable to those obtained by 
direct determination of chromium in the algae. 
Recent work has shown the potential of a 
column method in which the metal solution is 
passed through a column of algae adsorbed on 
silica gel, and the effluent is analyzed.” The 
ICP-AES measurements were repeated at least 
three and often five times and the average was 
taken. Each experiment with the algae was 
repeated at least twice and more frequently four 
times. 

RE5XJL’I-S AND DISCUSSION 

Determination of chromium by ICP-AES 

Use of the following wavelengths was investi- 
gated with respect to sensitivity and detection 
limit for chromium: 205.55 nm (ion), 283.56 nm 
(ion), 357.87 nm (ion), 360.53 nm (atom), 425.43 
nm (atom) and 424.48 nm (atom). Serial di- 
lutions of the 1000 pg/ml chromium stock solu- 
tion adjusted to pH between 0 and 5.5 (typically 
3) were used for the calibration at the six 
wavelengths. The 283.56 nm line was the most 
sensitive and the equation of the calibration 
curve (Y = a + bX, where Y is the atomic 
emission intensity expressed as number of 
counts, and X is the concentration in pg/ml) 
was Y = 1.56 x lo4 + 4.88 x 104X, with a corre- 
lation coefficient of 0.999. At this wavelength, 
the limit of detection was 0.017 pg/ml and the 
calibration plots was linear up to at least 100 
pgg/ml (the highest concentration investigated). 
Short-term precision (N 15 min) was +0.5% 
and long-term precision (several hours) 
1 .O-2.0% for aqueous solutions. Aqueous solu- 
tions were mostly used and some work with 
magnesium and sodium chloride solutions 
showed a deterioration in precision by a factor 
of 1.2-2.0. Salt-to-chromium ratios > 100: 1 
enhanced the chromium signal, but this aspect 
was not further investigated. Use of another 
chromium wavelength might give different 
matrix effects. 

Chlorella vulgaris characteristics 

The Chlorella vulgaris used was obtained 
commercially and before use was washed in 
0.5% v/v nitric acid to remove potential con- 
taminants. The wash solutions were analyzed by 
ICP-AES and found to contain no detectable 
chromium, i.e., co.017 pg/ml. The first acid 
washing became very light green and the fourth 
was colorless. Finally the algae were washed 
with demineralized-distilled water. A very small 
amount of the algae dissolved in the wash 
solution. The absorption spectrum of the wash- 
ings exhibited a broad band -with a maximum at 
246 nm, but no further work was done on this 
in this study. The infrared spectra of the heat- 
killed unwashed, acid-washed and chromium- 
reacted algae (in nujol mulls) were obtained. 
The unwashed algae gave a strong band at 
3100-3600 cm-‘, medium absorption at 1650 
cm-‘, and weak absorption at 1170 cm-‘. The 
spectrum of the acid-washed algae exhibited 
similar features, but the 3100-3600 cm-’ band 
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was less intense. The spectrum of the chromium- 
reacted algae had a very weak band at 1170 
cm-‘, possibly indicating binding of the 
chromium by the algae. 

Removal of chromium from solution by Chlorella 
vulgaris 

The effect of pH between 0 and 5.5 is shown 
in Fig. 1. In the case of the Cr(V1) solution a 
maximum binding of approximately 75% oc- 
curred at around pH 2.8 with significant de- 
crease in binding at higher and lower pH. When 
a Cr(II1) solution was used the effect of pH 
between 0 and 5.5 was quite different, with 
virtually no binding at low pH. Other than in 
this experiment, the chromium solutions used 
were in the chromium(V1) oxidation state. 
Chromium(II1) is an essential species in mam- 
mals whereas chromium(V1) is considered to be 
a potentially toxic and severe industrial hazard. 
Cr(II1) solutions are notoriously inert and the 
hexa-aquo ion is only converted into inner 
sphere complexes under certain conditions. A 
control expriment was run in which a series of 
solutions containing 5 pg/ml of chromium [as 
Cr(III)] was prepared, with pH adjusted to 
O-5.5. Chromium determination before and after 
the pH adjustment showed that precipitation of 
the chromium was negligible. Cr(V1) would not 
be precipitated by pH adjustment. Thus all 
removal of the chromium from solution by the 
algae was due to chromium-algae interaction. 

The results shown in Fig. 1 for the effect of 
pH on the binding of the two species of 
chromium to Chlorella vulgaris suggest that a 
different mechanism of binding may exist for 
elements in different oxidation states. However, 
it is possible that the surface groups of the algae 
will convert Cr(V1) into Cr(II1). The removal of 

80 

60 

0 1 2 3 4 5 6 

PH 
Fig. 1. Effect of pH on the removal of chromium from 5.0 
ml of 5.0 pg/ml chromium(W) [O] and chromium(II1) [+I 

solutions by 5 mg of Chlorella oulgaris in 30 min. 

chromium ions from solution will probably 
occur through two mechanisms: ion-exchange 
or the formation of coordination compounds. 
Several authors have proposed these mech- 
anisms’0*23*24 for various metal ions and strains 
of algae, but the complexity of the cell surface 
will lead to a complex mechanism which may be 
kinetically controlled. 

The rate of chromium uptake at pH 3 was 
investigated with 10 mg of algae in 5.0 ml of 5.0 
,~g/ml chromium solution, over a period of 
l-70 min contact time before centrifugation. 
Maximal uptake rate was achieved in 3 min. 

The effect of algal mass on chromium re- 
moval was tested at pH 3 with a contact time 
of 40 min and O-100 mg of algae in 5.0 ml 
of 5.0 pg/ml chromium solution. Removal of 
chromium was constant at 75% with 5 mg of 
algae or more. Majidi and Holcombe reported 
a similar result for the uptake of cadmium by a 
different algal species. I9 It was observed that at 
high concentrations, the algae tended to clump 
together, so the surface area in contact with the 
chromium could be less than expected, but it is 
debatable whether this would account for the 
mass effect just described. The effect of stirring 
speed was found to be negligible. During this 
study the suspension of algae in the chromium 
solution was slowly stirred throughout the expo- 
sure time. In earlier experiments, sonication was 
employed but the results were very variable, 
which is why the stirring method was used. It 
might be expected that the larger the mass of 
algae used, the more efficient the stirring would 
need to be to ensure adequate contact between 
the algae cells and the chromium ions. Stirring 
10 mg of algae with 5.0 ml of 5-100 pg/ml 
chromium solution at pH 3 for 40 min gave 75% 
removal of chromium. As reported for cad- 
mium,” the degree of removal appeared to be 
constant. This shows that the mass of chromium 
removable by the algae is at least 35 pg per mg 
of algae. The maximum removable was not 
examined in this study. 

The reproducibility of removal of chromium 
from 5.0 ml of a 5 pg/ml solution at pH 3 by 10 
mg of algae in 30 min was examined (20 repli- 
cates). The mean uptake was 1.5 pg per mg of 
algae (standard deviation 0.07 pg/mg) instead 
of the 1.8 pg/mg (i.e., 75% uptake) achieved in 
the earlier work. As a single biomass stock was 
used, with different batches of algae treated in 
the same manner but prepared at different 
times, this variation in chromium uptake was 
attributed to the age of the treated biomass. The 
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unwashed algae were kept in a refrigerator at 
-4” to extend their freshness and prevent con- 
tamination by the growth of other organisms. 
Several batches which were used at a later time 
(the reproducibility study was done about a year 
after the initial study) showed a reduced binding 
capacity. A further factor in this decrease could 
be the extent of cell breakage, as the intercellu- 
lar material plays an important role in the 
binding by complexation. 

The effect of magnesium or sodium chloride 
on the removal of chromium by the algae was 
studied at pH 3, with 10 mg of algae stirred for 
30 min in 5.0 ml of 10 pg/ml chromium solution 
with magnesium and sodium chloride concen- 
trations ranging from 0 to 500 pg/ml. These 
chlorides were selected because they are the 
most abundant in sea-water. In a magnesium 
and sodium chloride matrix, the binding 
efficiency was reduced. At 10 pg/ml salt concen- 
tration the uptake of chromium by the algae was 
only 55% and decreased only slightly at higher 
concentrations, to 49% at the 500 hg/ml level. 

Recovery of chromium taken up by Chlorella 
vulgaris 

Chromium and its compounds are widely 
used in industry, e.g., in tanning leather, print- 
ing, in waterproofing fabrics, corrosion preven- 
tion, in paints, in ceramic products, in the 
manufacture of magnetic tapes, and in the air- 
craft industry. In certain cases, it may be en- 
vironmentally desirable or economically feasible 
to recover this metal from solutions even at 
relatively low concentrations (< 100 pg/ml). 

Chromium bound to Chlorella vulgaris can be 
recovered by combustion at moderate tem- 
peratures, but this has limited potential because 
the algae are destroyed. Salting out of the 
chromium from the algae involves the addition 
of a large concentration (> 100 : 1 relative to Cr) 
of a salt which competes with the chromium for 
the binding sites of the algae and will displace 
it. As noted previously, the addition of a rela- 
tively small concentration of salt adversely 
affects the binding of chromium in solution to 
the algae. The addition of a large amount of salt 
(typically 10 ml of 5000 pg/ml of sodium chlo- 
ride) to algae to which chromium had been 
bound resulted in removal of the chromium into 
solution. The recovery was determined by 
ICP-AES and found to be 80%. However, the 
solution contained the chromium in a salt 
matrix, from which further separation would be 
required for its recovery. This aspect was not 

pursued in this study. This method has potential 
for large-scale use if separation of the chromium 
from the salt matrix is efficient and relatively 
straightforward. The use of the pH effect 
was investigated by stirring the chromium- 
carrying algae for 5 min in a solution at pH 1 
and measuring the displaced chromium by 
ICP-AES. The recovery found was 70%. The 
Chlorella vulgaris could be used four times 
before the binding efficiency started to decrease 
below 75%. After a fifth cycle the binding 
efficiency was only 40% and after a seventh 
cycle had decreased to 34%. It should be noted 
that the initial treatment of the Chlorella vul- 
garis will affect the number of times the algae 
can be recycled, presumably because of changes 
in the number of active groups. 
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Summary-A rapid method of determining zinc and iron in food by flame atomic-absorption spectro- 
photometry with slurry nebulization into an air-acetylene flame has been developed. A V-groove, clog-free 
Babington-type nebulizer, coupled to a single-line flow-injection analysis (FIA) system, was employed to 
introduce the slurry into the spray chamber. Under the FIA conditions described, an injection frequency 
of 12O/hr is possible, with negligible carry-over and memory effects. The calibration graphs were obtained 
by using various concentrations (up to 0.1 g/ml) of white hean homogenate as standards, rather than 
solutions. The method has been applied to various kinds of foods, including grains, vegetables, fruits and 
sausage. Homogenization of semi-prepared samples to form slurries took only 4 min. Relative deviations 
between results by the slurry and solution methods for both elements averaged 2-3%. Detection limits 
by the slurry method were 0.3 p&ml Zn and 0.6 pg/ml Fe. 

Bringing samples into a suitable solution form rate constant,’ a single-line flow-injection analy- 
has a number of disadvantages. Dry ashing of sis (FIA) manifold’* might be better for sample 
animal or vegetable matter is time-consuming, introduction in a slurry nebulization (SN) pro- 
and dissolution of the ash in acid may result in cedure, since it would provide the important 
the introduction of impurities. Wet-ashing of FIA characteristics, as well as good instrument 
organic matter can also result in contamination. response.i3 This simple FIA system consists of 
On the other hand, conversion of a sample into one tube through which the carrier stream 
a slurry that can be directly injected into a flame moves towards the detector. Use of a limited 
is rapid and avoids the delay of ashing proced- dispersion coefficient (D N l-2) will serve to 
ures. Although the samples must be prepared transport the sample in virtually undiluted form 
individually, the time required is quite short. to the detector.‘4*‘5 

Fry and Denton ‘** first introduced a success- 
ful clog-free nebulizer for atomic spectroscopy, 
based on the Babington principle of aerosol 
generation. This involves a violent disruption of 
a liquid flowing as a film across a small orifice 
from which compressed gas emerges at super- 
sonic velocity.3 This type of device, capable of 
handling high solid-content slurries, has been 
used for the determination of elements in vari- 
ous complex matrices by atomic-emission spec- 
trometry (AES), HO but comparatively few such 
studies have been made by use of flame atomic- 
absorption spectrophotometry (FAAS).‘*‘,” 

This work reports on an FIA/SN/FAAS 
system employed for the determination of zinc 
and iron in a variety of foods. 

METHOD DEVELOPMENT 

Reagents and standard solutions 

As a peristaltic pump sample-delivery system 
is usually employed to keep the analyte flow- 

*Author for correspondence. 

All chemicals were of analytical grade and 
distilled demineralized water was used through- 
out. All solutions, including samples and stan- 
dards, were stored in high-density polyethylene 
flasks. The iron and zinc stock standard sol- 
utions were prepared by dissolving 1.0000 g of 
the pure metal in a minimum amount of concen- 
trated hydrochloric acid and diluting to 1 litre. 
Working solutions were prepared from the 
stock solutions as required. 

711 
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Table 1. Particle sizes in slurries as a function of homogenization time 

Particle size, p 

Initial Supematant Residue from 
slurry liquid* decanting* 

Homogenization 
time, min Range Mean Range Mean Range Mean 

1 4-8 6.7 34 3.6 46-62 55 
2 46 5.0 3-4 3.4 39-62 47 
3 4-7 5.3 I-4 31-39 34 
4 3-6 4.2 I-4 28-50 36 
5 36 4.5 l-3 28-52 42 

*After a settling period of 30 min. 

Preparation of slurries and sample solutions 

White beans were chosen as a test sample 
material and for preparing slurry calibration 
standards because they have a good consistency 
for grinding and are stable if properly stored. 
They were ground in a Tigre hammer mill to 
pass a 1.8 mm mesh sieve. A Tecnal Model TE 
102 tissue homogenizer was used to prepare the 
slurries. The particle sizes in the slurries were 
determined with a Nikon microscope, equipped 
with a graduated scale. All weighings were 
performed with a precision of f 0.1 mg. 

The sample homogenization procedure was 
optimized as follows. One-gram portions of 
white beans were ground and each portion was 
homogenized in -50 ml of water for a period 
ranging from 1 to 5 min, then diluted to 100 ml 
and the suspension was shaken for 1 min. Small 
portions were then placed on microscope slides 
and diameters of particles chosen at random 
were measured with the graduated scale of the 
ocular micrometer. The suspensions were then 
allowed to settle for 30 min, the supernatant 
liquids were decanted from the settled material 
and the diameters of the particles in the liquid 

and the sediment were measured. The results are 
given in Table 1. Since particles with sizes below 
10 pm can, in principle, be easily transported 
through the spray chamber to the flame,iO*” a 
period of homogenization as short as 1 min 
could have been used. However, as the data 
show a minimum particle size at 4 min, this 
period was chosen for use throughout the rest of 
the work. The larger particles found in the 
residue after settling for 30 min were probably 
due to agglomeration. Such large particles were 
not found in the initial slurry. To avoid settling 
and agglomeration, samples were always shaken 
vigorously before their introduction into the 
FIA system. 

Solutions of the test sample were prepared by 
weighing 3-g samples into porcelain crucibles, 
heating on a hot plate until no more smoke was 
evolved, and then heating in a muffle furnace at 
450” for 6 hr. After cooling, 0.5 ml of water and 
4 ml of hydrochloric acid (1 + 1) were added 
and the solution was diluted to 100 m1.i6 

Instrumentation 

The analytical system used (Fig. 1) was based 
on a single-line FIA manifold,i2 coupled to a 

mI/min TO FL 
1 D 

C 10.3 t 

Fig. 1. Single-line FIA manifold used for the FIA/SN/FAAS method. A, Babington nebulizer (details in 
Fig. 2); B, fuel entrance; C, carrier feed line; D, damper (bore 9 mm, length 40 mm);” E, spray chamber 
with bamles; I, injector (in loading position); L, injection loop (variable volumes); S, sample; W, waste. 

.AME 
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premix type spray chamber and a IO-cm three- 
slot burner, to which the Babington-type nebu- 
lizer (Fig. 2) was attached. The nebulizer design 
was based on the work of Fry and Denton,‘,’ 
with some modifications. It was a V-groove 
type,‘* made of polytetrafluoroethylene (PTFE) 
and mounted in a glass support. Higher sensi- 
tivity was obtained by inserting a second 
(auxiliary) source of oxidant (air). The V-groove 
for the flow of sample over the nebulizer orifice 
(diameter 0.6 mm) had a depth of 1 mm. 
Additional details and dimensions are given in 
Figs. 2 and 3. 

The sample and FIA carrier (water) were 
transported by use of a laboratory-made peri- 
staltic pump and Tygon pump tubing (Techni- 
con) to load the FIA injection loop and to keep 
the flow-rate of the carrier feed-line constant. It 
was found desirable to use a pulse damper, D, 
in the carrier line” (Fig. 1) to decrease pulsing 
caused by the pumping. 

Polyethylene tubing (i.d. 1.0 mm) was used 
for the loop and the transmission line (length 60 
cm). The sample was injected into the FIA 
carrier line by means of an acrylic proportional 
injector. I9 The system can be automated, the 
injection valve being operated by means of two 
solenoids, controlled by an electronic sequence 
timer” or by a computer. Flange-free PTFE 
fittings, with l/4-28 UNF thread?’ may be 
employed as connectors to avoid liquid leakage 
at higher flow-rates. 

A Pye-Unicam SP 92A atomic-absorption 
spectrophotometer was used to measure the Zn 
and Fe absorption. The transient FIA peaks 
were recorded on a Pye-Unicam A-25 recorder. 

Establishment of operational conditions 

A “test slurry” was prepared containing 
5 g of homogenized white beans and 2.00 ml of 
100 pg/ml Zn solution in 100 ml total volume. 
Propane was used as fuel since it provides good 
sensitivity for easily atomized elements such as 
copper, lead and zinc.” Initially, instrument 
settings indicated by the manufacturer for the 
conventional pneumatic nebulizer were used 
to test the performance of the Babington-type 
nebulizer. For this, an arbitrary carrier flow-rate 
of 10.3 ml/min and a sample volume of 560 ~1 
were chosen. The instrument settings were then 
adjusted to maximize the absorbances, resulting 
in the conditions shown in Table 2. 

Since the literature2’ suggests use of acetylene 
for determination of iron, conditions for this 
flame were also optimized (Table 2). During 

development of the method, it was also found 
desirable to use an acetylene flame for the 
zinc determination. The flame conditions used 
were those recommended by the manufacturer 
(Table 2). 

The best FIA carrier flow-rate was deter- 
mined by injecting 640 ~1 of the “test slurry” 
and measuring the changes in absorbance as the 
carrier flow-rate was varied. The results shown 
in Fig. 4 are the averages of 10 consecutive 
injections. The absorbance increased to a maxi- 
mum at about 10 ml/min and then levelled off. 
This flow-rate is capable of maintaining a steady 
transport of fluid over the V-groove orifice, 
resulting in smooth and reproducible peaks. 

With a carrier flow-rate of 10.3 ml/min, the 
variation in absorbance with volume of sample 
injected was next examined. The averaged 
results from 10 consecutive injections, shown in 
Fig. 5, indicate that sample volumes 2460 ~1 
will give a constant signal, comparable to that 
from continuous nebulization, as indicated in 
Fig. 6. Slurries containing as much as 11% 
of suspended solids did not obstruct the FIA 
transmission line under normal operation. A 
transport efficiency (c,,)~~*~~ of about 11% was 
estimated for the slurry nebulization process by 
comparing the mass of suspension delivered by 
the peristaltic pump to the spray chamber, with 
the mass drained from the chamber, in a fixed 
period of time. This value was obtained from 10 
consecutive 30-set injections of a homogenized 
slurry containing 5% of suspended solids, with 
a carrier flow-rate of 10.3 ml/min. Although this 
method of estimating the transport efficiency is 
not as accurate as determination of the ratio of 
amount of analyte entering the flame to amount 
of analyte aspirated, it was considered adequate 
for the purpose and had the advantage of not 
requiring specialized equipment. The results 
compare well with the average efficiency of 
pneumatic-type nebulizers. A reliable method of 
sample introduction for this purpose would be 
to operate the injection valve with the configur- 
ation used for stopped-flow studies.24 

Determination of zinc 

For convenience and consistency, the FIA 
system (Fig. 1) was used for analysis of solutions 
as well as for slurries. At the beginning of all 
series of absorption measurements, the instru- 
ment was set to zero with the FIA carrier. With 
a flow-rate of 10.3 ml/min and an injection 
volume of 460 ~1, a calibration graph was 
prepared from 6 aqueous standards containing 
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IL 40.0 20.0 30.0 

Fig. 2. Babington V-groove type nebulizer and auxiliary air supply (both made of FTFE). Dashed lines 
represent the glass support. All dimensions in mm. 
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Fig. 3. The Babington-type nebulizer mounting. 
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Fig. 4. Effect of FIA carrier flow-rate on analytical signal. Fig. 5. Effect of injected volume on analytical signal. FIA 
Injected volume, 640 ~1. Sample, spiked reference slurry carrier flow-rate, 10.3 ml/min. Sample as for Fig. 4. 
prepared with 5 g (* 1 mg) of white beans plus 2.00 ml of 

100 pg/ml Zn solution in 100 ml total volume. 
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Table 2. Analytical conditions for atomic-absorption 
analyses 

Conditions Zn Zn Fe 

Flame system 
Fuel 
Fuel flow-rate, ml/min 
Air flow-rate, I./min 
Beam height, cm 

Optical system 
Wavelength, nm 
Lamp current, mA 
Mechanical slit-width, mm 
Soectral band-width. mm 

Cd-b CA (2-b 
350 1200 1200 

5.0 5.0 5.0 
0.8 1.0 1.0 

213.9 213.9 248.3 
7.5 1.5 7.5 
0.4 0.4 0.1 
2.4 2.4 0.8 

0.200-2.00 pgg/ml Zn. Six readings for each 
concentration were averaged. The graph was 
linear (A = -0.006 + 0503C,,, r = 0.9992). 
From the standard deviations of repeated 
measurements at low analyte concentrations, 
the detection limit for determining zinc in 
solution was calculated to be 0.03 pg/ml by 
the recommended procedure of the Analytical 
Methods Committee.25 The solution of the test 
sample was then analysed and found to contain 
47.0 pg/ml Zn. 

Next, 6 portions of the test sample, ranging 
from 1 to 10 g, were homogenized in 50 ml of 
water for 4 min and the slurries were each 
diluted to 100 ml. From the analysis of a 
solution of the test sample, the concentrations 
of zinc in the slurries ranged from 0.470 to 
4.70 pg/ml. 

The air-propane flame was used for these 
slurries under the same conditions as for sol- 
utions, but the resulting calibration graph was 

0.300 - 

W 

z” 
2 0.200- 

E 

z 
a 

O.lOO- 

not linear (Fig. 7). Though it is possible to work 
with non-linear graphs in atomic-absorption 
methods,26 linear plots are preferred when poss- 
ible. This non-linearity was attributed to the 
relatively low temperature of the air-propane 
flame, which is not high enough to burn the 
slurry particles completely. Therefore, the ex- 
periment was repeated with an air-acetylene 
flame, which has a higher temperature.*’ The 
conditions used were those shown in Table 2; 
each injection was repeated 5 times and the 
absorbances were averaged. The resulting plot 
was linear (A = 0.003 + 0.0362&,, r = 0.9991) 
and the detection limit was calculated25 to be 
0.3 pg/ml Zn. 

Determination of iron 

Six iron standards containing 1 .OOO-20.00 
pg/ml Fe were prepared. The same volumes and 
flow-rate as for zinc were used. The flame was 
air-acetylene, under the conditions given in 
Table 2. Five measurements for each standard 
were averaged and gave a linear relation: 
A = 0.013 + O.O42OC,,, r = 0.9994. The white- 
bean sample solution prepared for the zinc 
determination was measured similarly, giving a 
calculated iron content of 74 pg/ml. The detec- 
tion limit25 was estimated as 0.2 pg/ml Fe. 

Six slurries containing 3-7.5 g of ground 
white beans and 50 ml of water were homogen- 
ized for 4 min and diluted to 100 ml. According 
to the analysis of the solution of the sample, the 
iron concentrations in the slurries varied from 

(A) (B) 

TIME 

Fig. 6. Recorded profiles of zinc absorbance at a pumping rate of 10.3 ml/min. (A): continuous recording 
for a period of 10 set; (B): transient FIA peaks obtained for 3 consecutive injections of 460 ~1. Sample 
as for Fig. 4. Under these FIA conditions an injection frequency of 120 per hr is possible, with negligible 

carry-over and memory effects. 
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Fig. 7. Non-linear calibration curve for slurries containing 
zinc; propane-air flame. 

2.2 to 5.6 pgg/ml. The slurries were injected into 
the flame under the same conditions as for the 
standard solutions and the absorbances from 5 
readings were averaged. The calibration graph 
was linear: A = 0.0009 + 0.0211 C,,, r = 0.9996. 
The detection limit was found to be 0.6 pgg/ml 
Fe. 

Application of the method 

The method was tested by determining the 
zinc and iron contents of a variety of foods 
purchased in local markets. The results for 
analyses of sample solutions and slurries are 
shown in Table 3. It can be seen that the results 
for both elements by the slurry method are 
generally similar to those for the solutions. The 
average relative deviation between the two 
methods is about 2% for zinc and 3% for iron. 
In the case of iron, where acetylene was used for 
both slurries and solutions, the sensitivity for 
slurries was half that for solutions, and the 
detection limit three times as great. For zinc, use 
of propane for solutions and acetylene for 
slurries gave a less favourable comparison, with 
slurries showing a sensitivity of only 7% of that 
for solutions, and a detection limit ten times 
greater. However, except for very low concen- 
trations, this difference can be overcome by use 
of more concentrated slurries. 

The generally accepted principle that stan- 
dards should be as similar to the sample as 
possible, argues against the use of solution 
standards for calibration of the slurry nebuliz- 
ation (SN) method, as is the common prac- 

tice.“*” As it is impractical to find reference 
materials with a range of metal ion concen- 
trations, use of varying weights of a slurry 
material (white beans in this work) for cali- 
bration is one approach, justified by the results. 
Spiked calibration slurries such as the one used 
for the determination of the FIA parameters 
could also be employed, by adding known 
amounts of analyte to a material containing a 
low concentration of it. 

The use of baffles in the spray chamber merits 
discussion. It is known that particle vaporiz- 
ation in flames and plasmas is a complex pro- 
cess, even for simple solutes.27 Therefore, it is 
desirable to remove large particles because the 
solids in the droplets must be burned as well as 
atomized. As impact with the baffle surface can 
shatter larger droplets as well as block their 
passage, the baffles were left in place, although 
improvements in AES/SN elemental recoveries 
have been obtained by using a spray chamber 
free from impact baffles.” In the analyses 
described here, baffles were considered to be of 
value in reducing background effects caused by 
light scattering from larger particles. No back- 
ground correction was employed, as the instru- 
ment had no provision for it. However, direct 
comparison between the data obtained from 
solution with those obtained by the slurry 
method indicate that the effects of non-specific 
absorption from the scattered radiation are 
negligible, as observed earlier by Fry and 
co-workers.‘,” 

PROPOSED METHOD FOR SLURRY ANALYSIS 

Sample preparation 

A preliminary preparation of samples may be 
required, depending on the type of food to be 
analysed: flours and sauces require no pre- 
liminary preparation except mixing to ensure 
homogeneity. Grains, biscuits and bread should 
be ground in a mill or blender to pass a 1.0-2.0- 
mm sieve, before storage. Vegetables, fruits and 
meats should be cut into 0.5-cm cubes after 
removal of the stems, seeds, skin and bone, then 
ground in a blender. If not used immediately, 
all prepared samples should be stored in 
polyethylene containers at 4”. 

Sample standard 

Prepare a reference standard from a food 
such as white beans, that is readily ground and 
stable. Grind to pass a l.O-2.0-mm sieve and 
store. 
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Table 3. Zinc and iron contents of foods determined by atomic-absorption measurements of solutions of 
sample ash and of sample slurries* 

Zn content, pgglg Fe content, pgglg 

Solutiont Slurry$ Sample,§ g Solutiont Sluny$ Sample,5 g 
Pinto beans 56.8 56 3 170 166 3 
Rice (long grain) 37.1 36 3 87 87 3 
Cassava flour (raw) 15.8 16 6 37 36 6 
Maize meal 14.1 14 6 53 55 3 
Maize meal (precooked) 19.9 20 10 16 17 10 
Wheat flour 33.4 33 6 29 28 6 
French bread 43.2 43 6 58 51 6 
Milk crackers 25.3 25 6 51 51 6 
Tomato paste (canned) 16.3 16 6 85 84 6 
Potatoes (canned) 8.5 9 6 56 57 3 
Carrots (canned) 10.4 11 6 48 51 3 
Peas (canned) 19.6 20 10 29 29 10 
String beans (canned) 12.1 12 6 : 51 6 
Sausage (canned) 51.8 49 6 39 6 
Apples (fresh) 6.3 6 10 13 14 10 
Pears (fresh) 8.2 9 10 19 20 10 

*All samples injected in triplicate and absorbances averaged. 
tAir-propane flame; all samples 3 g. 
IAir-acetylene flame. 
§Mass of sample taken for slurry analyses; final volume 100 ml. 

Establishment of operational conditions 

Prepare a “test slurry” sample by homogeniz- 
ing 5 g (& 1 mg) of the reference standard in 
50 ml of water and diluting to 100 ml. Using the 
FIA/SN/FAAS system and a sample volume 
of about 600 ~1, set the carrier flow-rate at 
approximately 10 ml/min. Inject the test sample 
and record the absorbance. If its maximum is 
less than 0.2, prepare a new test slurry and 
increase the ion concentration by doping with a 
standard solution until the peak absorbance is 
about 0.4. Then vary, individually, the beam 
height, slit width, carrier flow-rate and sample 
volume until maximum absorbance is obtained. 
Use these conditions in all subsequent analyses. 

Analysis of the reference standard 

Prepare a series of aqueous standards of the 
element to be determined. These should cover 
the range of concentrations expected in the 
foods to be analysed, when l-10 g of sample 
is homogenized to give a volume of 100 ml. 
Measure the absorbances of the standards with 
the FIA/SN/FAAS system under the optimized 
conditions. From the results, plot a calibration 
graph and/or calculate a regression equation. 

Ash a number of 1.000-g samples of the 
reference standard in porcelain crucibles. Dis- 
solve the ash of one of them in 0.5 ml of water 
and 4 ml of hydrochloric acid (1 + l), dilute to 
volume in a 25-ml standard flask, and measure 
the absorbance. If this is too high or too low, 

make an appropriate change in the final volume 
of the solution of the other ashed samples. 
Analyse these and from the average and the 
calibration graph or regression equation, calcu- 
late the content of the element in the reference 
standard. 

Preparation of slurry calibration graph 

Knowing the actual element content in the 
reference standard, homogenize a series of 
different weighed quantities up to a maximum 
of 10 g, if necessary, with 50 ml of water, and 
dilute the slurries to 100 ml. If higher concen- 
trations are needed, the slurry can be doped 
with a known quantity of the element before 
dilution. Measure the absorbances with the 
FIA/SN/FAAS system and prepare a cali- 
bration graph and/or calculate a regression 
equation. 

Routine analysis of samples 

Homogenize duplicate samples weighing 1, 3 
or 10 g (& 1 mg), depending on the metal 
ion content expected, and dilute the slurries to 
100 ml. Using the conditions established above, 
record the absorbance peaks for the samples 
injected into the system. If a period of time has 
elapsed since the calibration was done, it is 
advisable to inject one standard slurry to verify 
the calibration. From the calibration and the 
weight of sample taken, calculate the metal ion 
content of the food. 
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Summary-Three procedures are proposed for the determination of trace levels of fluoride in sea-water, 
based on the formation of aluminium monofluoride in an electrothermal graphite furnace, followed by 
measurement of its molecular absorption at 227.45 nm. They involve the use of dilution, a matrix modifier, 
or a matrix modifier and an ion-exchange resin, and are all acceptably sensitive and specific for fluoride. 
Interferences from cations and anions are removed by a simple 20-fold dilution of the sample. At IO-fold 
sample dilution, chloride interference can be removed by adding 0.3M ammonium nitrate together with 
O.OlM aluminium + O.OlM strontium as a matrix modifier. The same matrix modifier is valid for use with 
5-fold sample dilution and a cation-exchange step to avoid matrix affects from cations and chloride. The 
detection limit is about S-long/ml fluoride and the determination limit is 20ng/ml. The precision of 
peak-height measurement at 0.2pg/ml is 57%. 

Sensitive determination of fluoride is possible by 
the procedures developed by Tsunoda et al.’ and 
Dittrich et al.,* based on formation of alu- 
minium monofluoride in a graphite furnace, and 
exploitation of its sharp molecular band near 
227.45 nm. This method (the AlF-MA method)* 
has considerable advantages over the ion-selec- 
tive electrode (ISE) methods, owing to (i) the 
small sample volume needed, (ii) the fairly high 
sensitivity and (iii) its suitability for total 
fluorine determination, but suffers from matrix 
ion interference.* Recently we used this tech- 
nique for the determination of trace levels of 
fluoride in potable water and sea-water,3 but 
significant matrix anion and cation interferences 
were found. 

Schweitzer and McCarthy4 have shown the 
usefulness of triphenylantimony dihydroxide 
(TPSbDH) for the extraction of anions, and 
Chermette and co-workers have used it for the 
extraction of halides.‘F6 Dittrich et al.’ have used 
it for extractive separation of fluoride from the 
matrix, and preconcentration. The fluoride is 
extracted with TPSbDH in methyl isobutyl 
ketone (MIBK) and stripped with 0.025M 
barium hydroxide. The molecular absorption of 
AlF is then applied for determination of the 
fluoride. The method is sensitive and specific for 
fluoride, but when the conditions are optimized 

for fluoride, any chloride is also extracted and 
stripped and thus influences the plasma compo- 
sition in the furnace. 

In this paper, we examine some ways to 
eliminate the matrix interferences in analysis of 
sea-water, particularly those due to chloride. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer 1lOOB atomic-absorption 
spectrophotometer equipped with a deuterium 
lamp for simultaneous background correction 
was used for AlF-MA measurements. A pro- 
grammed furnace (HGA 400), and a pyrolytic 
graphite furnace with a L’vov platform were 
used. A platinum hollow-cathode lamp was 
used as the light-source. The spectral bandpass 
was 0.07 nm throughout. Argon (200 ml/min 
flow-rate) was used to purge air from the 
cuvette. 

Reagents 

Merck analytical-reagent grade products 
were used. Standard halide solutions were pre- 
pared by dissolving Suprapur NaF, NaCl, 
NH,Cl, KBr or KI in distilled water. Solutions 
for study of metal-ion effects were made from 
the nitrates. 
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Cation -exchange column 

About 7 g of Amberlite IRA 120 (1650 
mesh) in H+-form was soaked in distilled water 
for 24 hr and then slurry-packed to form a 
column 10 cm long and 1 cm in diameter. 
Contaminants were removed from the resin by 
repeated washing with 0.5M hydrochloric acid 
at a flow-rate of 5-10 ml/min, followed by wash- 
ing with distilled water until the effluent was free 
from chloride. About 50 ml of a 5-fold dilution 
of sea-water was passed through the column at 
a flow-rate of 5 ml/min. The eluate was neutral- 
ized with ammonia solution (1 + 5) and diluted 
accurately to 100 ml with distilled water for later 
analysis. The resin was readily regenerated by 
passage of l.OM hydrochloric acid, and this 
was done after each chromatogram. Care was 
always taken to avoid drying of the bed. 

Procedures 

(1) Matrix-modifier and dilution. A 20-~1 
volume of matrix modifier was placed in the 
graphite furnace and dried. A lo-p1 volume of 
suitably diluted sample was then added and 
dried. The standard-additions method was used 
for quantification. 

(2) Matrix-mod@er and dilution. A 209~1 
volume of O.OlM A13+ + O.OlM Sr*+ + 0.3M 
NH,N03 solution was placed in the graphite 
furnace and dried. Then a lo-p1 volume of 
suitably diluted sample was added to the fur- 
nace. Sea-water samples were diluted IO-fold 
with demineralized water, and the standard- 
additions method was used. Alternatively, the 
sea-water was diluted IO-fold with 0.3M 
NH,N03 matrix modifier solution. 

(3) Cation-exchange and matrix modijier. A 
loo-ml sample of a solution made by diluting 
sea-water 5-fold or lo-fold with demineralized 
water was loaded into the cation-exchange 
column at a flow-rate of 5 ml/min. The effluent 

was neutralized with ammonia to pH 7. A 20-~1 
volume of O.OlM AP+ +O.OlM Sr2+ +0.3M 
NH4N03 solution was placed in the graphite 
furnace and dried, then a lo-p1 volume of 
suitably diluted sea-water was added. The ion- 
exchange can also be done by shaking 7 g of 
resin with the diluted sea-water and then remov- 
ing the resin by filtration. The standard- 
additions method was used. 

RESULTS AND DISCUSSION 

Optimization of graphite-furnace conditions 

Table 1 shows the vaporization parameters 
for the atomic-absorption determination of 
fluoride. The same conditions were used for all 
three procedures except for the nature of the 
matrix modifiers added. The stopped-flow gas 
system gave considerably higher absorbance 
values and better precision than a miniflow or a 
high-flow gas purge system. The AlF-MA preci- 
sion of 5% was improved to 3% by use of a 
second ashing step with a 2-set hold time and 
stopped flow before the vaporization step. Fur- 
nace conditions, temperatures, integration times 
and conditions for AlF radical formation were 
optimized in earlier work.3 

Interferences 

Interferences from cations and acid media. It is 
well established that cations and anions at 
higher concentrations, and acid media, produce 
strong interferences when direct analysis is used, 
and that these effects are decreased by the 
addition of S$+ or Ba2+ as matrix modifiers. 
Table 2 shows the magnitude of cation interfer- 
ences when Sti+ is used as matrix modifier. The 
serious interference by Ca2+ may be attributed 
to the plasma effect. The saline content in 
drinking water differs markedly from place to 
place and interferences from Ca2+ in highly 
saline water can be controlled. Sodium inter- 

Table 1. Graphite furnace parameters for the determination of fluoride (all three procedures) 

Temperature, Ramp, Hold, Ar flow-rate, 
Steo “C set set mllmin 

1 *Application of A13+/Sr2+ solution (20 ~1) 310 
2 Drying 110 20 30 310 
3 Stop and cooling of furnace 
4 Application of F- solution (10 ~1) 
5 Drying 110 20 30 310 
6 Ashing I 700 10 30 310 
7 Ashing II 700 0 2 0 stopped flow 
8 Vaoorization 2400 0 4 0 stopped flow 

*Aluminium nitrate and strontium nitrate concentrations both O.OlM. 
Integration time: 4 sec. 
Measurements of peak height. 
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Table 2. Interferences 

Foreign species 
Relative 

Concentration signal 

none 
Ba2+, N?+, Zn2+ 
Cd2+ Co2+ Cr)+,Cu2+ 
pb2+ ‘Mn2+’ 

&+ 

Fe’+ K+ Na+ (as NaNO,) 9 , 

M&f+ 

Na+ (as NaOH) 

H2SQ 

HCI 

- 
up to lOOO~g/ml 

up to sOO/lg/ml 1 
up to 30pg/ml 1 

100 rglml 0.6 
up to 2OOfig/ml 1 

1000 pg/ml 0.8 
up to lOOIrg/ml 1 

1000 pglml 0.8 

up to 4OOfig/ml 1 

1000 Irglml 0.4 
O.OlM 0.5 
O.OlM 0.35 
O.lM 0.3 

o.oLu 0.8 
O.lM 0.3 

1 
1 

Matrix modifier O.OlM altinium nitrate + O.OlM stron- 
tium nitrate; 10 pl of F- solution (0.1 pg/ml F- +x pg/ml 
interfering cation). 

feres more seriously when present as the hydrox- 
ide than it does as the nitrate. In acid media, the 
signal decreases with increasing acid concentra- 
tion, probably owing to release of hydrogen 
fluoride by a pyrohydrolysis reaction. 

Interferences from anions. Chloride is the 
most strongly interfering anion in determina- 

A% 

x 

Fig. 1. Interferences with AlF-MA signal by KBr, KI, KCl, 
NaCl and NH,Cl. Test solution contains 0.1 pg/ml F- plus 
different concentrations of interfering ions. Aluminium ni- 
trate and strontium nitrate are O.OlM in test solution. (a) KI 
interference, abscissa scale O-10 = O-5 &ml. (b) KBr inter- 
ference, abscissa scale O-10 = O-2000 rg/ml. (c) KC1 inter- 
ference, abscissa scale g/l. (d) NaCl interference, abscissa 
scale g/l. (e) NH,CI interference, abscissa scale g/l. The 
ordinate shows the absorbance as a fraction of that for a 

pure NaF solution. 

tions of fluoride. Bromide and iodide also inter- 
fere. In the presence of a large excess of chloride, 
interferences may occur in the plasma through 
the exchange reaction 

AlF + Cl- tAlC1 + F- 

In the presence of increasing amounts of chlo- 
ride this reaction results in decreasing AlF con- 
centration. There are literature reports that 
under some conditions it is possible to deter- 
mine trace amounts of fluoride in the presence 
of other halides at levels up to 104-lo5 times that 
of the analyte.’ Figure 1 shows the interferences 
caused by KI, KBr, KCl, NaCl and NH4C1 in 
determination of fluoride by AlF-MA. At their 
approximate sea-water concentrations KBr and 
KI are below the interference level, but KC1 and 
NaCl strongly depress the AlF-MA signal and 
practically no signal is obtained at chloride 
levels above 6 g/l., when present as NaCl or 
KCl, though when the chloride is present as 
NH,Cl no interference is noted up to 10 g/l. 

Matrix modifier 

SrZ+ + Ni2+ and Sr2+ + Fe2+ or Ba2+ are 
commonly used as matrix modifiers to (i) reduce 
volatilization of fluoride in the ashing and 
vaporization steps, through an immobilization 
effect; (ii) inhibit the strong thermal hydrolysis 
of AP+ in the drying and ashing steps and keep 
the fluoride in the graphite furnace until the AlF 
formation temperature is reached.‘v’O The role of 
Ni2+ or Fe2+ is to decrease the background.‘** 

The effect of LiNO, and NH,NO, as matrix 
modifiers on the removal of chloride interfer- 
ence was tested. These two salts are the matrix 
modifiers usually used for removal of chloride 
interference in direct heavy metal determina- 
tions in sea-water by a graphite furnace method. 
When these modifiers are mixed with the sample 
in the liquid state and the solution is then dried, 
there will be an intimate mixture of the various 
salts that can be formed from the ions present, 
viz. NH4N03, NH4C1, LiNO,, LiCl, NaNO,, 
NaCl. These mainly have widely different ther- 
mal behaviour, so the effect on the sodium 
chloride will depend on the relative amounts of 
the species present, their thermal stability and 
volatility, boiling points etc. Thus ammonium 
chloride should be sublimed and thermally dis- 
sociated first, closely followed by decomposition 
of ammonium nitrate, lithium nitrate and 
sodium nitrate, with lithium chloride and 
sodium chloride last. It follows that a large 
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excess of ammonium nitrate will be needed to 
enhance the elimination of the chloride. 

We therefore tested these modifiers for 
decreasing the interference of sodium chloride in 
the fluoride determination. The results are given 
in Table 3. 

Chloride concentrations higher than 2 g/l. 
reduce the signal by 34%, and the A13+ + Sr2+ 
matrix modifier does not reduce the back- 
ground. Thus, fluoride determination in sea- 
water requires a previous 20-fold dilution to 
lower the chloride interference. The use of 
A13+ + Sti+ + Ni2+ gave similar results, but the 
background was slightly lower. With 
A13+ + Ba2+ + Ni2+ , interference from chloride 
is marked and is independent of the matrix 
modifier concentration. A13+ + Sr2+ + Li+ does 
not reduce the chloride interference or back- 
ground when an ashing temperature of 700” is 
used. With an ashing temperature of 1350” (the 
boiling point of LiCl) the background is lowered 
but the analytical signal is also diminished. This 
suggests that some fluoride is removed at the 
same time as the chloride (as LiF, the b.p. of 
which is variously reported as 1676”,” and 
1254”,“). According to Tsunoda et ~1.‘~ stron- 
tium should retain fluoride up to the tempera- 

ture of AlF formation, but there may be local 
losses of fluoride as LiF or NaF, for reasons 
similar to those outlined above for LiN03 
and NH4N03 as matrix modifiers. The AP+ + 
S?+ + NH,NO, matrix modifier removes inter- 
ference of chloride up to a concentration of 
2 g/l. and decreases the background. Determina- 
tion of fluoride in sea-water is possible with this 
modifier if the sample is diluted lo-fold. Sodium 
chloride concentrations higher than 3.3 g/l. 
interfere even when high NH,N03 concentra- 
tions are used. This may be due to the mass 
action effect already referred to. 

Cation -exchange and NH4N03 matrix modjier 
procedure 

As high sodium chloride concentrations may 
cause incomplete removal of chloride by NH, Cl 
volatilization, a cation-exchange resin in H+- 
form was used to remove the sodium, and the 
effluent was neutralized with ammonia to yield 
an equivalent amount of ammonium ions. How- 
ever, it was still found to be necessary to add 
0.3M NH,N03 as matrix modifier. 

Figure 2 shows how the background 
decreases and the reproducibility improves 
when increasing amounts of NT&NO3 are added 

Table 3. Matrix modifiers used to remove Cl- interference 

Matrix modifier 
Relative Background 

Cl-, all. absorbance, % absorbance 

O.OlM Al’+ + O.OlM Sr*+ 

O.OlM A13+ + O.OlM Sir*+ 
+ 0.005M Ni*+ 

O.OlM A13+ + 0.005M Ba*+ 

O.OlM A13+ + 0.0% Ba*+ 
+ O.OOSM Ni*+ 

O.OlM Al’+ + 0 OlM Sr*+ 
+ 0.056M iiN0, 
ashing at 710” 

O.OlM Al’+ + 0 OlM 
+ 0.056M iiN0, 

Sr*+ 

ashing at 1350 

O.OlM Al’+ + 0 OlM Sr*+ 
+ 0.3M N&NO, 

0 
1 
2 
3 
0 

2 
3 
0 

2 
3 
0 

100&S 
84 rf: 5 
66 + 7 
48k 10 
91 +6 
80 & 6 
62 k 9 
43 +9 

lOOk 
35+9 
30&11 
30* 11 
39+ 11 
28k 12 
20* 12 
12 f 12 
100 f 9 
80 + 9 
66&- 10 
40* 10 
20 &- 6 
15+7 
6*5 
6+5 

100*6 
100+5 
lOOk 
70 * 7 

<0.400 
<0.500 
>l.OOO 
> 2.000 
<0.300 
<0.400 
>l.OO 
> 2.00 
<0.400 
<0.400 
<0.800 
>l.OO 
<0.400 
<0.600 
<0.800 
>l.OO 
<l.OO 
<l.OO 
<l.OO 
r1.00 
<0.300 
<0.300 
<0.300 
10.300 
co.250 
<0.250 
<0.400 
co.500 

A 20-/.11 volume of matrix modifier solution and 10~1 of 0.1 pg/ml standard 
fluoride solution were applied. Five replicate analyses of each sample were 
run. 
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b C d 

Fig. 2. Effect of increasing amounts of NH,NO, on the AlF 
signal. Sea-water was diluted after being passed through a 
cation-exchange resin. (a) No NH,NOs added; (b) 0.28M 
NH,NO,; (c) 0.56M NH,NO,; (d) l.OM NH,NO,. The 

signals below the baseline refer to the background. 

to a 1: 1 sea-water dilution (containing 10 g/l. 
Cl-) that has been passed through a cation- 
exchange resin after dilution. The results were 
not so satisfactory when a cation-exchange resin 
in NH:-form was used. 

Determination of F- in sea-water 

The three proposed procedures were applied 
to artificial and natural sea-waters. To verify the 
accuracy of the results, artificial sea-waters con- 
taining 0.5M NaCI, 0.8mM KBr, 4mM 
NaHCO,, and either 0.5 pgg/ml (low F- content) 
or 1.5 pug/ml (high F- content) fluoride, added 
as NaF, were prepared. 

When procedure 1 was applied, a dilution 
greater than 20-fold was necessary to lower the 
chloride content below the maximum acceptable 
level. Generally, the fluoride content of sea- 
water is high enough to make use of this dilution 
possible. The results for artificial sea-water are 

in good agreement with the known amount of 
fluoride added. When procedure 2 was applied, 
chloride was removed by volatilization as 
NH4 Cl and determination of fluoride was possi- 
ble with a lo-fold dilution of the sea-water. 
Finally, when procedure 3 was applied, metal 
ions were removed by the cation-exchange 
column and the determination of fluoride was 
possible in the presence of 4 g/l. chloride (equiv- 
alent to a 5-fold sea-water dilution) provided 
NH,N03 was added as matrix modifier. The 
third procedure was applied to a lo-fold dilu- 
tion of artificial sea-water with F- content 
(below the normal content) with enough ammo- 
nium chloride added to restore the chloride 
concentration to 4 g/l. This latter procedure is 
particularly important because the sensitivity of 
the determinations is strongly influenced by the 
condition of the hollow-cathode Pt lamp used as 
light-source. When the sensitivity becomes low, 
lo-fold or 20-fold sea-water dilution may reduce 
the fluoride concentration below the limit of 
determination. 

Table 4 shows the recoveries obtained by 
application of the three procedures to artificial 
sea-waters with the same matrix and different 
fluoride contents. Figure 3 shows the standard- 
additions plots for 20-fold and lo-fold dilutions 
of natural sea-water, analysed by the proposed 
procedures. The detection limits obtained were 
8-10 ng/ml and the determination limit was 
20 ng/ml. The peak height precision for 
0.2 pgg/ml fluoride varied between 5 and 8%, 
depending on the procedure used. 

CONCLUSIONS 

The interferences from cations and anions can 
be removed by a simple 20-fold sample dilution. 
With IO-fold sample dilution, chloride interfer- 
ence can be removed by adding 0.3M NH,N03, 
together with O.OlM A13+ +O.OlM Sr2+ as 
matrix modifier. The same matrix modifier 
serves with 5-fold sample dilution, if a cation- 
exchange step is used to replace sodium by 
ammonium ions. 

Table 4. Comparison of total fluoride in natural and artificial sea-water, 
determined by AlF-MA 

Procedure 

Artificial sea-water Natural sea-water (Huelva) 

F-, figlml Recovery, % F-, Irglml 

1 1.50 f o.os* 100*3 1.30 f 0.03 
2 1.50 f 0.04* 100*3 1.31 If: 0.03 
3 0.51 f 0.03t 102*6 1.30 f 0.05 

I 
*Artificial sea-water with high F- content. 
tArtificia1 sea-water with low F- content; 5-fold dilution. 
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CFlppm 

Fig. 3. Working standard-additions curves for determina- 
tion of fluoride in natural sea-water (Huelva) by AlF-MA. 
(a) Calibration curve (distilled water); (b) procedure 1, direct 
1: 20 dilution; (c) procedure 2, 1: 10 dilution; (d) procedure 

3, 1: 10 dilution and cation-exchange. 
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INTERFERENCE FROM IODIDE IN THE 
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Summary-Tke rate of the reaction between iodide and selenium(W) at trace levels to form selenium and 
iodine has been determined in 14% hydrochloric acid. The reaction rate increases rapidly with acidity. 
When hydrochloric acid is added to reduce selenate to selenite prior to the determination of total selenium, 
some selenium may be lost by reduction to the element if iodide is present. A table of half-lives of the 
selenite-iodide reaction under various conditions is presented. A method for removal of iodide is 
suggested. 

We have recently investigated the flow of sele- 
nium in a garbage incinerator which burns some 
250,000 tonnes of household waste annually. 
One of the sampling points was the flue-gas 
cooler. The condensate from the cooler was 
acidic from hydrogen chloride scrubbed from 
the flue gas and was neutralized to pH 2 with 
lime as a first step in the purification sequence 
prior to discharge. When selenium was deter- 
mined in the partly neutralized condensate 
by hydride-generation atomic-absorption spec- 
trometry (HGAAS) with a method’ which had 
proved adequate for a number of specimens, 
erratic results were sometimes obtained. The 
HGAAS technique is subject to a number of 
well documented interferences in the hydride 
generation step,2*3 but the erratic results were 
found to be connected with the sample pre- 
treatment and not the hydride generation. 

Selenium must be present in the quadrivalent 
state to be transformed in solution into selenium 
hydride, and any sexivalent selenium present 
must be reduced to the quadrivalent state by 
boiling with -4M hydrochloric acid. Losses of 
selenium occurred if the hydrochloric acid con- 
centration in our samples exceeded about 5M 
during addition of the acid needed for the 
reduction step. A number of tests, to be 
described in a later section, indicated that 
the interferent was iodide present at low concen- 
tration (10#4). 

Reduction of selenium(IV) by iodide to 
form elemental selenium and iodine has been 
used to determine selenium35 but the analytical 

*Author for correspondence. 

procedures employ much higher iodide concen- 
trations than those present in our samples. The 
kinetics of the reaction has been studied at 
acidities below about 0.1M.6 Extrapolation of 
the proposed rate law to the acidities prevalent 
in the determination of selenium yielded half- 
lives that were orders of magnitude longer than 
those observed, thus casting doubt on the nature 
of the alleged interferent. It was therefore 
decided to investigate the reaction between low 
concentrations of selenium(N) and iodide at 
high concentrations of hydrochloric acid, the 
conditions when selenium is determined by 
HGAAS. Means of inhibiting the interference 
from iodide were also studied. 

EXPERIMENTAL 

Apparatus 

The kinetic experiments were performed in 
a water-bath kept at 25”. The selenium determi- 
nations were done with HGAAS equipment 
described elsewhere.’ Peak heights were evalu- 
ated with an integrator (Shimadzu C-R3A). 
Sample injections were controlled by a labora- 
tory-built timer, which allowed analysis of the 
reaction mixture at regular intervals. 

In a kinetic run, 50 or 100 ml of hydrochloric 
acid of the appropriate concentration were 
added to the reaction vessel. After temperature 
equilibration in the thermostat, iodide was 
added, followed by selenium(IV). The reaction 
vessel was connected to the injection valve of the 
HGAAS apparatus by a short piece of Teflon 
tubing (id. 0.7 mm). The reaction mixture 
was continuously withdrawn from the reaction 
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vessel through the injection loop (0.5 ml) by a 
peristaltic pump. The pump and the timer were 
started at the instant of addition of selenium to 
the reaction vessel. Injections were made into 
the HGAAS apparatus at regular intervals, and 
from the results obtained the course of the 
reaction could be followed. No precautions 
were taken to exclude air, since separate spec- 
trophotometric experiments showed that air 
oxidation of iodide was negligible during the 
short reaction times used in the experiments. 

Chemicals 

In most of the experiments hydrochloric acid 
(Merck) was used as received. In the exper- 
iments at very low iodide concentration the acid 
(diluted 1: 1) was distilled at normal pressure 
before use. The middle two-thirds of the distil- 
late was collected. Attempts at chemical re- 
moval of any iodide present in the acid, for 

All chemicals were of analytical grade. A 
standard solution of selenium(IV), 1 g/l., was 
prepared from an ampoule of selenium dioxide 

instance by addition of nitrite and subsequent 

in dilute nitric acid (Merck). Further standards 
were obtained by dilution. The iodide stock 

distillation, failed, very high blanks (compared 

solution was made by dissolving potassium 
iodide in deaerated distilled water. This solution 

to the selenium signal) being obtained when the 

was prepared at frequent intervals to minimize 
oxidation by air. Solutions of lower concen- 

distillate was injected into the single-beam 

tration were prepared when needed, by dilution 
with deaerated distilled water. The silver 

HGAAS apparatus, which had no background 

perchlorate solution was obtained by reacting 
an excess of silver oxide, prepared from silver 

correction facility. 

nitrate and sodium hydroxide, with standard 
perchloric acid. 

Determination of iodide in the flue-gas cooler 
condensate 

An estimate of the iodide concentration in 
the flue-gas cooler condensate was obtained by 
first oxidizing the sample with bromine water, 
destroying the excess of bromine with formic 
acid, deaerating the solution, then adding 
a large excess of solid potassium iodide and 
measuring the absorbance of the solution at 351 
nm against a reagent blank (to compensate for 
any iodine present in the potassium iodide or 
formed by air oxidation in the test solution). This 
procedure is a slight modification of a scheme 

used in a flow-injection method for the determi- 
nation of iodide.’ Interference from iron and 
selenium was eliminated by neutralization and 
subsequent filtration of the sample prior to the 
iodide determination, removing iron by precipi- 
tation and selenium by co-precipitation.’ The 
procedure was checked by analysis of synthetic 
samples and recovery tests but systematic errors 
may occur in analysis of condensate samples. 

Treatment of the flue-gas cooler condensate with 
silver perchlorate 

The chloride concentration of the sample was 
about 0.25A4, and -90% of the chloride was 
precipitated by addition of silver perchlorate 
and filtered off. No loss of selenium occurred 
when the filtrate was analysed for total sele- 
nium, as opposed to an untreated sample. 
The precipitation is done with silver perchlorate 
so that no oxidizing anion is introduced. The 
concentration of residual chloride should be in 
the vicinity of that for minimum solubility of 
silver chloride in a chloride medium; otherwise, 
silver(I) will interfere with the hydride genera- 
tion. 

The nature of the interference 

The condensing water in the flue-gas cooler 
rids the combustion gases of mainly hydrogen 
chloride, other volatiles and fine particles 
not trapped by the electrostatic precipitators. 
The condensate will therefore have a complex 
composition. The loss of the HGAAS signal 
on acidification of the condensate was due to 
reduction of Se(W) to Se, which does not 
react with tetrahydroborate to form hydrogen 
selenide. Evidence for this conclusion was fur- 
nished by the fact that the selenium could be 
collected on a 0.45 pm filter and brought into 
solution again by treatment with bromine water. 

The most abundant reducing agent in the 
flue-gas system is sulphur dioxide, which is 
known to reduce Se(IV) to Se in strongly acidic 
medium. However, purging the slightly acidified 
sample with nitrogen overnight did not remove 
the interference. This indicates that sulphur 
dioxide is not the operative reducing agent. 

Passing the sample through an anion- 
exchange column removed the interferent, but 
a cation-exchanger did not. The interfering 
anion could be precipitated with Ag+ (silver 
perchlorate). 

From these experiments it was concluded that 
iodide was the most plausible cause of the 
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interference in view of its ability to reduce 
Se(IV) to Se. 

Removal of iodide 

The iodide interference can be eliminated by 
oxidation of iodide to iodate with bromine. 
Saturated bromine water was added to a slightly 
acidic solution containing 5 x 10P4M iodide 
until the formation of a distinct yellow colour 
due to excess of bromine. This should not be 
confused with the colour caused by iodine, 
which can be obtained as an intermediate. The 
solution was then allowed to stand for 5 min 
and the excess of bromine was removed by 
passage of nitrogen for about 30 min. Equal 
amounts of selenium(IV) and selenium(V1) were 
added, and the solution was made 4M in 
hydrochloric acid. Aliquots of the mixture were 
transferred to glass tubes which were then 
heated in a temperature-controlled aluminium 
block at 120” for 30 min. To some of the 
samples, enough nitric acid had been added to 
give a final concentration of O.OlM. After cool- 
ing, the samples were diluted to have a concen- 
tration of 1M hydrochloric acid and the total 
amount of selenium was measured. The non- 
reduced samples were also measured. The final 
concentration of total selenium was 10 pg/l. 

Reagent blanks were carried through all steps 
and found to be very small or negligible. 

RESULTS AND DISCUSSlON 

The reaction schemes and kinetic laws de- 
scribing the reduction of oxo-anions by iodide 
usually involve many steps and intermediate 
products, as exemplified by the reaction between 
iodate and iodide.9T’0 It was therefore decided to 
restrict the investigation to an empirical deter- 
mination of the rate of reaction between seleni- 
um(IV) and iodide in hydrochloric acid in the 
concentration range l-6M. Most experiments 
were performed at a selenium concentration of 
about lo-‘M, which is a typical analyte concen- 
tration (Se 8 pg/l.) in the HGAAS method. The 
iodide concentrations were selected to yield 
half-lives of less than 40 min, and hence to 
correspond to conditions in which iodide could 
interfere in the determination of selenium. 

The main stoichiometric reaction is 

H,SeO, + 4H+ + 41- = Se’,, + 21,,,,, + 3H,O 

(1) 

The reaction is written with Izca9’ as a product, 
since the solubility of iodine in water will not be 

exceeded in the experiments. For convenience 
I z(as’ will be denoted by Iz. The equilibrium 
constant of reaction (1) can be calculated” to be 
1.05 x 10’. In addition to the reaction 

&+I-=I;; &=7.9x 102 (2) 

the following equilibria in hydrochloric acid 
medium must be considered:‘* 

I, + Cl- = I&l-; Kz = 1.67 (3) 

and 

I&l- + Cl- = ICl; + I-; K3 = 7.3 x 10-7 (4) 

Chloro complexes of selenium(IV) should 
also have been included, since weak complex- 
ation occurs at hydrochloric acid concentrations 
exceeding about 4.5M,‘3*‘4 but no equilibrium 
constants were found for these reactions, so 
only reactions (l)-(4) could be considered in 
the equilibrium calculations. As most of our 
measurements pertain to hydrochloric acid 
concentrations <5A4, omission of the chloride 
complexes is expected to be of minor import- 
ance for the conclusions drawn. 

Reaction (1) proceeds to equilibrium6 but it is 
the rate of the forward reaction that is of most 
interest in connection with interference studies. 
Moreover a real sample may very well contain 
components that react with iodine, which would 
inhibit the reverse reaction and shift the equi- 
librium of reaction (1) to the right. 

An empirical rate law for reaction (1) may be 
written as 

R = -d[Se(IV)]/dt = kOISe(IV)j’JI-]b~+]’ (5) 

From measurements with constant iodide and 
hydrochloric acid concentrations but varying 
amounts of selenium(N), it was established that 
the reaction was first order with respect to 
selenium. The rate of the reverse reaction was 
always negligible under the conditions used. 
This was checked occasionally by leaving 
the reaction for long times to verify that the 
selenium(IV) concentration approached zero. 
The rate constant could therefore be evaluated 
by fitting the experimental data to the function 

[Se(IV)]’ = [Se(IV)loe -kr (6) 

where k is the pseudo first-order rate constant, 
[Se(IV)], the selenium(N) concentration 
measured at time t and [Se(IV)lo the initial 
concentration. Figure 1 shows the results of a 
kinetic experiment and its evaluation. Wall 
effects were shown to be absent by noting that 
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Fig. l(a) Absorbance peaks from a kinetic run in 2M 
hydrochloric acid, [Se(W)] = 1 x lo-‘M and [I-] = 
2 x 10-4M. The first four and the last three peaks derive 
from calibrations made before and after the main 
experiment. The time interval between peaks is 30 sec. 
(b) Fit of the first-order rate expression, equation (6), to 

the experimental data in Fig. l(a) (squares). 

R was not affected by the presence of a piece of 
glass wool in the reaction vessel. 

The main series of measurements was made 
with 1, 2, 3, 4 and 5M hydrochloric acid. 
Measurements were also performed with 6M 
acid medium, but were subject to various 
difficulties which will be described later. The 
stoichiometric excess of iodide over sele- 
nium(IV) was kept large enough to permit the 
use of equation (6) for calculating k. At each 
acid concentration the iodide concentration was 
varied and the order of reaction with respect to 
iodide was obtained by plotting the logarithm of 
the rate constant against log [I-]. Straight lines 
were obtained for each acidity. The order was 
apparently close to 2 for 3M hydrochloric acid 
medium but diminished steadily with increasing 
concentration of hydrochloric acid and/or de- 
creasing iodide concentration. This indicates a 
complex reaction mechanism. The variation of 
the order with respect to iodide, n, can be 
represented by n = 2.30 - O.l125C,,, , where 

04 
HCI (MI 

Fig. 2. Relative absorbance signal from a specimen of 
flue-gas cooler condensate after addition of hydrochloric 
acid. About 3 min after mixing, the samples were diluted to 
an acid concentration of about IM to stop the reaction, and 
selenium(N) was determined by the standard procedure. 

Cn, is the concentration of hydrochloric acid. 
For the reaction between iodate and iodide 
the order with respect to iodide has been found 
to decrease with iodide concentration.‘O This 
matter was not pursued further. A reaction 
order of 2 with respect to iodide might indicate 
that the reaction rate is determined by a step in 
which Se(IV) is first reduced to Se(I1). 

The most striking feature of the reaction 
between selenite and iodide is its dependence on 
the hydrochloric acid concentration, as shown 
in Fig. 2 for a specimen of flue-gas cooler 
condensate. This dependence was corroborated 
in the present investigation. The increase in R 
with concentration of hydrochloric acid is 
caused mainly by the protons. The influence of 
chloride appears to be much less than that of the 
protons. Figure 3 shows that the value of the 
rate constant diminishes by a factor of only 
about three on going from 2.4M hydrochloric 
acid to 2.4M perchloric acid. 

0.08 - 

,^ 
‘c ._ 

0 0.1 1.0 
HCl (mole fraction) 

Fig. 3. Variation of the rate constant in mixtures of hy- 
drochloric and perchloric acid. Total acid concentration 

2.4&f, [Se(W)] = 1 x lo-‘M, [I-] = 1.2 x IO-‘M. 
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Table 1, Corresponding iodide concentrations (rounded 
values) and half-lives at various concentrations of hydro- 
chloric acid; the iodide concentrations were calculated from 

equation (7) 

[I-b PM 

2;; 1M HCl 2M HCl 3M HCl 4M HCl 5M HCl 

2 2000 460 120 28 6 
5 1400 290 14 17 3 

10 1000 210 52 12 2 
20 720 150 31 8 1 
40 520 110 26 6 1 

The experimental half-lives fit the equation 

r,,2 = 1.63 X 10-b [1-]-(2.30-0.1125C~a) 

x (Y* Gc,r2.53 (7) 

where y, is the mean molar activity coefficient 
of hydrochloric acid at the appropriate concen- 
tration.15 The expression covers the following 
experimental conditions: 5 < tl12 < 40 min; 
l<C,,<U4; 2 x lo-6 < [I-] < 1 x lo-3M. 
Table 1 contains the iodide concentrations 
and half-lives calculated from equation (7) for 
various concentrations of hydrochloric acid, 
and illustrates the great dependence of the sele- 
nium(IV)-iodide reaction on the hydrochloric 
acid concentration. This pertains to the rate as 
well as the equilibrium position of the reaction. 
Obviously selenium, at trace levels, is readily 
lost from a solution containing only small 
amounts of iodide on addition of acid. 

Table 2. Removal of interference from iodide by oxidation 
with bromine; sample A contains no iodide; sample B 
contains 5 x IO-‘M iodide, but is not treated with bromine; 
sample C is treated with bromine to oxidixe the added iodide 
(5 x lo-‘M); the total amount of selenium in the samples 
is 10 pg/l., added as equal amounts of se(W) and Se(W); 
the reduction is performed in 4M hydrochloric acid at 120” 

for 30 min 

Reduced (O.OlM 
Non-reduced, Reduced, HNO, added), 

recovery of recovery of recovery of 
Sample Se(W): % total se, % total Se, % 

A 100 

: ND; 95; 96 9 

ND = not detected. 

100 100 

100; 31; ND 100 100; 88; 92 100 

As can be inferred from Table 2, the inter- 
ference from iodide can be successfully removed 
by oxidation of iodide to iodate with bromine 
water (sample C). If this is not done most of the 
selenium signal is lost (sample B). The addition 
of O.OlM nitric acid before the reduction step 
with hydrochloric acid does not seem necessary 
but it was still used as a precaution. It can also 
be seen from Table 2 that the reduction of 
selenium(V1) to selenium(IV) is complete under 
these conditions. 

It must be pointed out that the removal 
of bromine (or other molecular species) is 
important when, as in this case, the I-IGAAS 
apparatus has no background corrector. Molec- 
ular absorbance leads to high and irrepro- 
ducible blanks. It is possible that this step can 

4 5 6 7 

Fig. 4. Calculated extent of reaction at equilibrium for reaction (1) as a function of the logarithm of 
the total molar concentration of added iodide at selected concentrations of hydrochloric acid. The 
horizontal bars show the range of iodide concentrations used in the kinetic measurements. The iodide 
concentrations at which reaction (1) starts with an appreciable rate are marked by vertical arrows. The 
numbers attached denote the hydrochloric acid concentration and the corresponding half-life (min) 

estimated from equation (7). 



130 CHRISTINA ERICZON et al. 

be excluded, or that the interference from iodide 
can be eliminated simply by adding a larger 
amount of nitric acid in the reduction step, if a 
spectrometer with background correction is 
used. With 0.M nitric acid, problems with 
blanks arose when our apparatus was used. 

The equilibrium position of reaction (1) 
was calculated from the equilibrium constants 
of reactions (l)-(4). Activity coefficients were 
introduced for the singly charged species, and 
y, of hydrochloric acid at the appropriate con- 
centration was used. It should be noted that the 
result of the calculation is greatly dependent on 
the choice of y+, since the activity coefficient is 
raised to a power of eight in the equilibrium 
expression for reaction (1). In Fig. 4 the extent 
of reduction of selenium(IV) at equilibrium is 
shown as a function of the logarithm of the total 
concentration of added iodide. The ranges in 
iodide concentration used in the kinetic experi- 
ments are indicated by horizontal bars. Accord- 
ing to the thermodynamic calculations the 
extent of reaction at equilibrium is 90% or 
greater for these concentrations. The iodide 
concentration needed to start reaction (1) was 
estimated as follows. Iodide was added in incre- 
ments to solutions of selenium(IV). The de- 
crease in selenium(IV) concentration was 
measured 1 hr after each addition. When the 
selenium(IV) concentration had decreased by 
some lO--20% from its initial value, the corre- 
sponding iodide concentration was taken as the 
concentration needed to start the reaction at an 
appreciable rate. These concentrations are 
marked by arrows in Fig. 4 together with the 
value of tllZ estimated from equation (7). From 
the curves and experimental results depicted in 
Fig. 4 we may conclude that the equilibrium 
calculations and the findings from the kinetic 
measurements are mutually consistent, although 
the criterion for the start of the reaction is rather 
crude. 

We have also made measurements for 6M 
hydrochloric acid medium. These studies failed 
to yield satisfactory results, mainly because 
we were unable to prepare stable solutions of 
selenium(IV) in 6M hydrochloric acid. Since 
even very low iodide concentrations are ex- 
pected to reduce selenium(N) in 6iU acid, we 
tried several methods to remove iodide but 
obtained high blank values. However, simple 
distillation of the acid dramatically increased 
the stability of selenium(IV) in 6M hydrochloric 
acid and it could be established that addition of 
only 2 x 10e7M iodide markedly decreased the 
stability of the selenium(N). For 5M hydro- 
chloric acid no difference was noted between the 
results for distilled and undistilled acid. 
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Summar-The optimum conditions of a GC/MS/MS operation based on the covariant scan of 
electrostatic-magnetic fields on the trisector double focusing mass spectrometer JMS-HXlOO have been 
searched for and procured. The distribution of CB sterane biomarkers in Arabian Medium crude oil is 
obtained by utilizing the best acquired parameter settings. 

To identify the origin and geological transfor- 
mation of crude oils, the most direct method 
is to examine the remnants of the biological 
material that has undergone diagenesis. 
Steranes and diasteranes (C,H, _ a) are groups 
of biomarkers which are commonly studied’ in 
the oil industry, because they are derived from 
sterols’ and their configuration changes during 
maturation. Thus, the distribution ratios of 
the major isomers have been used as indicators 
for source identification3 and migration4 and 
maturation studies.’ 

In most petroleum, homologous series of C2,, 
Czs and C,, steranes predominate. They are 
often identified by gas chromatography/mass 
spectrometry (GC/MS), by use of diagnostic 
fragment ions.’ However, as the maturity of the 
oil increases, the mass fragmentogram becomes 
much more complex,‘j making unambiguous 
identification less likely. Hence, an analytical 
technique with higher specificity is necessary 
to resolve the target homologues from the inter- 
ferences and peak overlaps. 

Tandem mass spectrometry (MS/MS) has 
been shown to be quite specific in petroleum 
research’ and there have been several literature 
reports of GC/MS/MS of source rocks.&” How- 
ever, most of the methods employed scanned the 
accelerating voltage of the mass spectrometer, 
which changed the ion-source conditions and 
led to unequal sensitivity for analyte compari- 
son. Some methods used linked scans’s” 
to monitor apparent mass, instead of using 
functional scans of both the electrostatic and 
magnetic fields, giving poorer peak resolution 
on the chromatograms based on detection of the 

*Author for correspondence. 

metastable transitions (MT). The objectives of 
the present work are two-fold. First, to test the 
utility of the present JMA-DA5000 data system 
(Version 1.07) for GC/linked scans and to 
optimize the conditions from the technical 
information available, since the stringent re- 
quirements of a fast scanning magnet may pose 
a problem. Secondly, to apply this technique, if 
feasible, to the determination of biomarkers and 
the sterane distribution in Arabian Medium 
crude oil. 

EXPERIMENTAL 

Apparatus 

A Carlo Erba HR5300 GC was fitted with an 
HP- 1 cross-linked methylsilicone gum capillary 
column (25 m x 0.2 mm; 0.33 pm thick coating) 
directly coupled to the ion-source of the mass 
spectrometer. A JEOL JMS-HXlOO triple- 
sector E, BE, high-resolution (maximum 100000 
at 10% valley) double-focusing mass spec- 
trometer was used for the constant B/E and 
B2/E linked scans. 

Procedure 

Helium was used as carrier gas at a flow-rate 
of 1 ml/min. The injector temperature was 
maintained at 300” and the oven temperature 
was programmed to rise from 60” to 250” at 
32”/min, stay at 250” for 5 min, then rise to 300 
at 8”/min, stay there for 5 min and rise at 8”/min 
to 320”, then remain at this final temperature for 
20 min. A complete run took about 45 min. The 
final temperature selected was close to the maxi- 
mum allowable for the liquid phase in the 
column. A 591 sample of crude oil was injected 
each time, with a split ratio of 100 to 1 after 
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40 sec. The scan slope and cycle time for a mass 
range of m/z O-800 during B/E calibration were 
30 and 15 set respectively. The actual scan time 
was 12.6 sec. The scan slope and cycle time of 
B2/E calibration were 40 and 20 set, respec- 
tively, with a scan time of 16.8 sec. During 
the GC/(B/E) and GC/(B2/E) runs, various 
accumulation ranges coupled with scan ranges 
in the accumulation mode were tested by 
keeping the cycle time to 1 set and the scan 
slope time to the same value as that for the 
calibration. This accumulation mode records 
the profile of the real-time chromatogram; 
it does not really accumulate signals during 
acquisition in these experiments. The single 
parent/daughter reaction pair was selected 
according to the reports’” for other oils, m/z 
400.4*/217.2*, which is a typical reaction of 

C29H52 under electron impact (EI). The 
mass spectrometric conditions were as follows: 
resolution tuned at 1000; ionization current, 
300 ,uA; emission current, 390 PA; filament 
current, 3.8 A; EI, 70 eV; ion multiplier voltage, 
-2.5 kV; chamber temperature, 210” at equi- 
librium; post accelerator voltage, - 3.0 kV. The 
interface temperature was set at 250” and the 
inlet temperature was maintained at 200”. 

RESULTS AND DISCUSSION 

Possible causes for the apparent retention time 
shifts 

Table 1 lists the experimental conditions and 
results for the GC/(B/E) single-reaction moni- 
toring (SRM). The accumulation range was 
varied from f 0.1 to +0.5 amu and the scan 
ranges were adjusted from 1 to 10 amu. Only 
one parameter was varied at a time, to observe 

its effects on the appearance of the chro- 
matogram. The retention times of the peaks in 
each of the SRM chromatograms obtained 
under these sets of conditions were not exactly 
consistent. Since this was considered not to be 
caused by any chromatographic changes, the 
shifts in retention time had to have originated 
from the linked scan operation. It appears that 
there are at least two factors which influence the 
stability and appearance of the chromatograms. 
From the data in Table 1 for a constant unit- 
mass scan time, the narrower the accumulation 
window (Am) the higher the signal to noise ratio 
(S/N) and the peak resolution (R), except for 
Am = 0 at which the data system automatically 
extended the present mass range to 1 amu. Since 
there is no peak-dwelling control in the software 
there is no metastable-peak jumping mechanism 
to lengthen the acquisition time over the range 
217.2; + Am. Thus, S/N depends on the time 
spent in the Am range by the uniform scanning. 
This phenomenon was even clearer in the 
GC/(B2/E) mode where not only was a longer 
reset time required, but the scan range also had 
to be made larger to allow enough scan time 
with 1-set cycle time. The proportionate time 
allocated to a given accumulation range in the 
B2/E mode is therefore only about a third of 
that in the B/E mode. This led to lower sensitiv- 
ity and poorer resolution, with apparently 
drifted retention times. Further, the 1-set cycle 
time appropriate for the capillary column out- 
put imposed on the linked scans might be far 
too short for the magnetic field to have a mass 
accuracy better than It 0.1 amu. Broader gate 
widths allow the isobaric species at around 
217.2* in the first field-free region to be picked 
up by the detector, rendering broader peak 

Table 1. Experimental parameters for the GC/(B/E) runs for the metastable transition m/z 
400.4*+217.2*. in the Arabian Medium crude oil 

Accumulation 
range,8 Scan range, Scan time,9 

Run Am,? amu a))2U MU set Remarks 

1 0 217-218 212-222 0.22 Fair S/N 
2 0.1 217-217 212-222 0.22 Good S/N and R 
3 0.2 217-217 212-222 0.22 Fair R 
4 0.3 217-217 212-222 0.22 Poor S/N* 
5 0.5 217-218 212-222 0.22 Very poor R 
6 0.5 217-218 215-219 0.09 Fair R 
7 0.5 217-218 216.7-217.71 0.02 Poor S/N and R 

tAccumulation range was set from 217.2 -Am to 217.2 + Am in the parameter page of the 
program. 

@can range was set to be exactly the same as accumulation range; the latter has to be within 
the former. 

$Shown in the ‘ACM Measurement Condition’ page of the program before measurement. 
TIon multiplier voltage - 1.5 kV. 
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Fig. 1. The best chromatogram obtained by the GC/(B/E) scan for the Arabian Medium crude oil, based 
on the following experimental parameters: accumulation range 217.1-217.3 amu, scan range 212-222 amu, 

scan time 0.22 set, cycle time 1 sec. Note the hump underneath the resolved peaks. 

widths and apparent retention time shifts. It is 
conceivable, however, that to perform single- 
reaction monitoring, either the B/E or B*/E 
linked mode will attain the same goal. Hence, 
GC/(B/E) operation seems to be a better choice 
than GC/(B*/E) with the present set-up. A 
similar technique with different instrumentation 
has been applied to the detection of aryl iso- 
prenoids in source rocks and crude oils,‘* and to 
some hydrocarbons in sediments and fossil 
algae. I3 However, depending on the nature of 
the crude oils, the chemical noise beneath 
the component GC peaks in the SRM as well 
as in the multiple-reaction monitored chro- 
matograms is quite obvious, as is evident in 
Fig. 1. 

Maturity of the Arabian crude oils 

The best reproducible and resolved reaction 
chromatograms, with the highest S/N, were 
obtained with parameter set No. 2 in Table 1. 
These peaks resemble those obtained for the 
other oils by use of switching the accelerating 
voltage.g In Fig. 1, they are assigned as follows 
by comparison with those given in references 1, 
6 and 10: 

1. 24-Ethyl- 136 (H), 17a (H)- 
diacholestane (20R) 27% 

2. 24-Ethyl-138 (H),17a (H)- 
diacholestane (20s) 72% 

3. 24-Ethyl-13a(H),17j?(H)- 
diacholestane (20R) 22% 

4. 24-Ethyl-13a(H),17fi(H)- 
diacholestane (20s) 34% 

5. 24-Ethyl-14a (H),17a(H)- 
cholestane (20s) 40% 

6. 24-Ethyl-14/3(H),17jI(H)- 
cholestane (20R) 100% 

7. 24Ethyl-14/I(H),17/3(H)- 
cholestane (20s) 86% 

8. 24-Ethyl-14a (H),17a (H)- 
cholestane (20R) 39% 

The most abundant isomers 6 and 7 are formed 
by geological processes, since no sterols in 
nature are known which have these con- 
figurations.’ As burial depth and temperature 
increase, these more stable isomers are trans- 
formed from their precursor isomer 8. The 
extent of maturity in Arabian Medium crude is 
reflected by the ratio of p-isomers to a-isomers, 
which is close to 5. On the other hand, isomer 
8 correlates directly with one of the most 
abundant C2g sterols in present day organisms. 
With increasing maturity of the crude oil, the 
biologically derived 20R epimer is isomerized to 
the 20s configuration and the ratio of isomer 5 
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to isomer 8 is around unity, based on their peak 
heights. Distinct preference for the 20s isomers 
of diacholestane over their counterparts also 
suggests that the petroleum studied here is a 
stable, mature fossil fuel, which is similar 
to Arabian Heavy crude (“API = 27) in its 
maturity.‘4 Since Cz9 sterane may occur with the 
a or /I configuration of hydrogen at C-5, C-14 
and C-17, and as 20S/20R isomers or 24S/24R 
epimers, mixtures of these may not be com- 
pletely separated by the GC column used. 
As maturity increases, the number of these 
stereoisomers also increases, and their distri- 
bution becomes very complex. This degree of 
maturity is detected by the MS/MS device as an 
unresolved broad signal for the specific 
metastable-ion transition, underneath the peaks 
in Fig. 1. 
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Summary-Measurement of pH in aqueous solutions at up to 300” and 150-300 bar is reviewed. 
Potentiometric membrane electrodes are identified as the sensors giving the most immediate hope of being 
practical. Zirconia membranes work well above 200” and in alkaline solution, whereas glass membranes 
are best up to 150” and in acidic solutions. Both membranes are largely free from interferences. 
Metal-metal oxide electrodes offer poor prospects, deviating from the ideat Nernstian response at all 
temperatures and being susceptible to interference from many redox and complexing agents, but systems 
based on iridium oxide have some promise. The hydrogen electrode remains the standard for pH 
m~urement, but its analytical application is limited by the need to know the hydrogen partial pressure. 
A practical solution to this problem has yet to be found, except in restricted and artificial circumstances. 
Palladium hydride electrodes may be useful up to about 200”, but in hydrogen-saturated waters revert 
to being hydrogen electrodes in any case. Non-potentiometric pH measurements with semiconducting 
oxides have been shown to be possible, but there are many unanswered questions about possible 
interferences. Considerable extra instrumentation is required, compared with potentiometry. Fibre-optic 
sensors based on indicator dyes have been investigated at room temperature, and have the great merit 
of not requiring a reference electrode. They seem, however, prone to many interferences and have an 
inherently limited working range of -2 pH. No measurements at high temperature have been reported. 
Improved reference electrodes for potentiometric systems are still needed, although there have been 
advances in the design of external pressure-compensated electrodes working at room temperature, The 
silver-silver chloride system is still the one most favoured. There has been little rigorous work on standard 
buffer solutions at above 100” and none at above 200”. Neutral and alkaline buffers are especialiy needed. 
The es~blishm~t of proper pH standards for high-tem~ratu~ work would make the testing of sensors 
both speedier and more reliable. Doubtless because of the experimental difficulties involved, few 
measurements have actually been made at high temperature, and those in a rather restricted range of 
conditions. In particular, measurements in dilute, poorly buffered, solutions, which provide the most 
rigorous test of a system’s capability, are completely lacking. 

Industrial processes have promoted interest in 
chemical measurements in water at high tem- 
perature and pressure for at least 60 years. 
Although Stene’ was concerned with the 
s~phit~llulose reaction and fat-processing, 
most interest has come from the electricity 
supply industry. This arose not only from the 
operation of steam generators, but particularly 
from the use of water as a moderator and 
primary coolant in nuclear reactors for power 
generation. The work at Oak Ridge,2-g starting 
in the 195Os, is noteworthy in this respect. 
Geochemical measurements are also relevant, 
and have a bearing on hydrothermal energy 
sources’o and nuclear waste containment.” pH 
is arguably the most important parameter in 
such conditions, being relevant to the corrosion 
of metals and the speciation of impu~ties, dos- 
ing chemicals and corrosion products, through 
hydrolysis or protonation. Table 1 shows 

the conditions relevant to power stations, 
and to some other applications in the energy 
industries. 

In the absence of measurements at high tem- 
peratures and pressures, data obtained at below 
100” have been extrapolated to more extreme 
conditions. This involves making assumptions 
about the thermodynamics of aqueous solutions 
that are sometimes convenient rather than 
wholly convincing, although the technique has 
achieved considerable success. Van Muylde@ 
has reviewed potential-pH equilibrium dia- 
grams and the extrapolation methods involved. 
Inevitably, extrapolated values are less precise 
than the original data and are prone to system- 
atic errors arising from the assumptions made. 
Direct measurement would, therefore, be prefer- 
able, if it could be made practicable. In power 
stations, routine measurement of pH is still 
done on samples cooled to about 25”. 
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Table 1. High-temperature samples for pH measurement 

Temperature, Pressure, Sources of 
Sample “C bar acidity or basicity pH range Comments 

PWR* Primary coolant 290-325 155-158 Boric acid 4.2-10.5 H, present 
PWR Steam generator 230-285 69 NH, 9.0 f 2 Hydrazine, very low 

conductivity 
AGRt Boiler 150-300 165 NH, 9.2kO.1 Hydrazine, very low 

conductivity 
Fossil-fuel heated boiler feed 250-340 166-184 Na,PO,, NaOH, NH, 9.2 f 0.1 Hydrazine, very low 

conductivity 
Hydrothermal energy sources 90-340 l-360 Silica, CaCO, 5-8.6$ Brine and other salts 

present 
Nuclear waste containment 90-260 up to 250 Silica 9-11 Brine and other salts 

present 

*Pressurized water reactor. 
TAdvanced gas-cooled reactor. 
SExceptionally down to pH 1.5. 

PROBLEMS OF MEASUREMENT AT HIGH 
TEMPERATURE AND PRESSURE 

Whatever the principle of measurement 
adopted, the sensors will have to meet a com- 
mon set of requirements that are more stringent 
than those imposed at ambient temperature. 

(1) Resistance to chemical attack: sensors that 
work at room temperature may be biased, or 
may fail catastrophically after a short time at 
high temperatures. 

listed above, the ideal potentiometric cell should 
give a response slope, k, having the Nernstian 
value of 2.303 RT/F, where R is the gas con- 
stant, T the absolute temperature and F the 
Faraday constant. A practical cell should at 
least give a response slope that is a constant 
proportion of the ideal value over a useful pH 
range and varies directly with the absolute 
temperature. 

(2) Resistance to thermal (mechanical) stress: 
apart from the ability of individual components 
to withstand high temperatures, adjoining com- 
ponents of the sensor must have compatible 
coefficients of expansion if the sensor is not to 
break up, either immediately upon a large 
change of temperature or after a number of 
temperature cycles. 

Hydrogen electrode 

The hydrogen electrode, Pt/H,, Ha+q, is the 
primary standard for pH measurement.13 Its 
potential is given by 

E=E”+; log fH2---k pH (1) 

(3) Calibration: an analytically useful device 
does not merely respond to changes in pH. It 
must do so selectively (at least in a given set of 
conditions) and consistently. Almost all chemi- 
cal sensors are affected by temperature and, 
unless operation at constant temperature can be 
arranged, some form of temperature compen- 
sation will be necessary. This requires that 
variations in the sensor’s sensitivity and zero- 
point should be monotonic and preferably 
linear. Calibration requires a set of pH stan- 
dards, the provision of which is itself a major 
piece of work, especially when a large tempera- 
ture range is to be covered. 

pH SENSORS 

Potentiometric devices 

The standard potential, E”, is, by convention, 
0 mV at all temperatures. fHq is the fugacity of 
hydrogen, so the hydrogen electrode is not a 
simple pH-sensor. At room temperature and 
pressure, hydrogen is bubbled through the sol- 
ution and calculation of the fugacity is relatively 
straightforward, but at high temperatures and 
pressures this is likely to be less practical. 
Apparatus’“” has been devised for such pur- 
poses, however, including stirredg*14 and flow- 
through cell~,~,‘~ as shown in Figs. 1 and 2, 
respectively. A cell for use up to 1 kbar pressure 
has been described recently.” These are concen- 
tration cells, using a second hydrogen electrode 
to avoid problems with conventional reference 
electrodes. A system with hydrogen and refer- 
ence electrodes has been used at high tem- 
peratures, with either palladium/silver or PTFE 
diffusers for the introduction of hydrogen.18 

In all cases a reference electrode is also For closed systems with an over-pressure of 
required, which brings its own problems (see hydrogen it may be possible to calculate the 
below). In addition to the general properties fugacity, although this becomes less reliable 
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1. Cell for pH measurement at high temperatures with stirred solution. Reprinted with permission 
R. E. Mesmer, C. F. Baes Jr. and F. H. Sweeton, J. Phys. Gem., 1970,74, 1937. Copyright 1970, 

American Chemical Society. 

as the total electrolyte concentration increases, 
because of “salting out” of the hydrogen. In 
principle, the hydrogen electrode could be com- 
bined with a hydrogen-specific sensor so that the 
log fH2 term could be eliminated, but attempts 
to provide such a system seem not to have been 
very successful.‘* More than a trace of hydrogen 
would be required, otherwise the platinum elec- 
trode could respond to other redox couples, so 
the hydrogen electrode can suffer interference 
from other ions in solution, e.g., Ag+, Hg:+ 
(which may leak from the reference electrode). 
The hydrogen may also react directly with dis- 
solved species and disturb the potential at either 
the sensing electrode or (unless precautions are 
taken) the reference electrode. If the sample 
contains volatile substances, passage of hydro- 
gen may change the pH by extracting species 
such as NH, and CO,. Nagy and Yonco’9 tried 
to avoid having to bubble hydrogen through the 
cell, by using a palladium metal membrane with 
dry hydrogen on one side. Diffusion through the 
metal provided the hydrogen fugacity required 
in equation (1). The responses at temperatures 
up to 300”, however, were only about 82% of 
the Nemstian values. 

The analytical importance of the hydrogen 
electrode thus lies in its position as a primary 
standard rather than as routine tool. Its use in 
themodynamic measurements, however, is of 
the greatest significance. It may also be noted 
that the deuterium electrode has been used in 
D,O up to 225”.’ 

Palladium hydride electrodes 

Palladium readily absorbs hydrogen to form 
first a solid solution (a phase) and then a 
hydride (/I phase); in aqueous solution this may 
be achieved by electrolysis. Once charged with 
hydrogen, the electrode will respond to pH 
in hydrogen-free solutions, with an e.m.f. some 
50 mV different from that of a true hydrogen 
electrode, but only as long as both a and j? 
phases co-exist (i.e., until most of the hydrogen 
has diffused into the solution). Thus, at constant 
pH, a plot of e.m.f. vs. time elapsed since 
charging exhibits a plateau between two regions 
of rapid decrease. To be useful, measurements 
must be made in this plateau region, the dur- 
ation of which decreases with temperature. 
The range of H/Pd atomic ratios in which 
such behaviour is observed decreases with 
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Fig. 2. Flow-through potentiometric cell for pH measurements at high temperature. Reprinted with 
permission from F. H. Sweeton, R. E. Mesmer and C. F. Baes Jr., J. P&S. E., Sci. Znstr., 1973, 6, 165. 

Copyright 1973, Institute of Physics. 

temperature up to about 300”, at which the 
co-existence of the two phases is thermo- 
dynamically impossible (see Fig. 3). Problems 
may arise before this theoretical limit is reached, 
because rapid diffusion of hydrogen from the 01 
phase at above about 200” causes irreversible 
behaviour which manifests itself in sub- 
Nernstian responses. ” It is claimed that useful 
measurements can be made up to 250-275”, 
however. The stability of the e.m.f. in the 
plateau regions seems to require further investi- 
gation; Dobson and Brims” measured the maxi- 
mum e.m.f. (which occurred after about 1 
hr), and Dobson et ~1.‘~ observed that the 
e.m.f. slowly changed, whereas Tsuruta and 
Macdonald23 and Macdonald et ~1.~’ obtained 
greater stability of the e.m.f., palladized plat- 
inum giving more stable results than palladized 
palladium and especially palladized gold. 

The presence of oxygen or reducible ions may 
cause problems, but published work has not 
adequately characterized these aspects of per- 

formance. The electrode responds to pressure 
pulses.24 

If the solution contains dissolved hydrogen, 
the electrode will behave as a hydrogen elec- 
trode provided the partial pressure in solution is 
greater than that in the a-phase, i.e., for hydro- 
genated solutions there is no point in using it 
rather than a conventional hydrogen electrode. 

Other metals (e.g., nickel, zirconium and 
titanium) form hydrides that are similar to that 
of palladium, but too su~ptible to corrosion or 
passivation to be useful.‘* 

Metal-metal oxide electrodes 

A metal in equilibrium with its sparingly 
soluble oxide (or hydroxide or basic hydroxide) 
and in contact with an aqueous solution may 
behave as an electrode of the second kind 
responsive to pH, e.g., the Hg-HgO electrode. 

HgO+H,Of2e- Z$ Hg -t- 20H- (2a) 

HgO + H,O ZG Hg(OH), + Hg” f 20H- (2b) 
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Fig. 3. Phase diagram for the ~lla~um-hydrogen system. 
Reprinted by permission of the publisher, The Electro- 
chemical Society, Inc., from D. D. Macdonald, P. R. 
Wentrcek and A. C. Scott, J. Electrochem. Sot., 1980, 

127, 1745. 

The e.m.f. is given by 

E = E” + ; log(Hg*+ > 

= E” + f log K, - ; log(OH- f’ 

=E”+; log K,--k log Z&-k pH 

=E”‘-k pH (3) 

where & is the solubility product of the metal 
hydroxide and K, the autoprotolysis constant of 
water. The Ag--Ag,O and Tl(Hg)-T120j elec- 
trodes are perhaps the only others that fit this 
type of model. 

Many metals do not form the~odynamically 
well-defined hydroxides, yet some sort of pH 
response is obtained. The electrode reaction 
may be summarized as, e.g., 

Pt+2H,0+Pt02+4H* f4e- (4) 

with 

E=E&,,,o,-k PH (5) 

This treatment evades the issue of how the solid 
and aqueous phases interact. It must be as- 

sumed that in many 
hydrated outer layer 
exchanger: 

771 

cases the oxide has a 
that acts as an ion- 

Alternatively, the oxide may be a porous barrier 
that allows a reaction such as (4) to proceed 
irreversibly but slowly enough to give reason- 
ably steady electrode potentials. Metals may 
form more than one oxide (and also non- 
stoichiometric ones) differing in electronic con- 
duction, ion-exchange and other properties, and 
the degree of hydration of an oxide may also 
vary. In consequence of this large number of 
factors, at the molecular level the mechanism of 
these electrodes is generally very uncertain, 
which has consequences for the analytical use of 
such electrodes. 

(i) The standard potential may vary with the 
mode of preparation of the oxide, e.g., for an 
electrolytic preparation it may depend on the 
applied voltage used, or for a thermal one it may 
depend on the temperature used. It may then 
vary with age and conditions of use or storage. 

(ii) The response may be non-linear (or have 
a restricted linear range) and the slope may be 
less than the ideal even in the linear range. 

(iii) The electrode may be susceptible to other 
types of reaction: (a) redox interference from 
dissolved oxygen, hydrogen or other reagents; 
(b) complexation of metal ions or dissolution of 
oxides by complexing agents, which may be as 
commonplace as Cl- or NH,; (c) ion-exchange 
of cations or anions (the same oxide may give 
exchange with either, depending on the pH); 
(d) adsorption of ions from solution. 

The response range may also be limited by 
irreversible dissolution of the oxide in suf- 
ficiently acidic or alkaline conditions; this range 
will depend on temperature, and the electrodes 
that work best at about 25” may be useless at 
high temperatures. 

Because of these many variables, most studies 
fall far short of an adequate analytical charac- 
terization of an electrode’s performance, even at 
room temperature. In consequence, misleading 
over-optimistic claims for an electrode are often 
made. The paper by Fog and Buck= stands as 
an example of a proper approach to the assess- 
ment of electrodes, albeit at room temperature 
only. 

Earlier work (at room temperature) has been 
reviewed by Ives,” who concentrated mainly 



772 DEREK MEDGLEY 

on the Sb-Sb,O, electrode, which remains 
the only metal oxide electrode of commercial 
significance. It is, however, subject to interfer- 
ence by oxygen, stirring, and complexing agents. 
Roychoudhoury and Bonilla2? refer to work 
showing great irregularities in antimony oxide 
electrode potentials at temperature of 100-300”. 
Other systems tried at room temperature in the 
past include Bi-Bi,O,, W-WO, and MO-MOO,. 
Dietz and &-eider” have reviewed more recent 
work with a view to high-temperature measure- 
ments. The attractions of metal oxide electrodes 
are that fabrication may be straightforward and 
the impedance is low. 

Ag-Ag,O and Hg-HgO are the most thermo- 
dynamically well-defined oxide electrodes, but 
both are susceptible to halide interferences at 
low pH and the solubility of Ag,O is rather high. 
The physical structure of the Hg-HgO electrode 
makes it rather delicate, but it has found com- 
mercial applications in reference electrodes and 
it has been shown to work in alkaline solutions 
up to 250”.28 A solid-state version, using an 
HgS/HgO membrane, was tested at room tem- 
perature29 and found to give a linear response 
with 90% of the ideal slope; ammonia interfered 
severely, however, 1.7 mg/l. giving a pH error of 
0.15, which would be a problem in applications 
to steam generators. 

Dobson et aL30 investigated Pt-PtO,, Ir-IrO,, 
Zr-ZrO, and Rh-Rhz03 electrodes up to 250” 
and found uncertainties of about 2 mV in E”, 
non-Nernstian response, response times > 15 
min, pressure effects, sensitivity to oxygen and 
anomalous changes of E” with temperature 
(going through a minimum in acidic solutions 
and a maximum in alkaline solutions). Further 
work with Zr-ZrO, electrodes3’ at room tem- 
perature showed a narrow working range 
(pH 2-6) with thin films, but no response from 
thick films. The thin film presumably allows a 
mixed potential to operate at the Zr surface. 
Note below, however, the more significant 
development of ZrO, membrane electrodes. 

Fog and Buck” surveyed TiO,, RuO,, Rho,, 
Sn02, Ta,O,, 0~0,) IrO, and PtO, electrodes at 
25, giving slopes, working pH ranges, redox 
interferences, other interferences and hysteresis 
effects for the cycle pH 2 4 12 + 2. The only 
electrode with a Nernstian response was IrO, 
over the range pH 2-10 and it also had the least 
redox interference and one of the smaller hys- 
teresis effects (25 mV shift). It did, however, 
suffer interference from halide ions, especially 
iodide. 

Iridium oxide has been studied more than any 
oxide except that of antimony, but in different 
forms, depending on the method of preparation. 
The~ally prepared IrO, on a ~tanium 
support3* gave an average response slope of 
59 mV/pH at 25”. Sputtered iridium oxide 
films33 also gave near-Nernstian responses at 
room temperature, but the slope was slightly 
sub-Nernstian at around 100”. These film elec- 
trodes changed in response over a period of 4 
days after preparation, in which time the stan- 
dard potential was altered by about -200 mV. 
A single exposure to water at 200” produced the 
same effect, but thereafter the electrodes were 
stable. The standard potential did not corre- 
spond to that for Ir-IrO, and it was suggested 
that in these films the reaction is 

IrOX,2(H,0), + nOH- + 
( ) 

m - 4 H,O 

i.e., it involves a change in the average oxidation 
state, x, of iridium in the oxide phase, and is 
affected by the extent of hydration. These elec- 
trodes suffered some interferences from sodium 
ions and from oxygen, but none from hydrogen, 
Fe2+, Fe3+, Cu2+ and Ag+. 

Equation (6) implies that the mechanism is 
not that of a metal-metal oxide electrode. In 
further work% the oxide was sputtered onto 
non-conducting Al203 and a Nernstian response 
was obtained at 156”. At higher temperatures 
the iridium oxide either broke away from the 
substrate or dissolved.” These sputtered films 
appear to be unaffected by oxygen. 

The anodic iridium oxide film (AIROF) elec- 
trode is produced by cycling iridium metal in 
acid at potentials between -0.25 and 1.25 V us. 
SCE. The oxide phase builds up irreversibly on 
the metal but is itself capable of a reversible 
reaction. 

Ir(OH),~IrO,_,+xH++xe- (7) 

De Rooij and Bergveld3’ found a super- 
Nernstian response of 67.4 mV/pH at 25” and 
variations of +2 mV in E” over 100 hr. The 
electrode’s impedance was N 100 ff. No effect of 
oxygen was observed. Burke et af.36 investigated 
this electrode further and obtained response 
slopes (mV/pH at 25”) of 77 in sulphate and 
phosphate solutions and 72 in chloride solutions 
over the range pH 2-13. They emphasized that 
the hydrated nature of the film is an important 
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factor in the response characteristics, and pro- 
posed that the ideal reaction would be 

2[Ir0,(OH)2. 2H20]*- + 3H+ + 2e - 

Z$ [Ir,O,(OH), . 3H,013- + 3H20 (8) 

which should give a slope of lSk, i.e., -90 
mV/pH at 25”. The hydrated oxide is expected 
to act as an ion-exchanger, however, with loss of 
hydroxide. Thus the slope is less than that 
suggested by equation (8) and depends on other 
ions in solution. 

Kinoshita et a1.37 found that response slopes 
were higher for AIROF electrodes formed on 
monocrystalline iridium (69.7 mV/pH at 25”) 
than for those formed on the polycrystalline 
metal (62-68 mV/pH). The electrodes re- 
sponded about as quickly as glass electrodes in 
alkaline solution, but at only about a tenth of 
the rate in acids. Weak complexing agents 
affected the readings by up to 10 mV at constant 
pH, and in the presence of redox agents the pH 
response disappeared. Oxygen caused slow 
drifts in potential with monocrystalline elec- 
trodes and fast changes with polycrystalline 
ones. The linear response range was pH 2-8.5. 

Hitchman and Ramanathan3* showed that 
the slope at 25” depended on the charge-storage 
capacity of the AIROF electrode and obtained 
slopes of 8 1.9 & 1.5 mV/pH, which is the nearest 
approach reported to the ideal value predicted 
by equation (8). A low rate of drift (8 mV/ 
100 hr) was obtained in pH-6 buffer but the 
oxide dissolved at pH 12. Redox reagents could 
swamp the pH response, but dissolved oxygen 
had only a small effect. 

Clearly the iridium oxide electrode provides 
interesting material for study, but in view of the 
many factors involved it remains to be seen 
whether it will be used as a general pH sensor. 
The dependence of the response slope on the 
method of preparation and also on the other 
ions present is a disadvantage and the un- 
certainty as to the limit of response (in terms of 
both pH and temperature) needs to be resolved. 
The other metal oxide systems studied so far 
have no attractions as practical analytical 
sensors. Dietz and Kreider” speculate that 
alloys of the platinum metals (probably involv- 
ing iridium) may have better properties than the 
pure metals, but too little is known to formulate 
the alloys on a rational basis. 

Glass electrodes 

The glass membrane electrode is by far the 
most popular pH sensor and has been so for 40 

years, in which time its working pH range and 
mechanical robustness have improved consider- 
ably. Its response is ideally Nernstian and inde- 
pendent of redox and complexing interferences. 
The aqueous filling solution poses problems for 
work at high temperatures but Krykov and 
Starostina3’ showed that measurements were 
feasible at 150” if the active part of the electrode 
could be sealed around the inner reference elec- 
trode, leaving only a small air bubble inside. 
With such an arrangement the solution inside 
did not boil and the pressures inside and outside 
the membrane were equalized. As the tempera- 
ture increases, the increasing solubility of glass 
reduces the upper limit of linear response. Com- 
mercial glass formulations cover low (from -5 
to 50 k loo), standard (5-800) and “high” 
(20-100”) ranges and it may be possible to 
formulate glasses for higher temperatures. Elim- 
ination of the inner aqueous filling solution 
should also be possible, e.g., Le PeintreM filled 
glass electrodes with lead amalgam. Dolidze4’ 
reported an electrode that worked, with a near- 
theoretical slope factor, at 150” and for short 
periods at 200”, and suggested that the durabil- 
ity of the glass was better at 300 than at 200”, 
although no e.m.f. measurements were made 
at the higher temperature. Baes and Meyer4* 
found that at 148” attack on the glass caused 
detectable changes in the acidity of acid sol- 
utions more dilute than O.Olit4, but that this 
arose mostly from the stem glass and not the 
sensitive bulb. 

Geothermal studies have prompted research 
into glass electrodes working in brines at 250” 
and 250 atm;” two commercial electrode manu- 
facturers were approached. The first manu- 
facturer’s standard electrodes had a “good” 
performance up to 150” in brines of pH 4-9 and 
new glass formulations were “excellent” up to 
150 or 200”, but deteriorated after 4 hr exposure 
at 250”, the slope decreasing to about 60% of 
the theoretical value. This assessment43 was 
mainly based on survival after exposure to the 
high temperature solutions; the status of the 
measurements at 200” is uncertain because of 
the instability of the solution. The other manu- 
facturer proposed a glass electrode for the same 
application, using an unflamed glass membrane 
for greater durability,44 but no results with this 
electrode appear to have been reported or fur- 
ther work on either system to have been done.” 
The lack of research (or reported results) on 
extending the range of the most extensively 
used pH sensor is surprising, but the zirconia 
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membrane electrode (below) could be regarded 
as an equivalent development from a different 
origin. 

Zirconia membrane electrodes 

Niedrach4’ introduced the yttria-stabilized 
zirconia membrane electrode for measurement 
of pH at high temperature and this has been 
taken up by other groups. A recent review& 
surveys much of the work to date. Zirconia 
(ZrO,) stabilized with 8-17% yttria (Y,O,) can 
be made into a membrane which conducts elec- 
tricity exclusively through movement of the 
oxide ion. Such membranes are used as oxygen 
sensors in flue-gas analysers and are available 
commercially. In aqueous solution the mem- 
brane potential is governed by the pH, for 
reasons not yet established, but presumably 
related to the ion-exchange properties of zir- 
conia. Writing net reactions such as equation (9) 
is surely misleading, as the membrane is not an 
electronic conductor and the e.m.f. is indepen- 
dent of the dissolved oxygen concentration. 

0,+4H++4eee2H,0 (9) 

These membranes have a high resistance 
at room temperature (about 10” Q) and are 
suitable only for high-temperature measure- 
ments. It remains to be seen whether other 
ceramics and dopants will yield less resistive 
membranes.45 

There have been various modifications of this 
sensor in regard to the fraction of yttria in the 
membrane and the choice of inner reference 
element. Membranes with 8, 9 and 17% yttria 
have been tried, but no significant differences 
have been reported. It has been suggested that 
trace impurities may hasten the degradation of 
the membrane.47,48 Niedrach45 tried Ag-AgCl 
electrodes in chloride-doped buffer solutions 
as the inner reference electrode, and also 
“solid-state” contacts of Cu-CuzO or Hg-HgO. 
The latter is favoured by Hettiarachchi and 
Macdonald49 as being more stable, but this 
is disputed. 47 Hettiarachchi et aL5’ also tried 
Ag-Ag,O inner elements. Danielson et aI.@ used 
both silver powder and graphite inner elec- 
trodes, but noted that these electrodes required 
a preliminary autoclaving at 250” before use; 
they later recommended a P&O,(g) inner 
reference.5’ In all cases, the slope was less 
than Nernstian below 200-250” and may be 
only 30-60% of the theoretical value.52 
Cycling between temperatures of 300 and 84” 

gradually degrades the performance at the lower 
temperature.52 

Comparison with glass electrodes at 95” 
showed that the slope was 70-80% of the 
Nernstian value, and that the asymmetry 
potential (25-50 mV) and irreproducibility 
(10-30 mV) were several times larger than for 
the glass electrode. 53 Response times were about 
the same for glass and zirconia electrodes. There 
was some evidence that the responses were 
different in acidic and alkaline solutions, but 
this had been shown more clearly by Tsuruta 
and Macdonald,” who found that the response 
was non-linear in acidic solutions and became 
more so as the temperature decreased. More 
recently, a good correlation between the hydro- 
gen electrode and the zirconia membrane 
over the pH range 3-9 at 200-300” has been 
reported;5s in this case the liquid-junction poten- 
tials cancel, removing a likely source of error. 
Neither oxygen4’ts0 nor hydroger$’ affects the 
electrode and no effect from general redox 
reactions is expected. 

Some mechanical difficulties remain with this 
electrode: the membrane is fragile and may 
crack and the seals may fail at high tempera- 
tures, leading to spurious potentials from the 
inner reference element. At present, its perform- 
ance is promising at 200-300” but less so below 
200” because of the non-Nernstian response. Its 
response in acidic solutions also needs further 
investigation. 

Semiconductor devices 

Madou et a1.56 measured the flat-band poten- 
tial of Nb-doped TiOz in buffer solutions at 25” 
and obtained a near-Nernstian response. The 
potentials depended on the treatment of the 
oxide ( N 150 mV difference between acid-etched 
and alkali-etched material). The measurements 
are much less convenient than in potentiometry, 
requiring a frequency-response analyser and a 
potentiostat. The capacitance, C,, is measured 
at a number of imposed potentials and the 
flat-band potential obtained by extrapolating to 
zero a plot of l/CT vs. imposed potential. The 
solution must have a minimum conductivity 
before plots of this kind can be used accurately: 
Madou et al. suggested -0.14 mS/cm (cor- 
responding to lo-‘rn potassium chloride) but 
others propose much higher levels. Hara et al.” 
used such a system up to 150” and found close 
to Nernstian response. Miyasaka et aL5* applied 
it to sour saline environments up to 200”; these 
solutions contained up to 20% sodium chloride 
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in equilibrium with up to 4 MPa H$ or CO*. 
Results in the pH range 2.6-3.8 agreed fairly 
well with calculated values. The pH responses of 
SrTiO, and Sic have also been studied by this 
means.lB 

The ion-selective field-effect transistor (ISFET) 
has been reviewed by Janata and Huber:29 the 
gate of a conventional field-effect transistor is 
replaced by a combination of reference elec- 
trode, test solution and ion-selective membrane. 
A change in the composition of the test solution 
affects the membrane potential, and hence the 
current passing through the transistor. Usually 
the system is operated at constant current and 
the feed-back voltage required to maintain this 
current is then proportional to the logarithm of 
the concentration of the ion to which the mem- 
brane responds, i.e., the response resembles 
that of an ion-selective electrode although the 
measurement is different in character and 
slightly more elaborate apparatus is required. 
SiOZ and S&N, outer surfaces on an FET confer 
a pH response but are too soluble for use at high 
temperatures. ‘* Even at room temperature, the 
encapsulation of ISFETs is a source of trouble, 
as the adherence of materials such as PVC and 
silicone rubber breaks down. At high tempera- 
tures more problems would be expected. 

Measurements with metallic glasses 

Lenz and Schultz60 proposed the use of 
corrosion-resistant metallic glasses for pH 
measurements at high temperatures and tested 
FeX2,,Ni,&r,,B, glass up to 300”. The glass is 
charged with hydrogen by electrolysis at a fixed 
current (e.g., 2 mA) for a fixed time (e.g., 1 min) 
and the change in resistance is measured. The 
response appears to be very non-linear, al- 
though the only results presented plotted change 
in resistance at 220“ against pH at 25” for only 
3 buffer solutions (pH 3.5-7.0). 

A number of objections to this technique can 
be foreseen. 

(i) Electrolysis to form hydrogen will change 
the pH being measured. In a buffer solution this 
effect may be negligible, but in dilute solutions 
could lead to considerable bias. 

(ii) Electrolysis from alkaline solutions may 
be inefficient; this pH range needs investigation. 

(iii) The technique is by its nature dis- 
continuous. After the I-min electrolysis and the 
measurement, there is a delay as the hydrogen 
diffuses away (approximately l-2 min). 

(iu) The 1-min electrolysis does not produce 
a plateau in the change of resistance with time. 
Accurate timing is necessary if the response is to 
be interpreted precisely. 

(0) Interference by redox reagents in solution 
seems inevitable; such possible effects need 
investigation. 

(vi) The temperature response is unknown. 
Lenz and Schultz suggest that compensation is 
possible with a dummy sensor that is not 
charged with hydrogen, but give no results. 

It should be recognized, however, that these 
are new materials that may have other interest- 
ing properties. Lenz and Schultz suggested that 
pH measurement is possible gravimetrically and 
by measuring changes in magnetic properties. 
Other glass formulations were also proposed as 
being suitable. The main attraction of these 
materials is their resistance to corrosion, but the 
bias caused by the electrolysis process itself 
could limit application of this technique to 
well-buffered solutions free of redox reagents. 

Optical devices 

Chemical sensors based on fibre optics have 
received considerable attention in recent years.61 
Their advantages include easy miniaturization 
and freedom from electrical interference. Since 
these sensors are not based on electrochemical 
methods, there is obviously no need for refer- 
ence electrodes. The pH sensors generally con- 
sist of indicator dyes immobilized on the end of 
an optical fibre which forms part of an optical 
cell (coloured, fluorescent and chemilumines- 
cent indicators may be used). These dyes were 
used in classical calorimetric and spectrophoto- 
metric systems many years ago,62 but these 
methods were largely displaced by the glass 
electrode. The sensors are subject to errors from 
interference by complexation of the dye with 
metals, large temperature coefficients and large 
ionic strength effects. In addition, the pH re- 
sponse is usually linear over a pH range of only 
about 2 although it may be useful over a longer 
range if careful calibration is practicable. It 
appears, therefore, that calibration in terms of 
operationally defined pH is at least as important 
as for electrochemical techniques. In very dilute 
solutions, which have an inherently low buffer 
capacity, the dissociation of the indicator may 
provide more protons or hydroxide ions than 
the sample itself and produce a false reading. 
These considerations, amongst others, have re- 
cently been raised against by Janata,63 who 
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argued that optical devices are fundamentally 
less accurate than electrochemical ones for 
the measurement of pH. Measurements by 
Edmonds et ~1.~ confirm these misgivings. 

At high temperatures additional problems are 
foreseeable, in particular the durability of the 
dye layer and its encapsulant. An inorganic 
fluorescent system (uranyl ion in /?-alumina) has 
been suggested, 65 but mechanical strength was 
lost rapidly at 100” and above. On general 
principles, optical sensors appear to offer less 
versatility than electrochemical ones, but the 
fact that no reference electrode is involved 
removes an enormous problem of measurement 
at high temperature. Any optical device that is 
durable at high temperatures would be attrac- 
tive, even if it were confined to well-buffered 
solutions with a limited pH range. 

REFERENCE ELECTRODES 

All but the optical sensors require a reference 
electrode, which may be immersed directly in 
the test solutions to form (in potentiometric 
terms) a cell without transfer, or in a separate 
reference solution connected to the test solution 
by a liquid junction, in which case it forms a cell 
with transfer. 

Cells without transfer 

Macdonald6 has listed work on high- 
temperature (up to 290”) solutions. With a 
sensing electrode responsive to pH, the reference 
electrode is almost always of the silver-silver 
chloride type, but silver-silver bromide,6 
mercury-mercury(I) sulphate3’ and lead-lead 
sulphate6’ electrodes have also been proposed. 
Mercury-mercury(I) chloride electrodes are 
generally considered unsuitable for use above 
80” (depending on pH and the chloride concen- 
tration), but Dobson et d6* used them success- 
fully up to 200”. Mercury-based electrodes 
require more care than the silver-silver chloride 
type and would not normally be favoured. It 
should also be recognized that, in the event of 
an accident, mercury-based electrodes create 
toxic hazards that could spread very quickly, 
especially at high temperature. 

In order to measure the pH with such cells it 
is necessary for the test solution to contain a 
known (and preferably constant) activity of the 
ion to which the reference electrode responds. 
With an unknown sample this is generally 
impossible, unless an excess of the ion is deliber- 
ately added to the solution. In many appli- 

cations this is unacceptable because this ion 
would affect the process being studied; it also 
introduces a procedural complication and the 
problem of calculating activity coefficients. In 
this arrangement the reference electrode is also’ 
open to interference, e.g., from Cl- with 
Hg-Hg,SO, electrodes and redox agents with 
most electrodes (Ag-AgCl electrodes are not 
suitable for hydrogen-saturated solutions). 
In order to prevent hydrogen reaching the 
Ag-AgCl electrode and silver reaching the 
hydrogen electrode, many cells that are notion- 
ally without transference have a diffusive barrier 
incorporated between the two electrodes; in 
some cases the solubility of the reference elec- 
trode material at high temperatures may be 
sufficient to create a liquid-junction potential 
at this barrier and so cause an error in the 
pH-value obtained.@ 

At sticiently high pH, AgCl, Hg,Cl,, 
Hg,SO,, etc. will be converted into Ag,O or 
HgO, as noted by Case and Bignold2* for 
Ag-AgCl electrodes. There will thus always be 
an upper limit to the pH range measurable in 
such cells, depending on the concentration of 
“reference” ion present. 

Because of these difficulties, cells without 
transfer are probably applicable to analyti- 
cal studies only in special and well-defined 
circumstances. 

Cells with transfer 

These cells may be divided into isothermal 
types, in which the sensing and reference elec- 
trodes are at the same temperature, and thermal 
types, in which the reference electrode is 
maintained at or near room temperature. The 
reference electrode is immersed in a solution of 
known composition containing a relatively high 
concentration of the ion to which the electrode 
responds; this arrangement thus introduces a 
liquid-junction potential between the reference 
and test solutions. 

Calculation of the liquid-junction potential 
(even with a naively simple model) requires 
knowledge of the concentrations and mobilities 
of all the ions in the junction. For analytical 
purposes this is impractical and a junction must 
be used that varies as little as possible with the 
composition of the test solution; this means 
using concentrated salt solutions (0.14M) in 
the reference side of the junction. Even at room 
temperature, liquid junctions are a recurrent 
problem in pH measurement, especially 
in poorly buffered and poorly conducting 
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solutions.*” More tests on such solutions at 
high temperatures are required. 

Thermal ceils 

Keeping the reference electrode at room 
temperature largely prevents its degradation 
by hydrolysis or dissolution. This involves the 
complication of equipment for cooling and for 
equalizing the pressures on either side of the 
junction. The liquid-junction potential also be- 
comes more susceptible to errors, involving the 
following components. 

(i> The diffusion potential arising from differ- 
ences in concentrations and mobilities on the 
two sides of the junction. 

(ii) The streaming potential arising from mass 
transfer of a solution through a capillary. It is 
generally assumed% to be at most a few mV for 
aqueous solutions at the pressure differentials 
expected at temperatures up to 300”. For 
outflow of concentrated electrolyte solution 
from a pressurized reference electrode the 
potential should be negligible compared with 
components (i) and (iii). Influx of dilute test 
solution would create larger potentials but it is 
difficult to see how this could be sustained 
in any practical arrangement. With perfectly 
efficient pressure equalization this potential 
should be eliminated. 

(iii) The thermal liquid-junction potential 
produced by the different tendencies of ions to 
move across a temperature gradient (the Soret 
effect). A tabulation by Macdonald66 shows that 
for strong acids this is -0.2 It 0.2 mV/degree, 
for strong bases -0.5 mV/degree and for alkali- 
metal chlorides + 0.03 mV/degree, depending 
on concentration. In simple cases an empirical 
correction can be applied.72 

(iv) The thermoelectric effect between metallic 
contacts. This should be negligible compared 
with the others. 

Components (i)-(iii) result in contamination 
of the test and/or reference solution. Even if the 
solutes in the test solution do not directly affect 
the reference element, ingress of test solution or 
water will dilute the reference solution and thus 
affect the electrode potential, and ingress into 
the junction can make it very unstable, as has 
been observed at room temperature.73 Injection 
of concentrated salt into the test solution may 
affect activity coefficients (and hence the pH) or 
cause corrosion. The prevention of mass trans- 
fer by eliminating the pressure differential is 
the most important factor in reducing these 
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Fig. 4. Pressure-compensating reference electrode for use 
in high-temperature solutions. Reprinted by permission 
of the publisher, The Electrochemical Society, Inc., from 
D. D. Macdonald, P. R. Wentrcek and A. C. Scott, 

J. Elecrrochem. Sot., 1980, 127, 1745. 

problems, and several designs18~M~74-76 have been 
proposed for pressure-compensating reference 
electrodes, e.g., that in Fig. 4. Flexible PTFE 
tubing is used to ensure equality of pressure. 

Isothermal cells 

Keeping the reference and sensing electrodes 
at the same temperature eliminates the thermal 
liquid junction and thermoelectric effects de- 
scribed above, and theoretically the streaming 
potential also. In practice it is difficult to 
avoid streaming potentials of some ill-defined 
sort, especially in stirred or pumped solutions. 
Hettiarachchi and Macdonald” proposed gell- 
ing the reference solution to prevent streaming 
potentials. Their electrode was stable in two 
fairly well-buffered solutions at 280”, but appar- 
ently only after an initial 400 mV shift on first 
being taken to high temperatures. From studies 
at room temperature,69*7’ gelled electrodes are 
known to be unsuitable for accurate pH work, 
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Buffer 

Table 2. NIST standard buffers at high temperature 

NBS” Manning” 

pH (25”) Max. temp., “C Max. temp., “C 

Primary standarcis 
KH tartrate (saturated at 25”) 
KH, citrate (0.05~) 
KH phthalate (O.OSm) 
KH,PO, (0.025m) + 

Na,HPO, (0.025~) 
KH,PO, (0.~8695~) -t 

Na,HPO., (0.03043m) 
Borax (0.01~) 
NaHCO, (0.025m) + 

Na,CO, (0.025m) 
Secondary standard 
KH, (GO,), (0.05m) 
Ca(OH), (saturated at 25”) 

3.557 
3.776 
4.008 
6.865 

7.413 

9.180 
10.012 

1.679 95 120$ 
12.454 60 

95 16O*t 
50 
95 200 
95 T 

50 li 

95 * 

50 

*See Table 3 for results from cell with transfer. tDecomposes at 170”. $Decomposes at 
130°C. @olution stable at 200” but reference electrode decomposed. 

because of t~m~rature hysteresis and “memory 
efIects” (from the previous solution tested). 
Further testing of the high-temperature gelled 
electrode is required, especially over a number 
of temperature cycles and in dilute and buffered 
solutions in succession. 

At high temperatures the materials of con- 
struction of the body of the reference electrode 
may be troublesome. Van Osch and Huybregts’* 
preferred zircaloy to PTFE or stainless steel. 

BUFFER SOLUTIONS 

The Nationai Institute of Standards and 
Technology (formerly National Bureau of Stan- 
dards) buffers 62 have been further studied at 
above 100” by Manning,79 with a hydrogen 
electrode in a cell without transference. 
Manning’s data for phthalate buffer were cor- 
rected for hydrogen pressure and fitted to a 
function of temperature by Covington et aLEo 
The status of the NIST buffers is summarized in 
Table 2. Manning reported that in neutral and 

alkaline solutions, reduction occurred at the 
Ag-AgC1 reference electrode, although this may 
have been mistaken for AgzO formation. 

Table 3 summarizes work that is less rigorous 
in that liquid junctions and/or experimental 
sensors are involved. Macdonald et al.” calcu- 
lated the pH of various B(OH),-LiOH mixtures 
from thermodynamic data. Good correlations 
with e.m.f. values measured with various pH 
sensors have been obtained up to 200”, but 
increasing deviations are seen at higher tem- 
peratures. 23 Table 4 shows some results for 
NIST buffers up to 250”, but these are ob~ously 
not of the reliability achieved below 100”. 

The quantity and quality of data available for 
temperatures above 100” (and more so above 
200”) are very limited. The establishment of 
good standards is vital for the calibration of 
cells and intercomparison of data. Further 
impetus to this work, however, may be lacking 
unless the sensors and reference electrodes of 
interest can themselves be improved. Progress is, 
therefore, likely to be slow and cyclical. 

Table 3. Some solutions used in hi-tem~ratu~ pH work* 

Composition PH Max. temp., “C Electrochemical cell 

B(OH), (O.OOl-O.lM) 5-6 275 Pd hydride-external ref.re*23 
B(OH),-LiOH mixtures 7-9 275 and 
LiOH (O.Ol-O.lM) 9.3-10.5 275 ZrO, membrane--external ref.% 

H,SO, (O.OOSM) -2.5 275 
H,PO, (O.OlM) 

2.5-3.2 275 ZrO, membrane--external ref.JO 

KH2P0, (0.025M) + Na,HPO, (0.025M) 5-6.5 240 
HOAc (O.OlM) + NaOAc (O.OlM) 3.8-4.5 250 

Pd hydride-Ag/AgC12’ 

HCl (0.01, O.lm) l-2 250 
KH tartrate (saturated at 25”) 3.54.0 150 
HOAc (O.Ol~} + NaOAc (O.Olm) 4.7-5.8 250 Differential hydrogen electrode 
KH,PO, (0.025~) + Na,HPC$ (0.02%) 6.9-7.6 250 (vs. R/H, in standard HCl)” 
Borax (O.Olm) 9.2-8.5 250 

*Older work is cited by Maedonald.@ 
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Table 4. pH of some NIST buffers at high temperature 

Temperature, “C 100 125 150 175 200 

KH phthalate (O.OSm)* 4.49 4.63 4.78 4.93 
KH,PQ, (0.025~~) + NazHPO, (0.025m)t 6.88 6.92 7.04 7.15 7.30 
Borax (O.Olm)t 8.22 a.75 a.65 a.60 8.56 

225 

5.08 
7.45 
8.53 

779 

250 

7.60 
8.50 

*Measured by Manning,- corrected and fitted to a temperature function by Covington et ai.@ and 
rounded. 

TMeasured by L.e Peintre* in cell with liquid junction. 

Tris(hydroxymethyl)aminomethane is a use- 
ful buffer at room temperature and new thermo- 
dynamic data8’ for up to 200” should enable 
pH values to be calculated in the “moderately 
alkaline” region. 

Sensors 

The hydrogen electrode remains the primary 
standard but is inconvenient to use and subject 
to redox interferences. Metal-hydride electrodes 
appear to offer as many complications as 
simplifications, compared with the hydrogen 
electrode itself, and become hydrogen electrodes 
in hydrogen-saturated solutions. 

Metal-metal oxide electrodes offer no advan- 
tages of performance, being susceptible to 
redox and complexation interferences and rarely 
approaching Nernstian response even in the 
most favourable circumstances. Iridium oxide 
electrodes are the only systems to show any 
promise so far, but there is uncertainty about 
the mechanism and much remains to be dis- 
covered about their performance. The low 
impedance of these electrodes is an advantage if 
miniature devices are required. 

Membrane electrodes offer convenience in 
handling and freedom from redox and complex- 
ation interference. The two systems at present 
available are complemental: the glass mem- 
branes suffer chemical attack above 150-200” 
and have alkali errors, while the yttria-stabilized 
zirconia membranes work best at above 200” 
and have acid errors. The zirconia membrane 
electrode is in an early stage of development, 
roughly equivalent to that of the glass electrode 
50 years ago. The membrane’s high impedance 
makes miniaturization difficult. 

Semiconductor measurements have been so 
scanty that assessment is very difficult. The 
apparatus required is more complicated than for 
potentiometry, but that would be a secondary 
matter if the sensor performed well enough. 

l-AL 37/&B 

Optical fibre sensors have the great attraction 
that a reference electrode is not needed but 
these devices are affected by many extraneous 
factors and their performance in poorly buffered 
solutions is highly dubious. No high-tem- 
perature measurements appear to have been 
demonstrated. 

In practice, the only question is whether to 
use a silver-silver chloride reference electrode at 
the same temperature as the sensor or externally 
at a constant temperature (with a greater un- 
certainty about the contribution of the liquid 
junction). No other reference electrode offers 
any substantial advantages. The situation is 
thus much as it has been in studies at room 
temperature for 80 years, only more extreme. It 
may be noted that none of the measurements 
reported so far have been on dilute solutions, so 
the problems experienced with such solutions at 
room temperature have yet to be confronted in 
high-temperature work. 

Solutions 

Buffer solutions for calibration are required 
that will suit all temperatures, but particularly 
for use at above 200” and in the neutral and 
alkaline pH ranges. Tests on dilute solutions are 
also necessary to confirm the general feasibility 
of pH measurements. 

Applications 

Thermodynamic measurements of protolytic 
equilibria have been made with the hydrogen 
electrode for boric9*82 and phosphoric’ acids 
and ammonia9 up to 295” and aluminium ion 
hydrolysis9”’ up to 1 SO”. The systems studied by 
high-temperature pH or conductivity measure- 
ments have been reviewed.84 The ion product of 
water is essential to an understanding of these 
measurements and a good description exists for 
up to 1000” and 10 kbarBs More recently, the 
zirconia membrane electrode has been used to 
study the corrosion of metals at temperatures up 
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to about 290” either by monitoring the pH*“**’ or 
by acting as a “pseudo-reference” electrode 
in moderately well-buffered solutions.88 Most 
recent work is aimed towards on-line measure- 
ments in the reactor coolant of light water 
reactors’8 and has been concentrated on borate 
solutions.20*23~50 Corrosion by COZ in oil and gas 
wells has led to the development of glass elec- 
trodes working at up to 74” and 1000 bar.89 Sour 
environments are even more rigorous (up to 100 
bar partial pressure of H,S or CO2 in up to 20% 
sodium chloride at up to 260”) and the Nb- 
doped rutile semiconductor sensor has been 
used% for laboratory studies in such conditions. 
Geochemical use of the measurements may 
readily be envisaged in both its pure and applied 
(e.g., geothermal energy,” nuclear waste stor- 
age”) aspects. 

It may be noted that studies have been re- 
stricted to temperatures up to 300”, principally 
because of the properties of PTFE seals and 
insulators. 

CONCLUSIONS 

The systems most likely to advance in the 
immediate future are membrane sensors, 
whether by development of membranes of zir- 
conia (or similar ceramics) or by improvement 
of silicate glasses. There have been no recent 
advances in the appropriate glass technology, 
probably because of a perceived lack of com- 
mercial interest. 

The silver-silver chloride reference electrode 
is still the best available, but its limitations 
remain, particularly in regard to interference by 
hydrogen, and new ideas for reference elec- 
trodes are worth pursuing. Any improvements 
in the reference electrode would be doubly 
valuable in also improving the measurement 
of redox and corrosion potentials at high 
temperatures. 

Work needs to be done to provide standard 
pH solutions suitable for use at above loo”, 
especially above 200” and in neutral and 
alkaline solutions. 

Doubtless because of the need to advance on 
three fronts at once, no sensor has yet been 
tested at all thoroughly, particularly in regard to 
operation in dilute solutions and at varying 
temperatures. The economics of the energy 
industries, however, justify continuing effort on 
high-temperature measurements of pH. 

Acknowledgement-Published by permission of National 
Power. 
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Summary-A highly sensitive voltammetric method for trace measurements of the alkaloid colchicine is 
described. The method is based on the controlled adsorptive accumulation of the drug at the hanging 
mercury drop electrode, followed by voltammetric determination of the surface species. The adsorptive 
stripping response is evaluated with respect to preconcentration time and potential, solution pH, 
voltammetric waveform and other variables. With a IO-mm preconcentration, a detection limit of 
1.3 x lo-‘OM is obtained. The relative standard deviation (at the 1 x lo-‘44 level) is 1.1%. Applicability 
to urine analysis is illustrated. 

The plant alkaloid colchicine is known for its 
effective treatment of acute gouty arthritis.‘** 
The drug inhibits the migration of leucocytes to 
inflammatory areas, thus interrupting the 
inflammatory response that sustains the acute 
attack. It is also being studied as a potential 
HIV inhibitor, in connection with the treatment 
of AIDS.3 Highly sensitive methods are thus 
essential for the evaluation and administration 
of colchicine. Various chromatographic4*’ and 
spectrophotometric6,7 procedures have been em- 
ployed for this purpose, as well as for analyses 
of pharmaceutical preparations. Electrochem- 
istry has not been widely used for measurements 
of colchicine. The drug produces a single l-elec- 
tron polarographic reduction wave’ and can be 
oxidized in two 2-electron steps.Q Earlier 
voltammetric schemes based on these processes 
yielded detection limits in the micromolar level 
that were sufficient only for tablet assays.8*Q 

The present work reports an extremely sensi- 
tive voltammetric procedure for trace measure- 
ment of colchicine, based on its adsorptive 
accumulation at the hanging mercury drop elec- 
trode. Adsorptive stripping voltammetry has 
been successfully applied for trace measure- 
ments of numerous compounds of pharmaceuti- 
cal significance. lo As illustrated in this 
communication, the reduction behavior of col- 
chicine can be coupled with its strong adsorp- 
tion on mercury surfaces to yield detection 

*Author for correspondence. 
TPermanent address: Faculty of Pharmacy, Ege University, 

Izmir, Turkey. 

limits at the subnanomolar level. The character- 
istics and advantages of the resulting adsorptive 
stripping scheme are elucidated in the following 
sections. 

EXPERIMENTAL 

Apparatus 

The equipment used to obtain the voltamper- 
ograms, an EG&G PAR Model 264A voltam- 
metric analyzer with an EG&G PAR 303A 
static mercury drop electrode, has already been 
described in detail.“,‘* A medium-size drop 
(area, 0.015 cm*) was employed. The cell was 
covered with aluminum foil. 

Reagents 

All solutions were prepared with doubly dis- 
tilled water. Stock solutions of colchicine 
(Sigma) were made up fresh each day and were 
stored in the dark at 4”. Urine samples were 
obtained from healthy volunteers. 

Procedure 

A lo-ml volume of O.OlM sodium hydroxide 
was added to the cell and deaerated by passage 
of nitrogen for 8 min. The preconcentration 
potential (-0.9 V) was applied for a selected 
time while the solution was stirred at 400 rpm. 
The stirring was then stopped, and after 15 set 
the voltamperogram was recorded by applying 
a differential pulse scan. The scan was 
terminated at - 1.6 V and the adsorptive strip- 
ping cycle was repeated with a new mercury 
drop. 
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Fig. 1 I Repetitive cyclic voltamperograams for 1 x 1W6M colchicine after 0 (A(A) and 3 (8) min accwulation 
at -0.9 V. Scan rate, 50 mVjsec. Electrolyte, O.OtM NaOH. Shown also (inset) the dependence of 
logarithm of the peak current (a) or the peak potential (b) on the bogus of t&e potential scan rate, 

fulsULTS AND DIscussIoN 

In Fig. 1, B illustrates repetitive cydic voltam- 
perograms for I x 10-sM colcbicine, recorded 
after pr~once~tration at -0.9 V for 3 min. A 
large and we&defined cathodic peak is observed 
at the first scan (designated as I), at cu. 
- 1.38 V. No peaks are observed in the anodic 
branch. Subsequent scans exhibit a rapid 
diminution of the peak to a stable iralue repre- 
senting the response of solution species (as 
indicated from analogous voltamperograms 
without accumulation). The large peak shown in 
B in Fig. 1 represents full surface coverage. 
Integration of this peak gives a charge of 
0.832 PC, which corresponds to surface caver- 

age of 5.75 x lO-‘* mole/cm.2 Each colchicine 
molecule adsosbed thus occupies an area of 
0.29 nm2. The eRects of potential scan rate (0) 
on the peak current were evaluated for the 
surface-bound colchi~ine (Fig. 1, inset). A plot 
of Iog iP z?s. log u (a) was linear over the 
5-200 mV/sec range, with a slope of 0.92 (corre- 
lation coefficient, 0.999). A slope of 1.00 is 
expected for an ideal surface reaction. A 4%mV 
negative shift in the peak potentid was observed 
upon increasing the scan rate from 5 to 
200 mY/sec. 

The spontaneous adsorption of colchicine can 
be used as an effective precancentration step 
prior to the voltammetric measurement. In this 
way, highly sensitive adsorptive stripping 
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Fig. 2. Effect of preconcentration period on the voltammetric response for 5 x lo-*M colchicine in O.OlM 
NaOH solution. Preconcentration period: (a) 0, (b) 30, (c) 60, (d) 120 and (e) 180 sec. Preconcentration 
potential, -0.90 V. Differential pulse waveform with SO mV amplitude and 10 mV/sec scan rate. Also 

shown are the resulting current-time plots for 5 x lo-*M (A) and 1 x lo-‘M (B) colchicine. 

measurements of the drug can be achieved. 
For example, Fig. 2 shows differential-pulse 
voltamperograms for 5 x IO-*A4 colchicine after 
different preconcentration periods. Quantifica- 
tion at this level is not feasible without precon- 
centration (a), but well-defined peaks are 
observed following preconcentration (b-e). The 
peak half-width is 60 mV. The longer the pre- 
concentration period, the more colchicine is 
adsorbed, and the larger the peak current. Also 
shown in Fig. 2 are plots of peak current VS. 
preconcentration time for 5 x lo-*M (A) and 
1 x lo-‘M (B) colchicine. At both levels the 
peak current at first increases linearly with time, 
and then levels off. 

The solution pH has a strong effect on the 
adsorptive stripping response (Fig. 3a). For 
example, increasing the pH from 10 to 12 results 
in a sharp increase in the peak; a rapid decrease 
in the response was observed at pH > 12. The 
dependence of the peak current on the precon- 
centration potential was examined over the range 
from - 0.7 to - 1.2 V (Fig. 3b). A strong adsorp- 
tion was observed over the entire range. A pre- 

concentration potential of -0.9 V and a pH of 
12 offered the best signal-to-background charac- 
teristics and were used in most subsequent work. 

E.,(V), b 
-0.6 -1.0 -1.2 

1 I II 

3- 

0 
L 

;i2- 
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0 

l- 

90-O 11 12 13 

W, a 

Fig. 3. Effects of the pH (a) and preconcentration potential 
(b) on the colchicine peak current. Colchicine concentration, 
(a) 1 x lo-‘M and (b) 2 x lo-‘AL Reconcentration period, 

(a) 120 and (b) 60 sec. Other conditions as for Fig. 2. 
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Table 1. Effect of pulse amplitude and scan rate upon 
the adsorptive stripping response of 4 x 10-‘&f col- 

chicine after 60-see preconcentration 

Scan rate, Amplitude, Peak Peak 
m V/see WlV current, pA potential, V 

2 50 0.95 -1.28 
5 50 1.50 - 1.30 

10 50 2.45 -1.32 
10 25 0.95 -1.33 
10 50 2.45 -1.32 
10 100 2.83 - 1.27 

Both the differential-pulse and linear-scan 
stripping modes permitted convenient quantifi- 
cation of submicromolar and nanomolar con- 
centrations. The first of these techniques yielded 
improved signal-to-background characteristics 
and was used throughout. As expected, the 
pulse amplitude and scan rate had a profound 
effect on the adsorptive stripping peak current 
and potential (Table 1). 

The adsorptive stripping response of col- 
chicine was further characterized with respect to 
concentration dependence, detection limit and 

1.4 

1.0 

-1.2 -1.5 0 

Potentiol (V 1 

reproducibility. Figure 4 shows voltampero- 
grams for solutions of increasing colchicine 
concentration, from 1 x 10e8 to 5 x 10e8M 
after 120~see preconcentration. Well-defined 
peaks are observed. Also shown in Fig. 4 are 
calibration plots for the l-10 x 10m8M range, 
obtained with different preconcentration times. 
For 30-, 60- and 120~set preconcentration, the 
response is linear for the entire range (slopes: 
4,4, 8.0 and 13.4 nA. 1. mole-’ respectively; 
correlation coefficients, 0.999). The adsorptive 
accumulation of colchicine results in extremely 
low detection limits. For example, a well-defined 
voltammetric peak is obtained for 5 x 10m9M 
colchicine following a 10 min accumulation 
(Fig. 5). A detection limit near 1.3 x lo-‘OM is 
estimated from the signal-to-noise characteris- 
tics (S/N = 3) of these data. This value means 
that in the 10 mi of solution used, 0.5 ng of 
colchicine can be detected. The high sensitivity 
is accompanied by good reproducibility of the 
results. The precision was estimated by 12 suc- 
cessive measurements of 1 x 10V7M colchicine 

I I 

3 6 9 

Concentration tx 16* M) 

Fig. 4. Voltamperograms obtained for solutions of increasing colchicine concentration, l-5 x 10e8M 
(a-e). Preconcentration period, 120 sec. Other conditions as for Fig. 2. Also shown are the resulting 

calibration plots for different preconcentration times: (A) 30, (B) 60 and (C) 120 sec. 
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Fig. 5. Voltamperograms for the blank (a) and 5 x 10e9M 
colchicine (b) solutions, with IO-min preconcentration. 

Other conditions as for Fig. 2. 

(conditions as for Fig. 2d). The mean peak 
current was 0.989 ,uA, range 0.975-1.000 PA, 
and relative standard deviation 1.1%. Such 
precision, detection limit and linearity offers 
significant advantages over earlier voltammetric 
schemes for colchicine,8*9 and hold great poten- 
tial for assays of relevant samples. 

Figure 6 illustrates the feasibility of measur- 
ing colchicine in urine samples. No sample 
preparation was used, other than a 1 + 4 dilu- 
tion with the supporting electrolyte. Urine sam- 
ples with ascending colchicine concentrations, 
l-4 x 10e5M (b-d) yielded well-defined peaks, 
following a very short preconcentration period. 
The voltamperogram (a) for a urine blank 
shows no interfering peaks. Analysis of more 
complex physiological fluids would require a 
sample clean-up procedure, commonly used in 
clinical laboratories. This is particularly the 
case for blood plasma samples containing 
strongly adsorbable proteins. Such surface- 
active materials may affect the adsorptive 
stripping response of colchicine through com- 
petitive coverage. For example, while the pres- 
ence of dodecyl sodium sulphate (up to 
2 ppm) did not alter the 5 x lo-*M col- 
chicine peak, cu. 60% peak depression was 
observed in the presence of 2 ppm gelatin 
(60-see preconcentration). 

I 214 

4 
-1.0 

Potential (VI 
- 1.3 

Fig. 6. Voltamperograms for diluted (1 + 4) urine solutions 
spiked with different levels of colchicine: (a) OM; (b) 
1 x 10-5M; (c) 2 x IO-‘M; (d) 3 x 10e5M; (e) 4 x 10-sici; 
(f) 5 x 10m5M. Preconcentration for 2 sec. Other conditions 

as for Fig. 2. 
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Summary-The determination of linuron by differential pulse voltammetry with a carbon-paste electrode 
modified with 20% w/w sepiolite has been studied. The linuron is preconcentrated under open-circuit 
conditions at pH 2.0. With 0.0144 potassium nitrate at pH 1.7 in the measurement cell, a sweep rate of 
30 mV/sec and a pulse amplitude of 100 mV, an oxidation wave with a peak potential of 1.2 V is obtained. 
Under these conditions, determination limits of 75 ng/ml have been obtained, with a relative error of 
+2.8% and a relative standard deviation of 8.0%. The method has been applied to the direct 
determination of linuron in river water with no previous separation of the pesticide. Determination in 
sea-water is not possible, as chloride interferes at high concentration. 

The use of magnesium silicates in chromato- 
graphic columns or in clean-up systems for 
the separation and subsequent determination 
of different pesticides’ takes advantage of the 
adsorption capacity of these clay minerals for 
certain organic compounds. 

Carbon-paste electrodes modified with clays 
can easily be prepared and can be used for 
the oxidation or reduction of electroactive 
groups in adsorbed compounds. Such electrodes 
can be used for the determination of organic 
compounds which are difficult to determine 
electrochemically with mercury, carbon or 
metal electrodes, on account of signals that 
are difficult to interpret owing to capacitive or 
residual currents which may mask the analytical 
signal. 

Such modified carbon-paste electrodes have 
been used for the determination of various 
organic compounds without prior separationt- 

In the present work, the use of an electrode 
modified with sepiolite (a magnesium silicate) 
for determination of the organochlorine herbi- 
cide linuron, 3-[3,4-(dichlorphenyl)-l-methoxy- 
I-methylurea], was examined. 

Linuron residues have been determined by 
gas chromatography with electron-capture,>’ or 
mass spectraP” detection, for example in air,‘O 
and in soya beans by HPLC.” 

Various polarographic techniques have been 
applied to the determination of Linuron.‘* It 
is now shown that linuron can be directly 

adsorbed from aqueous medium onto a carbon- 
paste electrode modified with sepiolite and then 
measured by anodic-stripping differential-pulp 
voltammetry. 

EXPERIMENTAL 

Apparatus 

The electrode was prepared with carbon 
paste made from spectroscopic grade graphite 
(particle size ~42 pm) and nujol oil (1: 1 w/w). 
Sepiolite previously ground to a particle size of 
0.2 pm was added to this under humid con- 
ditions. The paste was inserted in a 5-cm length 
of 1.4-mm bore polyethylene tube to a depth of 
0.5 cm, along with a copper wire to achieve 
direct contact with the mixture. A Metrohm 
E-506 Polarecord was used for differential pulse 
(DPV) voltammetry and an Amel 448/A oscillo- 
polarograph coupled to a Hewlett-Packard X-Y 
recorder for cyclic voltammetry. 

Two cells were used: one for preconcen- 
tration of linuron from solution and the other, 
containing the supporting electrolyte, the refer- 
ence electrode (SCE) and a platinum counter- 
electrode, for the stripping measurement. 

Reagents 

Stock solutions of linuron were prepared by 
dissolving the commercial product (96% pure) 
in methanol and diluting with water. 

789 
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Procedure 

The modified electrode was placed in the 
preconcentration cell containing 20.0 ml of 
a solution of linuron and left under open- 
circuit conditions for a preselected time. The 
electrode was then washed with water and trans- 
ferred to the measurement cell and the DP 
voltamperogram was recorded between + 0.8 
and +1.5 V. 

RESULTS AND DISCUSSION 

Figure 1 shows the cyclic voltammetric 
behaviour of an electrode modified with 
20.0% sepiolite, kept for 5 min in a 50 ,ug/ml 
solution of linuron at pH 2, then transferred 
for measurement to a cell containing O.OlM 
potassium nitrate adjusted to pH 1.7 with nitric 
acid. 

In the first sweep there is a wave at + 1.3 V 
and in the return sweep two waves appear at (a) 
0.45 V and (b) 0.22 V; these are the reduction 
waves for the oxidation product of linuron. 

In the second oxidative sweep two waves 
appear: (c) at 0.35 V and (d) 0.55 V correspond- 
ing to the oxidation steps for waves (a) and (b) 
respectively, the wave at + 1.3 V disappearing in 
this second cycle. 

The other waves decrease in intensity in suc- 
cessive sweeps until a residual current level is 
reached. This phenomenon provides a method 
for regenerating the electrode without renewing 
the surface of the paste electrode. 

This behaviour could be accounted for by 
analogy with what is known of the metabolism 
of linuron,13 that is, by assigning the oxidation 
wave at 1.3 V to the elimination of the methoxy 
group (replaced by a hydrogen atom) through 
the formation of formic acid. The reduction 
products observed (E = 0.4 V) would then be 
formaldehyde and methanol, which would sub- 
sequently be oxidized in a second sweep, and 
disappear from the surface of the electrode and 
into the solvent. 

In DPV the same kind of behaviour is 
observed as in cyclic voltammetry (Fig. 2). In 
this case it is possible to regenerate the electrode 
with the same efficiency by keeping the electrode 
polarized at + 1.5 V for 2 min. 

To establish the most suitable conditions 
for the determination of linuron, the variables 
that could affect each of the stages were 
studied by use of an electrode modified with 
10% sepiolite, a 5.0 pg/ml linuron solution, a 6 
min preconcentration time, O.OlM potassium 
nitrate as the supporting electrolyte for the 

Fig. 1. Multi-sweep cyclic voltamperogram for linuron at 100 mV/sec. 
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Fig. 2. Differential pulse voltamperogram for linuron, 5.0 pg/ml. (1) First, (2) second and (3) third scan: 
v = 30 mV/sec; BE = 100 mV. 

DPV, a 30 mV/sec sweep rate and 100 mV pulse 
amplitude. 

When the pH of the sample was varied by 
addition of nitric acid or potassium hydroxide, 
with measurement at pH 8 (O.OlM phosphate 
buffer) the highest peak current was reached for 
accumulation at pH 2 (Fig. 3a). When the pH 
in the measurement cell was varied, after accu- 
mulation at pH 2, the highest peak current was 
recorded for pH 1.7 (Fig. 3b). In neither of 

I I 

PH 

Fig. 3. Influence of pH: (a) 4 in preconcentration cell; 
(b) ip measurement cell; (c) EP. 

these modes of measurement did the peak po- 
tential (1.2 V) change, indicating that no pro- 
tons participate in the oxidation of linuron. 
A variation of the accumulation time (at pH 
2.7 with measurement at pH 1.7) showed that 
for times above 9 min, ip remained constant 
(Fig. 4a). 

With lower concentrations (0.3 pg/ml) the 
results pointed to the same kind of behaviour, 
although a constant ip was reached at 15 min 
(Fig. 4b). This confirms that the preconcen- 
tration stage is due to adsorption of the 
analyte onto the electrode, with saturation time 
increasing as the concentration of the analyte 

Fig. 
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4. Influence of accumulation time: (a) 5.0 pg/ml, (b) 
j~g/ml linuron. 
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Table 1. Sensitivity with different 
compositions 

Table 2. ~nsiti~ty with different 
electrolytes at O.OlM concentration 

Sepiolite, 
% W/W 

IPT 
UA Electrolyte 

5.0 1.8 
10.0 2.3 
20.0 6.9 
40.0 No wave 

decreases. Varying the proportion of sepiolite 
showed that maximum ip was attained with 
20% w/w residual currents increasing for higher 
proportions (Table 1) and i,, decreasing for 
lower ones. 

With the selected pH values and an accumu- 
lation time of 6 min, we studied the instrumental 
parameters with a pulse amplitude (AE) of 
100 mV (Fig. 5a); iP increased with sweep rate to 
a maximum at 30 mV/sec. With a constant 
sweep rate of 30 mV/sec, ir varies linearly with 
AE = 100 mV (Fig. 5b). 

A study of different electrolytes at a con- 
~ntration of O.OlM and pH 1.7 (Table 2) 
showed that of those studied, potassium nitrate 
and perchlorate gave the largest peak heights, 
but with the latter, as successive measurements 
were made iP decreased until during the fifth 
measurement the oxidation wave disappeared 
and it was necessary to replace the electrode by 
another owing to interference by the perchlorate 
ion. 

A parabolic plot of iP vs. potassium nitrate 
concentration was found, with maximum 
sensitivity at O.OlM, above which exchange of 
~tassium with the sepiolite and a decrease in 
absorption power was evident. 

Figure 6 shows the stripping curves and a 
calibration plot obtained with an accumulation 
time of 9 min; it was linear, and could be 
described by iP @A) = 11.7 $4.12C &g/ml) 
with a correlation coefficient (r) of 0.999. At the 

0 80 AE (mv) 
k 

Fig. 5. Infiuence of (a) scan rate; (b) pulse amplitude, on ip. 

1 ie3lmf level, measurement with 5 different 
electrodes (10 dete~nations with each) indi- 
cated a relative error of + 1.7% and a relative 

KNO, 25.0 
KClO, 24.6 
KC1 15.6 
Na2HP0, 15.0 
CH,COOK 10.1 

0.8 1.0 1.2 E (VI 

Fig. 6. Calibration voltamperograms and graphs obtained 
for linuron: (I) a, 1.0; b, 2.0; c, 3.0; d, 5 pg/ml. (II) Below 

0.3 /rg/ml. R = residual current. 
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the response of the electrode to concentrations 
of linuron below 0.3 pg/ml, using an accumula- 
tion time of 15 min. The equation for the linear 
calibration was then 6 (CIA) = 11.6 + 27.1C 
&g/ml) with r = 0.988. 

Under these conditions the relative error was 
found to be +2.8% for 0.1 pg/ml, with a 
relative standard deviation of 8.0%; the limit of 
detection was 75 ng/ml. 

The method was employed for the determina- 
tion of linuron in river water and sea-water with 
no prior separation step. Samples were acidified 
to pH 2 and analysed according to the pro- 
cedure described. 

The voltammetric curves are shown in Fig. 7. 
In this figure, the difference between the two 
matrices can be seen. Whereas with river water 
(a) there is a perfectly defined peak, with a large 
difference between the blank and the sample, 
the salt concentration of sea-water (b) causes 
a poorer definition of the voltammetric peak 
owing to adsorption of the chloride ions present 
in the matrix. This effect was also observed 
when potassium chloride was tried as the sup- 
porting electrolyte, which is why use of this 
compound was discarded and replaced by use of 
the phosphate buffer. The effect of the chloride 
concentration is to distort the signal to the 
extent of preventing direct measurement in sea- 
water. 

Interferences 

Endosulfan, dinocap, phenol, aniline, nitro- 
benzene and tetramethin were examined and all 
found to interfere in the linuron determination. 
For environmental samples some sort of clean- 
up or preliminary separation would be neces- 
sary, to avoid interferences. On the other hand, 
the electrode could be used for determination of 
other pesticides. 

Acknowledgemenr-The authors would like to express their 
gratitude to the CICYT for support for Project PA 86/0367, 
under the auspices of which this work was carried out. 
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Fig. 7. Determination of linuron in water: I, river; II, 
sea-water; a, residual current; b, without linuron; c, with 

aqldition of 2 pg/ml linuron. 

standard deviation of 5.0%. The limit of detec- 
tion was 0.3 pg/ml. With a view to improving 
the performance of the method, we also studied 
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AN AMPEROMETRIC ENZYME ELECTRODE FOR THE 
DETERMINATION OF 3a-HYDROXYSTEROIDS 

Mm TEODORCZYK* and WILLIAM 

(Received 5 October 1989. Revised 24 January 1990. Accepted 6 February 1990) 

Summary-An enzyme electrode for quantifying the total content of 3u-hydroxysteroids is described. 
3a-Hydroxysteroid dehydrogenase (E.C. 1.1.1.50) was immobilized on the surface of glassy-carbon and 
low-temperature isotropic-carbon electrodes by intermolecular cross-linking with bovine serum albumin 
and ~utar~dehyde. The effects of the following factors on the response to androste~ne were studied: 
applied potential, the concentration and pH of the pyrophosphate buffer used, and the NAD concen- 
tration. The MichaelicMenten constant for 3a-hydroxysteroid dehydrogenase in solution was determined 
amperometrically with androsterone as substrate (K,,, = 189rM). A preliminary report of the response of 
the system to serum samples containing a bile acid is presented. 

The methods available for the determination 
of individual steroids in biological fluids are 
numerous, sensitive and specific. In some situ- 
ations, however, it is of interest to know the 
total concentration of groups of steroids. For 
example, in the diagnosis of adrenocortical or 
hepatobiliary diseases it is important to know 
the total content of 3a-hydroxysteroids in the 
urine and the total bile acids concentration in 
the serum.‘-3 

Several methods for the dete~nation of bile 
acids are based on the enzymatic reaction be- 
tween the 3cl-hydroxysteroid and nicotinamide 
adenine dinucleotide (NAD) in the presence of 
3a-hydroxysteroid dehydrogenase.“5 Very often 
a combination of HPLC separation with post- 
column enzymatic reaction and visible,6 ultra- 
violet”” or fluorescence detection”-‘5 is used for 
the assay of bile acids in bile or serum. Because 
the cofactor of the enzymatic reaction, NAD, 
can be monitored electrochemically, some at- 
tempts have been made to determine serum bile 
acids pyrometrically. Kamada et ~1.‘~ used a 
post-column enzyme reactor with 3cr-hydroxy 
steroid dehydrogenase immobilized on amino- 
propyl controlled-pore glass beads. The NADH 
generated reacted with phenazine methosulfate 
which, in turn, was oxidized on a glassy-carbon 
(GC) electrode at +O.lO V. Campanella et al.” 
determined cholic acid in human bile by using 

*Present address: LifeScan Inc., 2443 Wyandotte, Mountain 
View, CA 94043, U.S.A. 

tAuthor for correspondence. 

a system consisting of 7a- or 3a-hydroxysteroid 
dehydrogenase and peroxidase with NAD; de- 
tection was accomplished amperometrically 
with a Clark oxygen electrode. Albery et al.” 
employed a conducting organic salt electrode to 
oxidize NADH produced in the oxidation of 
bile acids. 

Here we report an extremely easy method for 
the preparation of an enzyme electrode for the 
determination of total 3a-hydroxysteroids. We 
also describe the optimi~tion of the assay 
conditions [pH, buffer and cofactor concen- 
tration, potential applied to the GC or low- 
temperature isotropic-carbon (LTIC) electrode], 
and present some kinetic aspects of the process. 
Preliminary results for the assay of a bile acid in 
serum are also include. 

EXPERIMENTAL 

Reagents 

Reagents were purchased from Sigma Chemi- 
cal Co. (St, Louis, MO) unless otherwise stated. 
Sodium pyrophosphate buffer solution, 0. lM, 
was prepared from tetrasodium pyrophosphate 
and adjusted to the desired pH with concen- 
trated hydrochloric acid. Pot&ssium phosphate 
buffer, O.OlM, was prepared from potassium 
monohydrogen and dihydrogen phosphates and 
adjusted to pH 7.2 with potassium hydroxide. 

Glycine, bovine albumin, and glutaraldehyde 
solutions were prepared at 0. lM, 50 mg/ml, 
and 2.5% v/v concentrations respectively, in 
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potassium phosphate buffer. NAD, as the lyo- 
philized free acid, was used as a 12mM solution 
in demineralized water and neutralized by the 
addition of solid sodium bicarbonate until 
effervescence ceased. NADH was used as a 
O.lM solution in pyrophosphate buffer. Solid 
3a-hydroxysteroid dehydrogenase (HSD) from 
Pseudomonas testosteroni was reconstituted with 
potassium phosphate buffer, as needed, and 
stored at 4” for no longer than 3 days. Triton 
X-100 was used as a 6.0% v/v solution in 
pyrophosphate buffer. The 3@-hydroxysteroids 
androsterone, tetrahydrocortisone, tetrahydro- 
cortisol, cholic acid and deoxycholic acid were 
mainly used as 1.5 mg/ml solutions in methanol 
and stored in tightly sealed vessels at 4”. Calf 
serum bile acid calibrator was supplied by 
Sigma Chemical Co. Constant ionic strength in 
the solutions used in electrochemical exper- 
iments was maintained by adding 1 .OM sodium 
chloride. 

Apparatus 

DC cyclic voltammetry experiments in quiesc- 
ent solutions were conducted with a Princeton 
Applied Research Model 273 Potentiostat/ 
Galvanostat connected to a Houston Instru- 
ments X-Y recorder. A three-electrode glass cell 
was fitted with a commercially available 
aqueous saturated calomel electrode (SCE) and 
a l-cm’ platinum foil auxiliary electrode. A GC 
disk electrode (Bioanalytical Systems Inc., West 
Lafayette, IN) or an LTIC electrode (Car- 
bomedic Inc., Austin, TX) served as the work- 
ing electrode. The effective areas were found to 
be 0.067 cm2 (GC) and 0.727 cm2 (LTIC) by 
measurement of the anodic potassium hexa- 
cyanoferrate(I1) cyclic voltamperogram peak 
(n = 1, D = 6.32 x 10m6 cm’/sec) in potassium 
chloride.” 

Amperometric studies in stirred solution were 
made with a potentiostat built in this labora- 
tory. A water-jacketed three-electrode cell of 
lo-ml working volume was used with the GC or 
LTIC working electrode. Stirring was provided 
by a magnetic stirring bar. Current-time curves 
were recorded on a Goerz Metrawatt SE 120 
strip-chart recorder. 

Spectrophotometry 

Spectral studies of the enzyme activity were 
done with a l-cm fused-silica cell (kept at 25”) 
and a Hewlett-Packard 8451A diode array 
spectrophotometer. The formation of NADH 
was followed at 340 nm. All experiments were 

performed with 3 ml of pyrophosphate buffer 
solution which was 0.4mM in NAD and 
enzyme. The reaction was initiated by adding 
methanolic 3a -hydroxysteroid solution. 

Enzyme immobilization 

3a -Hydroxysteroid dehydrogenase was im- 
mobilized directly on the surface of the carbon 
electrodes by intermolecular cross-linking, 
much as described by Lubrano and Guilbault.” 
Bovine serum albumin, lyophilized enzyme 
powder, and glutaraldehyde were deposited in 
that order on the electrode surface. The drying 
time depended on the electrode area and the 
ambient temperature (approximately 20 and 60 
min for GC and LTIC electrodes, respectively). 
The enzyme electrode was then conditioned for 
30 min in glycine solution to saturate unreacted 
aldehyde groups. Finally the electrode was 
washed with phosphate buffer to remove non- 
immobilized adsorbed enzyme. The electrode 
was stored in potassium phosphate buffer at 4”. 
Glassy-carbon electrodes treated as above but 
without the enzyme were also prepared and are 
termed GC-BSA electrodes. 

Amperometric determination of 3a-hydroxy- 
steroids 

Steady-state current measurements were per- 
formed with the enzyme electrodes in pyrophos- 
phate buffer containing NAD, sodium chloride 
and Triton X-100. Once a constant background 
current was obtained, steroid samples in 
methanol were injected and the increase in 
current was recorded. The performance of the 
GC enzyme electrode with serum samples was 
also tested. In addition, the effect of pH, stirring 
rate and buffer concentration on the response to 
androsterone samples was studied. The effective 
Michaelis-Menten constant for androsterone 
was determined amperometrically, as well as the 
diffusion coefficient of NADH in the enzyme 
membrane. The stability of the enzyme elec- 
trodes was tested. 

RESULTS AND DISCUSSION 

Several factors were examined, to determine 
the optimum conditions for the enzymatic reac- 
tion of 3a-hydroxysteroids. In most cases an- 
drosterone was used as the model compound. 

Linear-sweep voltammetry 

The nicotinamide component of the de- 
hydrogenase enzymes serves as the transient 
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intermediate carrier of the hydride ion that is 
enzymatically removed from the substrate 
molecule by the action of certain dehydrogen- 
ases. It is recognized that the electrode process 
for NAD/NADH is irreversible and that the 
oxidation of NADH proceeds in one step by 
a two-electron reaction.*‘*** The oxidation of 
NADH was facilitated by phosphate and 
blocked by Tris buffer.23 Pyrophosphate buffer 
was used because the activity of 3a-HSD is 
highest in this system.16 

With either the bare GC or LTIC electrode, 
voltamperograms were run from 400 to 900 mV 
in buffer only and in buffer with NADH, to 
determine the effect of pH on the anodic peak 
current. A pH of 8.90 was optimum for NADH 
oxidation. To determine the optimum potential 
for the enzymatic reaction, voltammetric studies 
were performed with stirred solutions at 25”. 
Figure 1 shows the results obtained for a bare 
LTIC electrode with NADH at concentrations 
from 4 to 80@. For stirred solution with the 
GC electrode at 600 mV as. SCE (to minimize 
background current) in 0.03M pyrophosphate 
buffer (pH 8.90) at constant ionic strength, 
the following regression equation related the 
steady-state current is, @A) to the NADH 
concentration C 

is = 0.158 + 0.263C (1) 

over the range 2.50-180@ (13 data-points). 
The background current was 0.08 ,uA (intercept 
in PA, slope in ~A.l.~mole-‘). 

Spectrophotometric studies of enzyme activity 

The enzymatic oxidation of androsterone at 
25” in a 0.03M pyrophosphate buffer of pH 8.90 

240 - 
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Fig. I. Response of bare LTIC electrode to fresh NADH Fig. 2. Effect of pyrophosphate buffer concentration on the 
in 0.02M pyrophosphate butler, pH 8.90, at 25”. response of the CC-HSD enzyme electrode. Conditions: DH 
Applied potential, V: 0.60 (x). 0.65 (A), 0.70 (+), 8%; [NAD] 3mM, 25”; B&r concentration, M; 0.02 (b), 

0.75 (0). 0.03 (A), 0.04 (+), 0.05 (x ). 

containing 0.4pM NAD was studied to deter- 
mine the enzyme activity. The increase in ab- 
sorbance at 340 nm was followed as a function 
of time for different steroid concentrations. The 
solid 3a-hydroxysteroid dehydrogenase was 
found to have an activity of 17 U/mg. 

Controlled-potential studies 

Once the 3a-hydroxysteroid dehydrogenase 
was immobilized on the surface of the GC or 
LTIC electrode, controlled-potential studies 
were initiated in a solution containing pyro- 
phosphate buffer, sodium chloride, NAD, and 
Triton X-100 (0.48% v/v). The surfactant was 
found to be necessary when working with 3a- 
hydroxysteroids at concentrations greater than 
70pcM. In amperometric experiments this con- 
centration of Triton X-100 was found to stabil- 
ize the steroids without inhibiting the enzyme 
activity. 

To optimize the conditions for the ampero- 
metric determination of 3a-hydroxysteroids 
with an enzyme electrode, the influence of the 
buffer and cofactor concentrations and the pH 
were studied. Figure 2 shows the effect of the 
concentration of pyrophosphate buffer on the 
steady-state current at a GC-HSD electrode for 
the oxidation of androsterone. In all subsequent 
experiments 0.03M pyrophosphate buffer was 
used. Table 1 presents the results of similar 
studies for the LTIC-HSD electrode. The effect 
of NAD concentration on the steady-state cur- 
rent of the GC-HSD electrode and on the 
androsterone oxidation was also investigated. 
A 3mM NAD concentration was selected 
as optimal, as increasing it had virtually no 
effect on the steady-state current. This NAD 
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Table 1. Effect of the concentration of sodium pyrophos- 
phate buffer on the response (i, nA) of the LTIC-HSD 
electrode at 25” in the presence of 0.48% v/v Triton X-100; 

androsterone concentration (C) = SO-4OO@f 

i=aC+b 
No. of 

[Buffer], M a, nA.I.ptnole-’ b, nA data-points 

0.02 3.69 0.077 9 
0.03 3.93 -0.527 8 
0.04 3.95 -0.001 9 
0.05 3.69 3.05 9 

concentration provides pseudo first-order kin- 
etics with respect to the substrate, even at a 
threefold greater concentration of 3a-hydroxy- 
steroids. 

Eflect of pH 

The effect of pH on the response of the 
GC-HSD electrode was investigated over the 
range 7.5-9.5. Figure 3 shows the optimal range 
of operation to be pH 8.0-8.5. This pH-depen- 
dence of the current, with a maximum at pH 8.0, 
results from the two-electron oxidation of the 
steroid and a subsequent oxidation of the re- 
duced form of the cofactor, NAD. Despite these 
results, a pH of 8.9 was chosen. This was a 
compromise between the optimum pH for the 
enzymatic reaction and that for the oxidation of 
NADH. Furthermore, in defining the activity of 
the enzyme used, the supplier specified a tem- 
perature of 25” and a pH of 8.90. At this pH 
the steady-state current is about 80% of the 
response at pH 8.00. 

Because of the supplier’s recommendations 
a temperature of 25” was selected for all subse- 
quent measurements. Temperatures higher than 
37” are not recommended, because of the possi- 
bility of separation of the membrane from the 
electrode surface. 
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Fig. 3. Effect of pH on the steady-state current for the 
GC-HSD electrode in 3 1pM androsterone solution contain- 
ing 0.03M pyrophosphate buffer and 3mM NAD at 25”. 
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Fig. 4. Calibration curves for GC-HSD electrode: (A) 
androsterone, (0) tetrahydrocortisol, (+) tetrahydro- 

cortisone, ( x) cholic acid. Conditions as for Fig. 3. 

Response of the GC-HSD electrode to 3a- 
hydroxysteroidr 

Figure 4 shows a typical background-cor- 
rected steady-state current (i, - i,,) calibration 
plot for four different 3a-hydroxysteroids. To 
minimize background current the GC-HSD 
electrode was operated potentiostatically at 
+600 mV US. SCE. Ranges for linear current 
response were 5-96,uM for cholic acid and 
androsterone, 5-84pM for tetrahydrocortisol 
and 15-70pM for tetrahydrocortisone. The 
background current of the electrolyte in the 
absence of steroid was i,, = 0.1 nA. 

The response of the GC-HSD electrode (nA) 
to deoxycholic acid (PM) under the same con- 
ditions is described by the equation (7 data- 
points) 

is, = -0.0589 + 0.157C (2) 

where the intercept is expressed in nA and the 
slope in nA.l.pmole-‘. 

The linear relationship between the steady- 
state current and the concentration of deoxy- 
cholic acid was maintained over the range 
3.8-44pM. This narrow response range might 
result from either an inappropriate choice of pH 
or low affinity of the enzyme for the particular 
substrate. 

At androsterone concentrations up to 350pM 
the response of the GC-HSD electrode was 
linear, then finally levelled off, with visible pre- 
cipitation of substrate, at steroid concentrations 
around 400pM. The limit of the linear range is 
relevant to the determination of bile acids in 
serum. Levels above 1OpM are considered to be 
abnormal and are usually connected with a 
different type of liver dysfunction. 

The response of the GC-HSD electrode to 
different stirring rates was investigated with four 
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androsterone solutions varying in con~ntration 
from 5.2 to 2O.@M. The changes in current 
response never exceeded 9.0%, even when tur- 
bulent stirring was used instead of gentle stir- 
ring. The electrode had a rapid response time, 
reaching 95% of the steady-state current in 
60-100 sec. 

Michaelis-Menten constant determination 

Although the LTIC-HSD electrode took over 
20 min to reach a stable baseline current and 
had a si~ificantly shorter lifetime than the 
GC-HSD electrode, it was used for the ampero- 
metric determination of the effective K, value of 
the enzyme in solution. If the rate of an enzy- 
matic reaction is controlled by catalysis, K, may 
be determined from the following equation of 
Lineweaver-Burke form. 

l/i, = K,/Ci,, -t- l/i,, (3) 

where i, and i,,,,, are the currents measured for 
enzymatic product detection under steady-state 
and subst~te-saturation conditions, respect- 
ively. This equation was used by Wilson et 
a1.24J5 to determine K, for glucose oxidase at a 
rotating electrode. In 0.03M pyrophosphate 
buffer of pH 8.90 with 3mM NAD and 0.48% 
Triton X-100, K, for androsterone was found to 
be 189@4. Insertion of the appropriate values 
into equation (3) yielded: 

l/i,, = 26.14/C + 0.1382 (4) 

which gave a correlation coefficient of 0.9926 
over the androsterone con~ntration range 
25.8-164.7p.M (6 data-points). 

A similar experiment performed with the 
LTIC-HSD electrode permitted the calculation 
of K,,, for the immobilized enzyme. Equation (3) 
had a slope of 372 and an intercept of 0.416, 
yielding K,,, = 893,&f. This value for the immo- 
bilized enzyme was several times larger than 
that for the enzyme in solution. For the same 
enzyme and substrate, but with a different buffer 
system and NAD concentration, Pocklington 
and Jeffery26 reported Km = 250&M at 25”, and 
Bovara et al.’ found it to be 1.6pM. Both groups 
dete~ined &, spectrophotomet~cally. Bovara 
et al., however, did not mention the temperature 
of the assay, and Pocklington and Jeffery used 
in their experiments a mixture of sodium phos- 
phate and Tris buffer.’ The latter was found to 
be able to block 3a -HSD action and could cause 
an increase in the K, value.23 Finally, this 
calculation assumes that the rate of the enzy- 
matic reaction is controlled by catalysis. If 
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Fig. 5. Response of the GC-I-ISD (1) and GC-BSA 
(2) electrodes to serum samples. Steady-state current 
measured at 600 mV us. SCE under same conditions as for 

Fig. 3. 

the enzyme loading is sufficiently high for the 
electrode response to be limited by diffusion, 
equation (3) does not apply. 

Response of the GC-HSD electrode to serum 
samples 

Figure 5 shows the responses of the GC-MSD 
enzyme electrode and the enzymeless GC-BSA 
electrode; these studies were conducted with a 
constant final cell volume. The steady-state 
currents (corrected for background current) 
obtained for different volumes of serum samples 
are shown. The responses of the enzyme elec- 
trode were significantly greater than those of 
the enzymeless electrode, for the same volume of 
serum sample. Both electrodes required inten- 
sive washing after 4 or 5 serum injections, 
otherwise there was no longer a linear relation- 
ship between the steady-state current and the 
amount of sample injected. This departure from 
linearity was probably caused by the oxidation 
of some serum component; the differences be- 
tween the response of the enzyme and en- 
zymeless electrodes result from the oxidation of 
3a-hydroxysteroids present in the serum. Wash- 
ing consisted of immersing the electrodes in the 
same stirred buffer solution for lo-15 min. 

The lifetime of the GC-HSD electrode was 
studied by monitoring the change in slope of the 
androsterone calibration curves with time. After 
an initial increase of about 20% in the slope 
during the first three days, the response was 
stable from 90 days. 

CONCLUSIONS 

301 -Hydroxysteroid dehydrogenase immobi- 
lized on the surface of glassy or low-temperature 
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isotropic carbon provides an easily prepared, 
stable and sensitive enzyme electrode for the 
determination of the total 3a -hydroxysteroids 
content. The NADH produced during the enzy- 
matic reaction is electrochemically oxidized, 
resulting in a measurable steady-state current. 
Both electrodes, under optimized conditions of 
pH, applied potential and buffer concentration, 
display rapid response, expanded range and 
stability over a 2-3 month period. 

The Michaelis-Menten constants, K,,, , for 
both the free and immobilized enzyme suggest 
that the affinity of the immobilized 3a-hydroxy- 
steroid dehydrogenase for androsterone is sev- 
eral times lower than that of the free enzyme. 
The two types of working electrode were used to 
determine total 3a -hydroxysteroids in serum: 
the enzyme electrode gave a significantly higher 
current response for androsterone than that 
given by the enzymeless electrode. 
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Summary-An optical con@uration was developed for sampling fluorescence coupled into an optical fiber 
from evanescent wave excitation of fluorescent materials at a lipid membrane on a quartz fiber surface. 
Selective interactions of pyrene-labor concanavalin A located on a phosp~tidyl cholin~holes~rol 
lipid membrane with fluorescein isothiocyanate-labelled dextran in bulk aqueous solution were monitored 
by the intrinsic fluorescence sensing configuration. Monosialoganglioside, G,,, was employed as a 
receptor in a phospholipid membrane on an optical fiber for selective measurement of pyrene-labelled 
concanavalin A in solution. Quantitative measurement was hindered by non-selective adsorption of 
cancanavalin A, but the potential for use of a lipid membrane in a fluorometric biosensor was established. 

In development of electrochemical and optical 
biosensors’*2 lipid membranes have great poten- 
tial as surfaces which can support a wide range 
of biological materials such as enzymes, anti- 
bodies and receptors, in a matrix within which 
they remain biochemically active. The high de- 
gree of biochemical activity, coupled with the 
extreme thinness of the membrane provides for 
relatively large and very rapid interfacial re- 
sponse signals. An example is the selective com- 
plexation of polysaccharides by the lectin 
concanavalin A (Con A) at bilayer or mono- 
layer lipid membranes.3 Con A is a globular 
protein containing saccharide, ion (co-factor) 
and hydrophobic binding sites,4*5 with dimen- 
sions about 4.0 x 3.9 nm, as determined by 
crystal structure studies.6 Con A is non-selec- 
tively adsorbed on bilayer and monolayer lipid 
membranes, and can bind polysaccharides such 
as dextran or glycogen to form aggregates which 
tend to alter the physical structure of the lipid 
matrix within a few tenths of a second.‘,’ 

The selective interactions of Con A at lipid 
membranes provide an interesting model for 
testing electrochemical and optical detection. 
Optical methods such as fluorometry are inher- 
ently sensitive and less affected by procedural 
artifacts than are electrochemical methods, 
which may suffer from problems such as mixed 
potentials and charging currents. 

In particular, total internal reflectance 
fluorometry is a sensitive technique for detecting 

the presence of biochemical species at a 
solid-liquid interface. The solution of 
Maxwell’s wave equations for total internal 
reflection within a waveguide indicates that the 
exponential decay of the electric field intensity 
of electromagnetic radiation extends beyond an 
interface defined by two materials of different 
refractive index (if the refractive index of 
the waveguide, n,, is greater than that of the 
external coating, FZ~),~~” producing so-called 
evanescent radiation. Under these conditions 
the external electric field intensity Z, at a dis- 
tance normal to the surface is given by 

Z = Z(B)exp( --22&J (1) 

where Z(e) is the electric field intensity at the 
interface and dr is the value of z at which 
Z = Z(Q/e. The value of dP for a radiation 
wavelength 1 is 

’ = *i(n+ini;B - n:)‘i2 (2) 

where 0 is the angle of incidence of the totally 
internally reflected electromagnetic radiation on 
the interface. 

The use of evanescent excitation for an intrin- 
sic optrode con~g~ation, in which a lipid mem- 
brane is deposited on the surface of an optical 
fiber, offers the advantages of mechanical stabi- 
lization of the membrane, increased effective 
path-length for optical excitation (particularly 
on a multimode optical fiber) and analytical 
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sampling that is restricted to the chemically 
selective interface.” 

Biochemical interfaces have been studied 
fluorometrically by evanescent excitation tech- 
niques. These investigations have established 
aspects of quantitative selective binding, and the 
kinetics and mechanisms of binding processes 
such as those involving imm~ochemical sys- 
tems.‘2-14 Relatively little work has been done at 
optical wavelengths for investigation of lipid 
membranes and associated protein-mediated 
selective interactions. Recent experimental work 
has confirmed that lipid membranes containing 
fluorescent lipid species at concentrations of l-2 
mole% can be detected ~uoromet~~lly after 
their deposition on an optical fiber by Lang- 
muir-Blodgett monolayer transfer,” but the 
fluorescence intensity is rather low, so the tech- 
nique may not be suitable for development of 
transducers based on fluorescent lipid mem- 
branes. 

This paper reports an investigation of opti- 
mization of collection of fluorescence radiation 
from lipid membranes deposited on quartz opti- 
cal fibers. The selective complexation of Con A 
with saccharide residues was chosen to illustrate 
acquisition of fluorescence signals from a chem- 
ically-selective lipid monolayer, the use of a lipid 
membrane as a structural support for the ad- 
sorbed selective protein, and the use of an 
irreversibly bound receptor site supported in the 
lipid matrix, in the form of the saccharide 
residue of a glycolipid for complexation with the 
lectin. 

EXPERIMENTAL 

Reageptts 
The materials used for lipid membrane prepa- 

ration were egg phosphatidyl choline (EPC), 
cholesterol (C) (Avanti Biochemicals, Birming 
ham, AL) and monosialoganglioside from 
bovine brain, Gu,, 95% (Sigma Chemical Co., 
St. Louis, MO), and were used without further 
pu~fication. Vesicular solutions of EPCjC were 
formed by preparing an ethanolic solution of 
the lipid, evaporating the ethanol to leave a dry 
film, and suspension of this in an aqueous buffer 
consisting of 10mM Tris, 10e4M calcium chlo- 
ride and manganese chloride at pH 7.0. The 
EPC/C molar ratio was selected, and sufficient 
buffer was added to achieve a total lipid concen- 
tration of 1.3 mg/ml. Vesicles of EPC/C/GM1 in 
molar ratio 51312 were prepared by a similar 
procedure to give a total lipid concentration of 

1.4 mg/ml. Similar solutions of EPC/C and 
EPC/C/Gkll in hexane were prepared for forma- 
tion of monolayers on a Lanker-Blodgett 
trough (Lauda Model 1974, Sybron Brinkman, 
Toronto). Before the dip casting the fiber sur- 
faces were treated with a solution consisting of 
0.1% v/v octad~lt~chlorosilane (Aldrich 
Chemical Company, Milwaukee, WI), 80% 
hexadecane, 12% carbon tetrachloride and 8% 
chloroform. Irene-buty~l concanavalin A, 
(Py-Con A), and fluorescein iso~i~yanate dex- 
tran (FITC-dextran, m.w. 4000), were used as 
received (from Molecular Probes, Eugene, OR) 
and were dissolved in the aqueous buffer used 
for the vesicular work. All solvents were reagent 
grade, and water with a resistivity of at least 18 
MiZ. cm was obtained from a Mill&Q cartridge 
filter system. 

Apparatus 

Vesicle aggregation induced by selective and 
non-selective binding events was monitored by 
measurement of the absorbance at 483 nm of 
aqueous solutions in a l-cm path-length fused- 
silica cuvette with a DU-50 spectrophotometer 
(Joann). Vesicular solutions were dispersed 
with a Vibra-Cell Model 250 probe-tip sonicator 
(Sonics and Materials, Inc., Danbury, CT) set at 
40 W power, after suspension of the vesicles in 
aqueous solution and before the experiments 
were started. Fluorescence from the optical 
fibers (silica core fibers, 400 pm, Tasso, Mon- 
treal, Canada) was induced by a nitrogen laser 
(LN 103, Photochemical Research Associates, 
London ON, Canada), and the emitted radia- 
tion was processed by a monochromator (Ben- 
tham M300, Gptikon, Waterloo, ON, Canada) 
and photomultiplier tube detector (R928, 
Hamamatsu). The output from the photomulti- 
plier was passed to a gated-integ~tor~boxcar 
averager (Stanford Research Systems) which 
was operated with a sampling gate width of 40 
nsec. The fluorescence acquisition equipment 
was operated in the two configurations shown in 
Fig. 1. 

Procedures 

Vesicle experiments, These experiments were 
done by standard procedures’5~‘6 to establish 
that lipid membranes containing GM1 would be 
capable of selectively binding Con A. The light- 
scattering experiments monitored the agglomer- 
ation of vesicles caused by cross-linking 
mediated by the lectin. 
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Fig. 1. Experimental optical configuration used for collec- 
tion of fluorescence from quartz optical fibers by using (a) 
detector a for end-on detection of radiation coupled into the 
fiber; (b) detector b for side-on collection of radiation 

scattered from the fiber. 

The vesicular solutions were sonicated for 20 
min at room temperature before the experi- 
ments were started. Vesicle solution was mixed 
with an equal volume of Tris buffer containing 
Con A at 1.3 mg/ml concentration, and the 
absorbance of the solution was measured peri- 
odically for the next 60 min. Solutions were 
checked for homogeneous suspension of aggre- 
gates before each measurement. 

Fluorescence experiments. The ability of the 
equipment to collect fluorescence radiation in 
the two configurations shown in Fig. 1 was 
established with a sample consisting of an opti- 
cal fiber which had been coated with Py-Con A 
by non-selective adsorption from an aqueous 
buffered solution containing lo-*M Py-Con A. 
The ends of all the fibers were polished with a 
rotary sander and a series of successively finer 
polishing grits. 

Non-selective adsorption of Py-Con A was 
investigated for four fiber surfaces, each 3 cm in 
length: (a) untreated fiber surfaces exposed by 
removal of the sheath and cladding with a wire 
stripper (all fibers were initially cleaned by 
soaking for 24 hr in Nocromix (Godax, New 
York), followed by neutralization with sodium 
hydroxide solution and a water rinse); (b) fiber 
surfaces which had been coated with a lipid 
monolayer by Langmuir-Blodgett casting at 
7 mm/min from the appropriate lipid mixtures 
held at a constant surface pressure of 30 
mN/m; “*‘* (c) alkylated surfaces prepared by 
immersion of the fibers in the silane solution for 

60 min, with vigorous agitation every 10 min; 
(d) alkylated surfaces modified by deposition of 
a lipid monolayer. ‘* The hydrophobic alkylation 
layer deposited on quartz had been observed to 
be stable for periods of many months and 
required no specialized storage. Lipid monolay- 
ers deposited on quartz or alkylated quartz tend 
to change spontaneously with time and were 
used in these experiments within 24 hr of fabri- 
cation” Transfer of deposited lipid monolayers 
through an air-water interface causes massive 
structural rearrangement and loss from the sur- 
face of the substrate. All lipid-coated samples 
were therefore handled under aqueous solution. 
All the fibers were supported in a cuvette con- 
taining Py-Con A in buffered aqueous solution. 
Experimentation was continued in some cases 
by addition of FITC-dextran as an aqueous 
solution to the sample cuvette to achieve final 
polysaccharide solution concentrations of 
10-6M. 

RESULTS AND DISCUSSION 

The utility of total internal reflection tech- 
niques can be understood from equation (2), 
which indicates that the optical intensity of 
excitation radiation, and adjustment of penetra- 
tion depth for sampling near an interface, can be 
controlled by appropriate selections of excita- 
tion wavelength, incident angle and refractive 
index ratio. Figure 2 provides some examples of 
theoretical results calculated from equations (1) 
and (2) for the nitrogen laser source. The exper- 
iments described in this work make use of a 
broad and uncontrolled range of angles of inci- 
dence in a multimode distribution at a fixed 
wavelength (337.1 nm) and a relatively invariant 
refractive index ratio. The calculations indicate 
that lipid monolayers (45 nm thick), alkylated 
surfaces coated with lipid monolayers (7-10 nm) 
and films incorporating lipid monolayers with 
Con A and dextran (5-20 nm), will all be 
exposed to relatively high excitation intensities 
of the laser radiation provided that the refrac- 
tive index of the organic layers will be in the 
range 1.45-1.5. While most descriptions of in- 
trinsic mode optrodes have used an evanescent 
radiation model, it should be noted that films of 
many biological materials, such as lipids and 
proteins, have an index of refraction close to 
that of the quartz optical fibers (approx. 1.5). If 
the refractive indices of the waveguide and 
organic layer were identical, internal reflection 
would not occur at the fiber/coating interface. 

TAL 37,8--D 
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Fig. 2. Calculated relationships of the evanescent field: (a) 
penetration depth (d,) and (b) intensity at various distances 
from a fiber surface for coatings with various indices of 
refraction, based on equation (2), for a fiber index of 
refraction of 1.5 and a propagated wavelength of 337 nm. 

Optical excitation of the organic layer would be 
due to the coating acting as a physical extension 
of the quartz waveguide. Even though the 
evanescent field would than be propagated be- 
yond the coating/ambient (aqueous solution) 
interface, there would still be a high degree of 
surface selectivity and bulk solution interference 
should be minimal. 

The two configurations shown in Fig. 3 high- 
light the physical phenomena associated with 
the two collection strategies shown in Fig. 1. 
The large diameter of the fibers used in this 
work means that they act as multimode wave- 
guides with respect to optical transmission. A 
collection strategy where radiation is collected 
perpendicular to the surface of the fiber (Fig. 
3A) would be efficient in a conventional spec- 
trofluorimetric experiment using a standard l- 
cm cuvette. The fluorescence generated in a 
TIRF experiment does scatter perpendicularly 
to the fiber, but can also couple back into the 
waveguide under certain conditions. Equation 
(2) represents the exponential decay of electric 
field intensity across an interface. A thick (rela- 
tive to d,) and homogeneous fluorescent film 
exposed to such an evanescent wave would emit 

radiation at intensities which would decay expo- 
nentially with distance from the interface, since 
fluorescence intensity is proportional to excita- 
tion power. This would generate the equivalent 
of an external component of a new evanescent 
wave (longer wavelength), which could couple 
with the waveguide across the refractive index 
interface to produce a high electric field strength 
within the waveguide. 14*lg The presence of such 
a process could provide for collection of most of 
the fluorescence by the waveguide, and enable 
detection to be based on sampling of the fluores- 
cence as shown in Fig. 3B. Evidence has recently 
appeared indicating that a monolayer lipid 
membrane or protein film which provides 
fluorescence in a localized plane can satisfy the 
conditions of equation (2) and provide signifi- 
cant capture of fluorescence within a wave- 
guide.” 

The experimental results indicate a consider- 
able difference in the collection efficiencies of 
the optical configurations shown in Fig. 1. 
Observation of fluorescence perpendicular to an 
optical fiber (Fig. lb) coated with Ey-Con A 
provided a signal magnitude lower by factors 
up to 100 than that obtained from coupling 
the fluorescence into the fiber (Fig. la). The 
efficiency of perpendicular collection was so 
limited that the distinctive fluorescence profile 
of the pyrene moiety could not be resolved by 
the instrumentation used in this work. The same 
equipment could readily provide a distinctive 
spectral profile for pyrene when used in the 

@ Fluarmaont Sample 

@ Fluomscont Sample 

Fig. 3. General strategies for collection of fluorescence from 
waveguides, showing (A) light-scattering and (B) capture of 

radiation within the light-guide. 
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Fig. 4. Fluorescence intensity measurements for pyrene-con- 
canavalin A adsorbed on the surface of a quartz fiber in the 
end-on fluorescence collection configuration, (a) after ad- 
sorption on the fiber surface and (b) background spectrum 

from the uncoated fiber. 

configuration of Fig. la, as shown in Fig. 4. 
Note that the intensity of the nitrogen laser 
source provided adequate spectral separation of 
the fluorescence from the excitation radiation, 
even though the laser wavelength was well re- 
moved from the wavelength of maximum ab- 
sorption by the fluorophore. The efficiency of 
signal collection by coupling the fluorescence 
into a fiber does not prove that the effect is 
necessarily due to the process described by 
equation (2). If the refractive indices of the fiber 
and organic film were closely matched, then the 
coupling of fluorescence into the waveguide 
would be very efficient. In this case the fluores- 
cence would be produced within the waveguide 
and would remain in the structure if the propa- 
gation angle was greater than the critical angle 
for total internal reflection. 

Concanavalin A as a receptor 

Analysis of the adsorption of Py-Con A onto 
various fiber surfaces indicated no clear prefer- 
ence for non-selective adsorption of the protein 
by quartz, alkylated quartz or EPC/C-coated 
fibers. The pH of the solution used in these 
experiments induces the formation of a quater- 
nary protein structure which takes the form of 
a tetrameric association of Con A. The complex 
is physically massive (m.w. N 10’) and contains 
a minimum of 4 hydrophobic binding sites, as 
well as numerous areas of relatively high polar- 
ity. These attributes combine to provide the 
protein with a capacity to deposit non-selec- 
tively onto many different surfaces. Attachment 
of the protein at significant concentrations to 
EPC/C membranes was consistent with previous 
work,3 and the usefulness of the evanescent 

radiation technique was clearly indicated by 
the elimination of extraneous absorption and 
fluorescence due to Py-Con A in the bulk 
aqueous solution or on the sample cuvette sur- 
faces, when the system was operated in the 
configuration shown in Fig. la. The Py-Con A 
on the EPC/C membrane was able to complex 
FITC-dextran, which was added incrementally 
directly to the solution in the sample cuvette 
supporting the optical fiber. A response curve 
for this experiment is shown in Fig. 5 and 
analysis of the FITC signal demonstrates selec- 
tive complexation. The results, collected after 
the test solution had been incubated for 20 min 
to allow equilibration of interactions between 
free Py-Con A and FITC-dextran in the solu- 
tion, are suitable only for analysis of trends 
since determination of the amount of Py-Con A 
and FITC-dextran in dynamic equilibrium on 
the surface of the fiber was not attempted. The 
Py-Con A is selectively partitioned onto the 
surface and its concentration there may be over 
100 times that in the bulk solution.3 The concen- 
tration-response curve for interaction of Py- 
Con A with FITC-dextran shows that selective 
binding occurs (results corrected for bulk solu- 
tion concentration of FITC-dextran). The non- 
linear response of low sensitivity at 10m6M 
FITC-dextran may be a result of saturation. 
Blank experiments using only FITC-dextran 
indicated that this material was not selectively 
adsorbed on any of the optical fiber surfaces 
investigated. 

GM, as a receptor 

Glycolipids have been extensively investi- 
gated as membrane-intrinsic molecular recep- 
tors in model membrane studies of lectin- 
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Fig. 5. Concentration-response curve based on increases 
in relative fluorescence intensity for selective binding of 
pyreneconcanavalin A (located on a phospholipid- 
cholesterol monolayer) with fluorescein isothiocyanate 

dextran. 
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mediated agglutination.1s*‘6 Gangliosides such 
as GM, have been used in vesicular form and 
incorporated into PC/C lipid vesicles to provide 
surfaces coated with saccharide residues suitable 
for lectin binding. The agglutination of vesicles 
by lectin has been monitored by observation of 
changes of light scattering. A series of experi- 
ments using vesicular agglutination was done in 
this work to demonstrate the ability of GM, to 
act as a receptor for both Con A and pyrene- 
labelled Con A. The GM, was present at high 
molar concentrations (20 mole%) in EPC/C 
vesicles used at room temperature to ensure that 
glycolipid diffusion could take place on the 
surface of the membranes. A series of experi- 
ments was designed to investigate aggregation 
or fusion of vesicles with and without GM, in the 
absence of any protein, in the presence of 
non-selective protein (bovine serum albumin, 
BSA), in the presence of Con A (previously 
associated with vesicle fusion)2’ and in the pres- 
ence of Py-Con A. The results of these experi- 
ments are summarized in Fig. 6. The trends in 
light-scattering indicate that little change occurs 
when BSA is present or when Con A is absent, 
but some EPC/C vesicle interaction is induced 
by the presence of the lectin. A greater rate and 
extent of interaction occurs when GM, is avail- 
able, and the results confirm that both Con A 
and pyrene-labelled Con A are selectively com- 
plexed by the glycolipid. 

g OS 
0 

8 0.4 
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0 20 40 60 
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Fig. 6. Lipid vesicle aggregation determined by light-scatter- 
ing at 455 nm, with monosialoganglioside as a selective 
binding agent for concanavalin A. (0) Phospho- 
lipid-cholesterol vesicles in the presence of concanavalin A 
or pyrene-concanavalin A; (0) phospholipid-cholesterol 
vesicles containing ganglioside in the presence of con- 
canavalin A or pyrene-concanavalin A; (A) lipid vesicles 
containing the ganglioside G,, ; (V) lipid vesicles contain- 
ing the protein BSA in the presence of concanavalin A. 
Variability between vesicle preparations limits absolute 
comparisons of reaction rates. The results confirm that the 
presence of ganglioside assists vesicle aggregation in the 

presence of Con A. 

0.30 0.50 0.10 
Average molecular area hm*/molel 

0.90 

Fig. 7. Pressure-area curves showing results from monolay- 
ers of A, 50/50 mole% mixture of phosphatidyl choline and 
cholesterol; B, 70/30 mol% mixture of phosphatidyl choline 
and cholesterol; C, 50/30/20 mol% mixture of phosphatidyl 
choline, cholesterol and ganglioside. Monolayers were 
transferred to quartz fibers at a constant surface pressure of 

30 mN/m. 

Lipid membranes of EPC/C containing GM1 
and devoid of the glycolipid were deposited 
onto alkylated optical fibers by the Langmuir- 
Blodgett casting technique, and retained in 
aqueous solution. Experimental compression 
curves for these monolayers are shown in Fig. 7, 
and indicate that differences in physical com- 
pressibility and therefore structure are observed 
for the different membranes. Results for incre- 
mental additions of Py-Con A to EPC/C mem- 
branes indicated non-selective adsorption of the 
protein on the membrane. The presence of GM, 
caused a general trend of enhancement of the 
pyrene signal relative to that for non-selective 
adsorption. Quantitative correction for the 
background signal due to non-selective Py-Con 
A adsorption on the surfaces could not be done 
by signal subtraction achieved by use of fibers 
coated with EPC/C but without GM,. The non- 
selective binding properties of EPC/C mem- 
branes and those containing EPC/C/GM, were 
not equivalent because of differences in lateral 
structure intrinsic to static monolayers (Fig. 7), 
variations of lateral structure caused by the 
deposition technique,‘* and differences in the 
surface free energy, related to the presence of 
different functional groups at the mem- 
brane-solution interface. Chemically selective 
membranes that employ proteins as binding 
agents provide a means of improved correction 
of non-selective adsorption. A reference signal 
can be derived from a membrane which contains 
inactivated protein, but is otherwise chemically 
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Fig. 8. Concentration-response curve based on relative 
increases in fluorescence intensity from quartz fibers coated 
with lipid monolayers containing phosphatidylcholine, 
cholesterol and ganglioside for selective binding of pyrene- 
concanavalin A, (results corrected for non-selective adsorp- 

tion of pyrene-concanavalin A). 

identical to the indicator system. It was not 
possible, however, to denature the GM, used in 
the present work, to prepare an analogous 
“inactive” reference membrane. Results for se- 
lective Py-Con A adsorption on EPC/C/GM, 
membranes are shown in Fig. 8 and represent 
response trends after a 30-min incubation pe- 
riod, with background correction by estimation 
of contributions to the analytical signal by 
non-selective adsorption. The results indicate 
that the lipid membrane does contain an intrin- 
sic selective receptor, but that the analytical 
system is not very sensitive or reproducible. 

CONCLUSIONS 

Chemically-selective lipid membranes can be 
prepared at the surface of an optical fiber for 
investigation of binding interactions by moni- 
toring of fluorescence intensity in an intrinsic 
sensor configuration. The use of Con A as a 
selective receptor for an analyte resulted in 
limitation of the analytical reproducibility and 
sensitivity, owing to non-selective adsorption on 
the sensing surface. This clearly identifies one of 
the serious limitations of fiber optic biosensors 
when used exclusively for fluorescence intensity 
measurement at a fixed analytical wavelength. 
The analytical potential of fluorescence lies in 
the correction of an analytical signal for noise or 
isolation of the signal from the noise, by use of 
simultaneous acquisition of data on wavelength, 
intensity, lifetime and perhaps polarization. A 
further limitation exposed in this work is that 
lipid membranes as used here can provide useful 
matrices for certain receptors (e.g.,G,, ), but are 
restricted in scope if the analyte must be fluores- 

cently labelled. This is not necessarily the case, 
since many different biochemical reactions can 
perturb the structure of lipid membranes, so a 
fluorescent lipid membrane could be a generic 
transducer of selective binding events. These 
aspects will be the subject of a subsequent 
communication in this journal. 
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Summary-A procedure for the simultaneous d~e~ation of dysprosium, europium, samarium and 
terbium by laser-induced derivative fluorimetry is described. The method is based on the use of 1 x 10S4M 
hexafluoroacetylacetone (HFA) and 2 x 10-“M tri-n-octylphosphine oxide (TOPO) as ligands in aqueous 
solution at pH 3. The first-derivative and Kalman-filter techniques were used for background correction 
and reduction of interference. The effects of foreign ions were investigated. The procedure is satisfactory 
for the simultaneous determination of these four lanthanides. 

Because of the similarity of the chemical prop- 
erties of the lanthanides, the determination of 
these elements in their mixtures has poor selec- 
tivity. Direct s~ctrophotomet~c methods are 
satisfactory for some lanthanides but the 
sensitivities are very low. Spectrofluorimetric 
methods can give better results. 

Sevchenko and Kuznetsova’ have investi- 
gated the simultaneous determination of dys- 
prosium, europium, samarium and terbium by 
the use of I,lO-phenanthroline. Alberti and 
Massucci2 have examined the possibility of 
simultaneous determination of these elements in 
0.6M sodium tungstate medium. Unfortunately, 
both methods are subject to interference from 
other lanthanides, owing to spectral overlap. 

/?-Diketones have been widely used for the 
spectrofluorimetric determination of the lan- 
thanides, especially europium and samarium. 
Fisher and Winefordner3 have optimized the 
experimental conditions for s~trofluorimet~c 
determination of europium, samarium and 
terbium as their hexafluoroacetylacetone-tri- 
n-octylphosphine oxide complexes in non- 
aqueous solution. However, it is difficult to 
detect one component with high selectivity in 
mixed lanthanide samples, owing to overlapping 
emission bands. Therefore, correction pro- 
cedures are required. 

The derivative technique is becoming in- 
creasingly popular in spectrophotometry and 
spectrofluorimetry.4-6 It can be used to enhance 

resolution, to facilitate the detection and 
location of the wavelengths of poorly resolved 
components of a complex spectrum, and as a 
back~ound correction technique to reduce the 
effect of spectral background interferences. 

The Kalman filter is a recursive, linear least- 
squares digital filtering algorithm. Several appli- 
cations of this algorithm for improvement of 
resolution in analytical chemistry have been 
reported.7-9 

In this paper, a highly sensitive laser-induced 
fluorimetric system coupled with a microcom- 
puter is described, and the laser-induced fluores- 
cence of the derivatives of the ternary complexes 
formed by Ln(III) (Ln = Dy, Eu, Sm and Tb) 
with HFA (hexafluoroacetyla~tone) and 
TOP0 (tri-n-octylphosphine oxide) is reported. 
This approach combines derivative and Kalman 
filter techniques, and permits background inter- 
ferences to be removed from the fluorescence 
spectra and the four ions to be simul~neously 
determined. 

EXPERIMENTAL 

Reagents 

The 99.9% pure oxides of the lanthanides and 
practical grade HFA were obtained from J. T. 
Baker Chemical Co. Practical grade TOP0 
was obtained from E. Merck. The HFA and 
TOP0 were used without further purification. 
Rhodamine 640 was obtained from Exciton 
Chemical Co. Inc., Dayton, OH. 
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Stock solutions of the lanthanides were pre- 
pared by dissolving their oxides in concentrated 
hydrochloric acid and diluting with sodium 
hydroxide solution to obtain 100 ml of O.OlM 
lanthanide solution with a pH of about 3. The 
buffer solutions were prepared with sodium 
acetate, and the pH value was adjusted with 
hydrochloric acid and sodium hydroxide 
solution. 

Instrumentation 

The basic components of the apparatus for 
the laser-induced derivative fluorimetric system 
were an Nd: YAG pumped dye laser (Model 
YG SOO/TDL 50, Quantel Co., France), as the 
excitation light-source, and an Optical Spectra 
Analyzer (OSA 500 System, B/M Spektronik, 
FRG) for emission detection. The data were 
collected and stored in the data terminal WP 2 
of the OSA, then transmitted to an IBM PC/XT 
computer through the serial interface of the 
OSA and stored on floppy disk for further 
mathematical processing. A standard fused- 
silica cell (4 x 1 x 1 cm) was used in all measure- 
ments. 

Data processing program 

The software used for the transmission was 
written in assembly’ language, and the Kalman 
filter, derivative and the Savilzky-Golay deriva- 
tive smoothing routines in BASIC. The smooth- 
ing routines used a 7-point quadratic smooth.‘0 

The combination of the first derivatives and 
Kalman filter techniques is as follows. First, 
the data stored on floppy disk are smoothed and 
the first derivative is calculated by the micro- 
computer for background removal, and used as 
the measured response for the Kalman filter. 

A single iteration with the Kalman filter is used, 
with an initial guess for the concentration of 
each component set to 0 and that for the 
variance set to 0.05. Application of these pro- 
grams gave the final estimate for the concen- 
tration of each component. 

RESULTS AND DISCUSSION 

Special characteristics 

Chelates of dysprosium, europium, samarium 
and terbium emit luminescence which has the 
line-spectrum characteristics of the central ions, 
due to f-f transitions. This luminescence is 
mainly caused by absorption of radiation by 
HFA accompanied by subsequent intramolecu- 
lar energy transfer to the central ion. The com- 
plexes have a wide absorption band in the 
region of 250-360 nm, arising from the x--x* 
transitions of the ligand. Maximum absorption 
occurs at about 310 nm and so this wavelength 
is used for excitation. 

The emission spectra of Dy(III), Eu(III), 
Sm(II1) and Tb(II1) in the HFA-TOPQ-Triton 
X- 100 system are shown in Fig. 1. The bands for 
europium at 610, 589 and 698 nm were assigned 
to the transitions from the ‘Do level to the 
‘F2, ‘F, and ‘F4 levels, respectively, those for 
samarium at 644, 602, 703 and 571 nm to 
transitions from the 4F5,2 level to the 6H9,2, 6H7,2, 
6H ,,,* and 6Hs,z levels, those for terbium at 484, 
544,580 and 631 nm to the transitions from the 
‘D level to the ‘F6, ‘F5, ‘F4 and ‘F3 levels, and 
those for dysprosium at 477, 576, and 643 nm 
to the transitions from the 4F9,2 level to the 
6H 6H IS/29 ,3,2 and 6H,,,2 levels respectively. The 
strongest emission bands of Dy(III), Eu(III), 
Sm(II1) and Tb(II1) were located at 576, 614, 
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Fig. 1. Emission spectra of 1 x lo-*M Dy(III) (---), 1 x IO-“‘A4 Eu(II1) (-.-.-.), 5 x lo-‘A4 Sm(II1) 
(. . .), and 5 x 10-lOM Tb(II1) (-). 
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Fig. 2. Spectra of S x 10-‘“M Tb(III) obtained at different 
times (A), and their first derivatives (B). (1) 0.5 hr; (2) 1 .O hr; 

(3) 1.5 hr; (4) 2.0 hr. 

of some rare-earth elements 811 

644 and 544 nm respectively, and it was there- 
fore preferable to use detection at these wave- 
lengths. However, it was difficult to achieve 
selectivity, because of overlapping. Also, as the 
dark current of the vidicon is affected by the 
ambient temperature and hence the time elapsed 
since the start of measurement, some means 
of enhancing resolution and removing the 
background must be used. 

Derivative spectra 

The major benefits of derivative techniques 
are expected to lie in the increased resolution of 
overlapping spectra and correction of back- 
ground. The spectra of the terbium ion obtained 
at different times (Fig. 2A) show that there is a 
significant degree of variability. These spectra 
show several relatively sharp features, so the 
background may be removed by the derivative 
technique. The signal-to-noise ratios of the 
first-, second- and third-derivative spectra 
were examined, and it was found that the first- 
derivative spectrum yields the best results 
(Fig. 2B), removing most of the variability 
between the spectra. Figure 3 shows the first 
derivatives of the emission spectra of dyspro- 
sium, europium, samarium and terbium. 
Although their mutual interference can be 
reduced to a certain extent, some spectral 
overlap remains, so the Kalman filter technique 

I 
440 500 560 

Wavelength hm) 

620 

Fig. 3. First-derivatives calculated from the spectra in Fig. 1. 
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Ion 

Table 1. Analysis of synthetic samples 

Relative 
Taken, ng]ml Found, ng]ml standard deviation, % 

No. 1 No. 2 No. 3 No. 4 No. 1 No. 2 No. 3 No. 4 No. 1 No. 2 No. 3 No. 4 

Dy(II1) 7.0 4.0 5.0 6.8 4.1 5.1 4.7 0.8 I.1 1.0 0.9 
Eu(II1) 0.01 0.02 0.04 0.0104 0.019 0.041 0.061 0.3 0.2 0.1 0.09 
Sm(II1) 4.0 3.0 2.0 1.0 3.97 2.95 1.92 0.94 0.5 0.8 0.7 
Tb(II1) 0.05 0.05 0.10 0.15 0.052 0.051 0.103 0.152 0.3 0.25 0.1 A:(: 

was used for the simultaneous dete~ination of examined, and Table 2 gives the molar tolerance 
these four lanthanides. ratios (for a relative error not exceeding + 5%). 

Quantitative assessment 

To assess the performance of the method in 
the absence of other spectral interferences, mix- 
tures of the four ions were analysed; the results 
are listed in Table 1. The standard deviations 
were obtained from the diagonal elements of 
the covariance matrix. The results show that the 
combination of derivative spectrometry with the 
Kalman filter can be used to determine the four 
ions simultaneously, with higher accuracy and 
selectivity. 

Optimization of experimental conditions 

Optimization of the pH and concentrations of 
HFA, TOP0 and Triton X-100 revealed that a 
correlation might exist among them. However, 
because of the fairly wide usable ranges of these 
parameters, each was optimized in turn with the 
values of the others held constant. 

Calibration graphs and detection limits 

Standard solutions containing various con- 
centrations of dysprosium, europium, samarium 
and terbium were analysed by the proposed 
method. The relationships between the first- 
derivative signals and concentrations were 
linear over the ranges 8 x 10W9-5 x 10e6M Dy, 
2 x lo-“-2 x 10-8M Eu, 5 x lo-“-5 x 10-7M 
Sm and 5 x lo-*‘-5 x lo-*M Tb respectively. 
The detection limits for dysprosium, europium, 
samarium and terbium were found to be 
5 x lo-“, 1 x lo-‘*, 2 x 10-i’ and 2 x lo-‘*M 
respectively. 

The influence of pH was investigated over 
the range 2-12, with 1 x 10~*M HFA and 
2 x 10W4M TOPO, and maximum fluorescence 
intensity was obtained for all four complexes at 
pH 2.5-3.2. An acetic acid-ammonium acetate 
buffer (pH 3) was selected, and the fluorescence 
intensities were found to be independent of the 
buffer concentration. There was adequate buffer 
capacity at this pH, since nearly neutral metal 
ion solutions were used. 

Analysis of s~rn~~ated mixed ~anthan~es and 
yttrium oxide 

The technique was applied to the analysis of 
synthetic samples corresponding to “Nonglan” 
minerals (relative lanthanide oxide concen- 
trations La20j 3%, CeG, l%, Pr,O, 1%, Nd203 
2%, Sm,O, 2%, Eu,O, O.Ol%, Gd,03 7%, 
Tb203 I%, Dy,O, 8%, Ho,O, 2%, Er,O, 6%, 

It was found that TOP0 greatly enhanced the 
fluorescence of the lanthanide-HFA binary 
mixture, by formation of a ternary complex. 
The influence of the TOP0 concentration on the 
fluorescence intensities was investigated with 
1 x 10m4M HFA, and it was found that the 
fluorescence intensity increased with increasing 
TOP0 concentration up to 5 x 10-sM. Higher 
concentrations of TOP0 had no further effect. 
The optimal con~ntration of HFA was taken as 
in the range 5 x IO-$-2 x 10s4M. 

Eflect of foreign ions 

The effects of 33 cations and 8 anions 
on determination of the four lanthanides were 

Table 2. Molar tolerance ratios of foreign ion to lanthanide 
(relative error C 5%) 

Foreign ion Dy(II1) Eu(II1) Sm(II1) Tb(III) 

La(II1) 50 2000 100 2000 

Ce(IV) 50 2000 100 Pr(II1) 100 2000 100 z?l 
Nd(II1) 50 2000 80 1000 
Sm(II1) IO 200 
Eu(II1) 1.5 

200 
3 

Gd(II1) 50 2000 50 !z 
Tb(III) 2.0 100 20 - 
Dy(II1) - 1000 100 200 
Ho(II1) 50 2000 50 1000 
Er(II1) 50 2000 50 1000 
Tm(II1) 50 2000 50 1000 
Yb(II1) 50 2000 50 1000 
Lu(II1) 50 2000 50 
Y(II1) 100 1500 200 :z 
WII) 30 1500 40 800 
Ca(I1) 40 1500 50 800 
Sr(I1) 20 1000 30 1000 
Ba(I1) 1000 50 500 

WI) :: 1000 50 Th(IV) 5 1000 50 :z 
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Table 3. Analysis of a simulated mineral CONCLUSIONS 

Element 
Taken, Found, RSD, 
nglml n&l % 

Sm 0.2 0.195 0.3 

z 0.007 0.1 0.0069 0.097 0.5 0.1 
DY 0.8 0.75 0.9 

Table 4. Analysis of yttrium oxide 

Found by Found by 
proposed method, RSD, ICP-AES, 

Element /Qlg % Irglg 

Sm 24.7 0.8 25 
Eu 4.87 0.5 5.0 
Tb 15.6 0.7 16 
DY 147 1.1 158 

Tm,O, l%, Yb20, 5%, Lu20j l%, Yz03 60%). 
The results are listed in Table 3. The results 
for determination of traces of dysprosium, 
europium, samarium and terbium in yttrium 
oxide are listed in Table 4. 

The combined approach described here, 
based on first-derivative fluorimetry, for back- 
ground correction, and the Kalman filter, for 
resolution enhancement, allows for the accurate 
simultaneous determination of dysprosium, 
europium, samarium and terbium in their 
mixtures, without prior separation. 

1. 

2. 

3. 
4. 
5. 
6. 

7. 
8. 

9. 
10. 
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~~-Inductively coupled plasma spectrometry has been applied to the det~ation of La, 
Ce, Pr and Nd in alloy steels. Spectral interterence by other alloying elements as well as by the lan- 
tbanides themselves was studied. The influence of other lanthanides on the Pr and Nd lines could 
be dealt with by correction equations. It was found that within the range of concentrations corresponding 
to mild alloy steel, at least one of the lines selected for determining the l~~a~d~ was free from 
interferences. The detection limits for La, Ce, Pr and Nd in steel were 5 x lo-$, 1.5 x IO-‘, 1 x 1O-4 
and 2.4 x 10~‘% respectively. The procedure was tested on standard samples and by the standard-addition 
method. 

Addition of small amounts of rare-earth 
elements to steel si~ificantly modifies its 
properties. I$2 Calorimetric methods allow the 
determination of either the total lanthanide 
content” or only the cerium.‘-* The individual 
rare-earth elements can be determined by XRF 
spectrometry but prior separation from the ma- 
trix is required ‘O-12. Inductively coupled plasma 
atomic-emission spectrometry (ICP-AES) has 
been used for the determination of Ce and Y in 
steels and Nimonic alloys, but Fe, Cr and Zr 
interfered with the Ce measurement at 418.66 
nm.13 The technique has also been used for de- 
te~ination of a number of lanthanides in 
geological samples after precipitation or chro- 
matographic separation.‘4-‘q A wide range of 
prominent lines for use in ICP-AES determina- 
tion of several elements, including La, Ce, Pr 
and Nd, has been given by Winge et ~1.~’ and 
Bouman has studied the mutual spectra1 inter- 
ferences of rare earth elements at chosen lines.21 
On the basis of the information above we 
decided to investigate the use of ICP-AES for 
the direct determination of La, Ce, Pr and Nd 
in steels. 

Reagents 

Standard solutions of the lanthanides 
(1 mg/ml) were prepared by dissolving the 

“Specpure” oxides (Johnson and Matthey) in 
con~ntrat~ nitric acid. Solutions of matrix 
components for studying interference e&cts 
were made from the metals or suitable salts. All 
reagents were of analytical grade. 

Procedure 

The sample of steel turnings (0.5 g) was 
heated with 10 ml of a 3: 1 v/v mixture of 
concentrated hydrochloric and nitric acids in a 
covered beaker for 30 min. The solution was 
evaporated almost to dryness, 10 ml of concen- 
trated perchloric acid were added, and the mix- 
ture was heated until white fumes were evolved, 
The solution was cooled, 15 ml of water were 
added and the mixture was heated again. The 
residue was collected on a medium fast filter 
paper, and washed with 25 ml of 0.1&f per- 
chloric acid in small portions, the filtrate and 
washings being collected in a SO-ml standard 
flask and diluted to the mark with water. The 
samples used in the standard-additions method 
were prepared by the same procedure, with 
suitable amounts of lanthanide solutions added. 
Standard samples for calibration curves were 
prepared by dissolving 0.5 g of “Armco” iron as 
above, with addition of standard lanthanide 
solutions to cover the range O-40 pg/mI. Indi- 
vidual series of standards were made for each 
rare-earth element. 

815 
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The solvent blank was a 10 g/l. solution of 
“Armco” iron prepared as above. 

RESULTS AND CONCLUSIONS 

The choice of line for analysis was based on 
spectral scans over a range of f0.5 nm either 
side of each of the lines recommended by Winge 
et al.” (18 lines for La, 13 for Ce, 10 for Pr and 
19 for Nd), for solutions of the pure analytes 
and interferents. This was done to identify the 
lines which would suffer least from mutual 
spectral interferences as well as interference 
from iron (the main constituent of the matrix). 
On the basis of the results and literature data 
concerning the influence of other components of 
the steel matrix,22g23 two lines were selected for 
each lanthanide (Table 1). Calibration graphs 
were prepared by use of the standards made 
by addition of the individual elements to 
the “Armco” iron solution. High correlation 
coefficients (>0.99997) were obtained for re- 
gression analysis of the results, over the range 
O-40 pgg/ml. The dectection limits C,_ were calcu- 
lated as the concentration equivalent to three 
times the standard deviation of five measure- 
ments of the background signal. As the relative 
standard deviations of the background (RSDB) 
were less than 1 %, detection limits (C,,,) were 
calculated for RSDB values assumed to be equal 
to 1% of the background signal, as recom- 
mended by Winge et a1.,20 for comparison of 

Table 1. Apparatus and operating conditions 

ICP-ARL 3520B sequential spectrometer 

Incident power 1.18 kW 
Reflected power 10 w 
Coolant argon 1 I l./min 
Plasma argon 0.87 l./min 
Nebulizer argon 0.9 l./min 
Liquid uptake rate 2.2 ml/min 

Entrance slit 17 pm 
Exit slit 20 pm 
Integration time 
Scanning mode 1 set 
Analysis mode 5se.c 

Analysis lines High 
voltage 

Identification Wavelength, Spectral (arbitrary 
Line number nm order units) 

La11 4 333.149 2 5 
La11 5 492.179 I 5 
CeII 1 413.765 1 9 
CeII 4 456.236 1 9 
PrII 2 390.844 1 9 
PrII 3 440.882 1 9 
NdII 3 406.109 1 I 
NdII 4 415.608 1 I 

Table 2. Coefficients of analytical equations I = A + BC 
in the concentration range C = &40 mg/l., and values of 

detection limits 

Correlation C, C,,, 
Line A B coefficient mgll. mgk 

La 4 18.5 47.2 0.999987 0.005 0.013 
La 5 50.6 26.9 0.999976 0.018 0.057 
Ce 1 188.3 54.7 0.99997 1 0.021 0.10 
Ce 4 196.6 48.1 0.9p9971 0.015 0.12 
Pr 2 83.4 35.6 0.999984 0.010 0.07 
Pr 3 178.5 51.2 0.99998 1 0.023 0.11 
Nd 3 104.3 32.1 0.999980 0.024 0.10 
Nd 4 106.1 25.3 0.999989 0.036 0.09 

these results with literature data based on this 
assumption. The values of C, and C,,, are 
gathered in Table 2. 

The lines selected for La and Ce determina- 
tion are free from spectral interference by other 
lanthanides whereas the lines chosen for Pr and 
Nd are not, and correction equations must be 
applied, as shown in Table 3. The coefficients 
needed are calculated from the concentration- 
dependence of the interferent signal measured at 
the wavelength used for determination of the 
analyte. The corrections were assumed to be 
additive, and their use resulted in good linearity 
of calibration graphs prepared from the results 
for mixtures of the analyte with other lan- 
thanides, even for the 390.844 line for PrII, 
where the interferences are greatest (Fig. 1). 

The influence of other alloying elements on 
chosen lines of the lanthanides was examined by 
means of spectral scans of solutions of the 
interferents (of known concentrations) as well as 
by measurements of the signals for these ele- 
ments at the wavelengths used for the lan- 
thanides. The concentrations of these solutions 
of the alloying elements are given in Table 4, 
and are those that would be obtained by apply- 
ing the sample preparation procedure to an iron 
or steel containing the element at the level also 
stated in Table 4. These levels are generally the 

Table 3. Correction equations for praseody- 
mium and neodymium 

Line Bouation 

Pr2 C=C,,,-O.l7lC,-0.00121CNd 
Pr 3 c = c, - 0.0373& 
Nd 3 C = C, - O.O217Cc, 
Nd 4 C = C, - O.O0956Cc, - O.OllSC, 

C = true concentration (mg/l.). 
C, = concentration calculated from analyti- 

cal curve (mg/l.). 
Cc, = concentration of interfering element 

(mg/l.). 
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mg/l. 

Fig. 1. The effects of correction of Pr signal at 390.844 nm: 
- calibration curve for pure standard solutions of Pr; 
A measured values for samples with different amounts 

of other lanthanides; 0 corrected values. 

highest used in alloy steels. We assumed that the 
interference of additives could be considered as 
negligible (within the range of concentrations 
examined) if the difference between the signals 
for the interferent solution and water was lower 
than that for CL,%. In other cases the criti- 
cal concentration ratio“’ (CCR) was calculated 
according to 

CC&s 
Ai/Li 

where X, and Xi are the net signals for the 
lanthanide and interferent respectively, C, is the 
concentration of lanthanide and Ci the concen- 
tration of interferent quoted in Table 4. The 
results are given in Table 4 and show that the 
greatest interference is caused by V, Zr and Ti, 
but within the range of concentrations corre- 
sponding to low alloy steel and in many cases to 

high-alloy steel, at least one line of each lan- 
thanide is free from interference. It is advisable 
to prepare the lanthanide standards in a solu- 
tion made from “Armco” iron as the differences 
caused by the changes in iron content in steel 
samples with different levels of alloying agents 
can then be neglected. The data in Table 4 are 
based on measurements taken with only the 
highest interferent concentration tested, and 
corrections for lower concentrations can be 
calculated by simple proportion from that infor- 
mation, but it must be taken into consideration 
that any background shift may form part of the 
measured signal. The method was tested on 
standard samples with certified cerium contents. 
Because of lack of certified samples containing 
all four lanthanides examined, the standard- 
additions method was applied. Standard sam- 
ples used in the Polish metallurgical industry 
were used as the matrix; their composition is 
given in Table 5. The method used for decom- 
posing the samples resulted in the amount of 
elements such as W and Nb in solution being 
considerably lower than that expected from the 
certified value, the bulk being separated with the 
silica. 

The results obtained are presented in Table 6. 
Those for Ce are in good agreement with the 
certified value. The ratios of La, Pr and Nd 
to Ce found for the standard samples corre- 
spond to their ratios in the mischmetall used in 
production of the standards. Good results 
were also obtained by the standard-additions 
method. 

On the basis of these results ICP spec- 
trometry may be recommended for rapid pre- 
cise determination of La, Ce, Pr and Nd in 
alloy steels. 

Table 4. The critical concentration ratios (CCR) for individual interferents and lanthanides 

Lanthanide 
and line, nm Fe Cr Ni Mn co w v Zr Nb Ti MO Cu Al 

La 333.749 133,000 54,800 
La 492.179 88,600 7300 
Ce 413.765 17,400 11,800 
Ce 456.236 - 20,200 
Pr 390.844 23,300 13,100 
Pr 440.882 48,900 26,100 
Nd 406.109 11,100 41,400 
Nd 415.608 15,100 31,200 

92,000 21,200 
- - 
- 28,900 
- - 

31,100 21,000 
- - 
- 21,200 
- 53,500 

19,000 20,300 11,100 
- - 2600 
2940 160 2600 
6600 - 1500 
1820 - 410 
- - 97 
- - 1100 
1310 - 510 

3780 
1000 
460 

1540 
1660 
1350 

3 

- 
- 
530 

3410 
6100 
- 

1420 
5600 

3900 - - - 
350 - - - 

7300 - - - 
1300 - - - 

11,200 1000 - - 
3800 - - - 
_ - - - 
3600 - - - 

Concentrations of the interferents 

Solution, g/l. 10.0 5.2 5.9 5.5 1.0 0.5 1.1 1.0 0.5 1.0 0.2 1.0 1.0 
Level in steel, 

% 100 52 59 55 10 5 11 10 5 10 2 10 10 

-Signifies the difference in signal is less than C,,,. 
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Table 5. IMZ standard samples of steel 

Concentration of alloying agent, % 

Sample C Mn Si P S Cr Ni Cu MO V W Ti zr Ce 

1.714. 0.017 0.13 (0.005) 0.013 0.032 0.004 0.012 0.016 0.0017 <O.OOl - <O.OOl <O.OOl - 
1.19/l 0.20 1.00 0.30 0.020 0.017 1.10 0.096 0.11 - - - 0.084 - - 
1.25/l 1.48 0.26 0.28 0.018 0.025 0.48 - - - 0.29 4.97 - - - 

1.26/l 0.31 0.48 0.29 0.021 0.009 1.87 4.05 0.14 0.11 1.3411 0.11 0.84 0.31 0.014 (0.030) 0.73 0.65 (0.05) 0.39 (0.-&)5) ‘1Ip 1 1 I 

1.82 0.10 1.11 0.27 0.017 0.020 0.21 0.085 0.069 0.060 0.101 - - (0.0015) 0.02 

*“Armco” iron. 

Table 6. Determination of lanthanides (%) in standard samples &95% confidence interval (n = 3); quantities in parentheses 
are amounts added (extent for Ce in 1.82, which is the cer&d value) 

Sample 

Line, nm 

La 333.749 
La 492.179 

La 413.765 
Ce 456.236 

Pr 390.844 
Pr 440.882 

Nd 406.109 
Nd 415.608 

1.19/l 1.25/l 

0.198 + 0.002 0.049 f 0.002 
0.197 f 0.003 0.049 * 0.002 

(0.200) (0.050) 

0.001 f 0.002 0.102 + 0.003 
0.001 f 0.002 0.098 f 0.003 

(0.000) (0.100) 

0.050 f 0.002 0.196 f 0.003 
0.049 f 0.002 0.199 & 0.003 

(0.050) (0.200) 

0.098 + 0.002 -0.001 + 0.001 
0.098 & 0.002 0.000 f 0.001 

(0.100) (0.000) 

1.26/l 1.34/l 1.82 

0.000 f 0.001 0.098 f 0.002 
0.000 f 0.001 0.098 f 0.002 

(0.000) (0.100) 

0.051 f 0.002 0.196 f 0.004 
0.050 f 0.002 0.195 f 0.003 

(0.050) (0.200) 

0.099 f 0.002 0.000 f 0.001 
0.099 * 0.002 0.001 f 0.001 

(0.100) (0.000) 

0.198 + 0.003 0.048 f 0.002 
0.198 f 0.003 0.048 f 0.002 

(0.200) (0.050) 

0.012 f 0.001 
0.012 f 0.001 

- 

0.020 f 0.001 
0.020 f 0.001 

(0.020 f 0.002) 

0.0002 f 0.001* 
0.003 + 0.001’ 

- 

0.007 f 0.002 
0.006 f 0.002 

- 

*With correction for vanadium. 
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Summary-Strontium has been determined in a human serum reference material by ICP-MS and by NAA. 
By ICP-MS, results for **Sr and 86Sr in both IO- and 5-fold diluted serum were in good agreement. For 
s*Sr the precision was better than 3% and the detection limit was 0.05 rg/l. under the conditions used. 
The results were 25.5 pg/l. in the liquid serum or 0.281 pg/g in the lyophilii reference material. In the 
NAA the 87mSr produced was radiochemically separated by extraction with oxine in chloroform. The 
precision was about 10% and the detection limit 0.02405 pg/g. 

In the course of a systematic study on the 
determination of trace elements in human serum 
by inductively coupled plasma-mass spectrome- 
try (ICP-MS)’ we noticed that strontium can be 
readily determined with this analytical tech- 
nique. Knowledge of the strontium concentra- 
tion in normal human serum is rather limited2-9 
and it is not clear whether it is an essential 
element or not. Recently, some interest has 
arisen in the determination of strontium in 
human serum for forensic purposes.‘O For these 
reasons, we have developed a method for the 
determination of strontium in serum by neutron 
activation analysis (NAA), and now report a 
comparison of these two entirely independent 
analytical methods for strontium determination. 
Most of the analytical results were obtained on 
the “second-generation” biological reference 
material (human serum) prepared by Versieck et 
al.” in this laboratory. The reference material 
is available in the freeze-dried form to the 
scientific community. 

For ICP-MS, we used material kept in deep 
frozen form and sample preparation was limited 
as much as possible in order to avoid contami- 
nation or losses of strontium. Sample pretreat- 
ment consisted merely of a dilution with 0.14M 

*Author for correspondence. 

nitric acid and addition of indium as an internal 
standard. Dilution is necessary to avoid block- 
ing the central silica tube of the plasma torch 
and the pneumatic nebulizer and to reduce the 
extent of signal suppression by the matrix. In a 
previous communication we showed that using 
an indium internal standard corrects for sup- 
pression of the analyte signal by easily ionized 
elements.‘* In addition, it significantly improves 
the precision of the measurements, as the mass 
of “‘In is close to that of the Sr-isotopes.‘3 

For NAA, sample preparation was also kept 
to a minimum and use was made of the 
86Sr(n, y)*‘“Sr reaction. 87mSr has a half-life of 
2.81 hr and emits 388.4-keV y-rays in 83.0% of 
its disintegrations. Separation of *“‘Sr from 
matrix activities such as 24Na, 32P, 38C1, **Br, was 
achieved by extraction with oxine in chloro- 
form. The determination of strontium was com- 
bined with the determination of manganese, 
copper, and zinc, which has been described 
earlier. I4 

EXPERIMENTAL 

ICP-MS 

Selection of nucliah Strontium has four iso- 
topes (abundances in parentheses): 84Sr (0.56%), 
*‘Sr (9.9%), *‘Sr (7.0%) and **Sr (82.6%). Deter- 
minations of “Sr and 86Sr are interfered with by 

TAI. 37/8-E 
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&lKr (57%) and *6Kr (17.3%), respectively, from 
krypton present as impurity in the argon used. 
Of course this interference can be corrected for 
by blank subtraction. *‘Sr is interfered with by 
*‘Rb (27.8%) which is present at 168 pg/l. in the 
serum,” whereas **Sr is free from isobaric inter- 
ferences. The obvious choice was thus to use 
**Sr, but *‘Sr was also used in order to check the 
absence of interferences. No interferences from 
polyatomic ions have been reported. Figure 1 
gives a spectrum of a serum sample for m/z 
between 80 and 90. 

Instrumentation. A commercially available 
ICP-MS instrument, the VG PlasmaQuad (VG 
Elemental, Winsford, U.K.), was used in its 
standard configuration, with a Meinhard nebu- 
lizer and a spray chamber made of borosilicate 
glass. Details of the operating conditions are 
given in Table 1. Although strontium was deter- 
mined by a single-element procedure, it can 
easily be determined in practice together with 
several other trace elements.’ 

Standards and samples. All solutions were 
prepared with 0.14M nitric acid obtained by 
hundredfold dilution, with Millipore MilliQ 
water, of concentrated nitric acid, purified by 
sub-boiling distillation. 

Two different 100-p g/l. strontium standard 
solutions were used. The first was prepared by 
successive dilutions from a l-g/l. strontium solu- 
tion prepared by dissolution of solid strontium 

nitrate (Merck, Darmstadt, Germany, p.a.), the 
second from a commercial l-g/l. strontium solu- 
tion (Fluka A.G., Buchs, Switzerland). 

The stoichiometry of the strontium nitrate 
was checked by heating at different tempera- 
tures. Heating at 70 and at 110” yielded no 
significant difference in weight (+ 0.2, + 0.4, % 
and +O.l, + 0.35 %), indicating that no hydra- 
tion had occurred, since Sr(NOS),*4H,0 loses 
water at 100”. In addition, the two standards 
were compared: the ratio of the average count- 
rate (3 measurements) of **Sr to that of “‘In 
(lOO.~g/l. added as internal standard) was 0.828 
with a standard deviation of 0.004 for the 
first standard, and 0.821 with a standard 
deviation of 0.005 for the second, indicating that 
there was no significant difference in strontium 
concentration. 

Liquid serum, obtained by defrosting 2.5-ml 
subsamples of the reference material prepared 
by Versieck et al.” and stored without prior 
lyophilization in a polyethylene container in a 
deep-freezer, was diluted IO-fold or j-fold. To 
2.5 or 5 ml of liquid serum, 2.5 ml of a I-mg/l. 
indium solution were added and the solution 
was diluted accurately with 0.14M nitric acid to 
obtain 25 ml of a solution with an indium 
concentration of 100 pg/l. Precleaned poly- 
ethylene pipettes and standard flasks were used 
to prepare the diluted serum samples and all 
manipulations were done on a clean-bench to 

3x103 
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Fig. 1. Mass spectrum of a 5-fold diluted serum sample for m/z between 80 and 90. 
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avoid conta~na~on. A blank solution was 
prepared sim~~neously. 

Measuremenrs. Quantitative analyses were 
performed by using the scanning mode of data 
acquisition, with scanning conditions as sum- 
marized in Table 1. The following solutions 
were measured successively: a blank for the 
samples; two IO-fold diluted serum samples; two 
5-fold diluted serum samples; a blank for the 
standard; a standard. 

Each of these solutions was measured three 
times and between the different solutions the 
sample introduction system was rinsed with 
0.14M nitric acid for 2 min. Such a series of 
measurements was made in the morning and 
repeated on the same samples in the afternoon. 
A similar series of measurements with different 
samples was made a few months later. 

NAA 

87mSr (tliz = 2.81 hr; .& = 388.4 keV) was 
measured as the analytical indicator for 
stron~um. 

~~~~ju~j~~. A 150-200 mg portion of 
lyophilized serum (in this case the reference 
material was used in the form in which it is 
available to other researchers), packed in 
polyethylene containers, was irradiated for 
3-4 hr in the Thetis reactor of Ghent University 
at a neutron flux of 1.48 x IOr cm-* see-‘. 

Radiochemical separation. The irradiated 
sample was placed in a lOO-ml glass beaker and 

Table 1. PlasmaQuad operafing conditions 

Pk7SltZa 
r.f. power: forward 1.35 kW 

reflected c 10 W 
gas flows: plasma 13 l./min 

auxiliary 1 l./min 
nebulizer 0.72 l./min 

peristaltic pump: Gilson Minipuls 2 pumped at 
0.9 ml/min 

nebulixer: Meinhard concentric glass nebulixer 
(type Tr-30-A3) 

spray chamber: double-pass Scott type, water 
cooled (loo) 

Ion sampling 
sampling cone: nickel, 1.0 mm orifice 
skimmer cone: nickel, 0.75 mm orifice 
sampling depth: 10 mm (from load coil) 

Vacuwn 
expansion stage: 2.3 mbar 
intermediate stage: 0.1 #bar 
analyser stage: 4.0 nbar 

Data acquisition 
quantitative scanning 

sweeps: 120 
dwell time: 250 psec 
channels: 2048 
mass region: m/z 80-120 
acquisition time: 61 set 

Table 2. Recovery of added sh”Sr: all resuIts are expressed 
in % of total and correspond to mean and standard 

deviation of 16 measurements 

Organic extract, obtained at 
pH 2.1 and 8.5, combined 

Recovery, % 

0.028 & 0.078 

Organic extract obtained at pH 12.5 98.6 4 0.2 
Remaining aqueous phase 0.46 j: 0.23 
Wash liquid 0.89 f 0.29 

weighed. After addition of manganese, copper 
and zinc carrier solutions,‘4 1 ml of strontium 
nitrate solution (10 pg/ml Sr) and 5 ml of a 1: 1 
v/v mixture of concentrated nitric and perchlo- 
ric acids were added. The solution was heated 
on a hot-plate fitted with a magnetic stirrer, 
until nearly dry. The residue was quantitatively 
transferred to a separatory funnel with 10 ml of 
1M perchloric acid. Ten ml of saturated hy- 
drazine sulphate solution were added to reduce 
manganese. After 2 min, 10 ml of a 0.05&f 
potassium hydrogen phthalate buffer were 
added. After pH adjustment and successive 
extraction of copper at pH 2.1 and of man- 
ganese and zinc at pH 8.5, the pH was increased 
to 12.5 by addition of 4M sodium hydroxide. 
Strontium was then extracted (stirring time 5 
min) with two successive 40-ml portions of 1M 
oxine in chloroform. The organic phase was 
washed with 0.03M sodium hydroxide and col- 
lected in a 150-ml Erlenmeyer flask. 

The chemical separation was tested with 
tracer amounts of 87mSr. The recoveries are given 
in Table 2. The overall chemical yield of the 
strontium was 98.6% with a standard deviation 
of 0.2%. The excellent reproducibility indicates 
that recoveries are likely to be the same for the 
samples and the strontium nitrate standards (see 
below). 

Measurements and standardization. The sam- 
ples (chloroform phase) were counted for 
30 min with an HPGe semiconductor detector 
(25% relative detection efficiency) 3-5 hr after 
the irradiation. The ratio of thermal to epi- 
thermal neutron fluxes being stable during 
irradiation, standardization was done by a 
single-comparator method. For that purpose, 
the 51 l-keV activity from @Cu (t,:2 = 768 min) 
induced in a 4-mg copper wire, irradiated as 
flux monitor together with the sample, was 
measured 1 day after irradiation. Beforehand, a 
“k-factor”, corresponding to the ratio of the 
388.4-keV activity (cpm) of *7mSr, corrected 
for decay and saturation and normalized to 
1 pg of Sr, to the 51 I-keV activity of ‘Wu, 
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Table 3. Results @g/l. in liquid serum) obtained by ICP-MS for strontium in the 
human serum reference material* (mean + standard deviaton of 6 measurements) 

**Sr *6Sr 

lo-fold diluted 5-fold diluted IO-fold diluted 5-fold diluted 

25.3 f 0.5 24.8 f 0.9 25.1 + 2.7 25.1 f 1.7 
24.9 f 0.8 25.5 + 0.8 24.7 & 2.5 25.2 f 2.1 
26.4 f 0.5 25.5 f 0.7 26.8 + 1.9 25.1 f 1.3 
25.8 k 0.8 26.1 + 0.5 25.7 f 2.0 25.3 f 1.4 

Mean (95% confidence limits) 
25.6 f 0.4 25.5 k 0.4 25.6 + 1.0 25.2 f 0.6 
(n = 24) (n = 24) (n = 24) (n = 24) 

Grand mean (95% confidence limits) 
25.5 + 0.2 (n = 48) 25.4 f 0.6 (n = 48) 

*Values can be recalculated into pg/g dry weight (the form in which the material is 
available to the scientific community) by multiplying them by 0.011.” 

similarly treated, was determined. In the experi- 
ments, the irradiated strontium nitrate was 
radiochemically separated as described above. 

RESULTS AND DISCUSSION 

ICP-MS 

Table 3 gives the results obtained by using 
**Sr and *?Sr. Four samples were each analysed 
6 times. The precision was, on the average, 2.6 
and 2.7% for the analyses based on 88Sr, for lo- 
and 5-fold diluted serum respectively, and 8.9 
and 6.5% for the analyses based on YSr, for lo- 
and 5-fold diluted serum respectively. The mean 
value obtained for 48 analysed on 8 samples by 
using *YGr corresponded to 0.281 pg/g with a 
standard deviation of 0.009 pg/g in the freeze- 
dried reference material; with use of 86Sr it 
corresponded to 0.279 pg/g with a standard 
deviation of 0.021 pg/g. 

The excellent agreement between the results 
obtained by using two different isotopes indi- 
cates that, as expected, no significant isobaric 
interferences occur that are not corrected for by 
blank subtraction. In addition, the agreement 
between the results obtained on lo- and 5-fold 
diluted serum indicates that matrix effects, for 
instance due to the presence of easily ionized 
elements such as sodium, calcium and potas- 
sium, are adequately corrected for by using 
indium as internal standard.12 

Table 4. Comparison of calibration with a lOO-fig/l. stan- 
dard and standard addition for the determination of stron- 
tium in human serum by ICP-MS; all results are 95% 

confidence limits, expressed in pg/l. for liquid serum 

Calibration Standard addition 

IO-fold diluted 14.4 f 0.8 13.9 f 0.4 
13.8 f 0.8 

5-fold diluted 13.9 f 0.6 13.4 f 0.7 
13.4 f 0.3 

A further indication of the adequate correc- 
tion for matrix effects, achieved by using an 
indium internal standard, was obtained by 
applying the method of standard additions. 
Table 4 lists the results obtained for a normal 
human serum sample by applying a single stan- 
dard addition to lo- and 5-fold diluted serum. 
The results are in good agreement with those 
obtained by applying the calibration method as 
described. 

As an additional check of the accuracy of the 
technique, the certified reference material 
Bovine Liver, NBS 1577a, was analysed for 
strontium. A value of 0.147 pg/g with a stan- 
dard deviation of 0.005 pg/g was obtained, 
which is in agreement with the certified value 
(0.138 f 0.003 pg/g). 

The detection limit for 5-fold diluted serum 
corresponds to cu. 0.05 pg/l. 

NAA 

For 10 analyses a mean value of 0.244 pg/g 
with a standard deviation of 0.023 pg/g was 
obtained. The relative standard deviation 
(9.4%) was in good agreement with the value 
expected from the counting statistics. Indeed, 
the net area of the 87mSr peak was only 200-400 
counts and the background area 130-260 
counts, corresponding to an average standard 
deviation of about 10%. The detection limit 
thus ranges from 0.02 to 0.05 lg/g. This could 
obviously be improved using a longer measuring 
time. 

CONCLUSIONS 

By ICP-MS, applying *?3r, a grand mean of 
25.54 pg/l. with a standard deviation of 
0.83 pg/l. was found, corresponding to 95% 
confidence limits of (25.54 f 0.24) pg/l. This is 
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equivalent to (0.2809 & 0.0026) pg/g in the 
lyophilized material. RNAA yielded 0.244 pg/g 
with a standard deviation of 0.023 pg/g, 
corresponding to 95% confidence limits of 
(0.244 f 0.019) pgg/g. The ICP-MS results are 
significantly higher than our results obtained by 
NAA. However, in view of the rather high 
statistical uncertainty of the NAA results 
and the rather complicated chemical separation 
and standardization, the agreement seems 
acceptable. 
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Summary-Matrix modifiers have been compared for the determination of cadmium in food&r& by 
ETA-AAS with the sample injected in the form of a slurry. Addition of 800 pg/ml Pd stabilized cadmium 
to a similar extent as did ammonium dihydrogen phosphate, but avoided the increase in background 
signal associated with the latter. An analytical procedure was developed, based on palladium matrix 
m~fi~tion, platform atomization with a pi-ato~~tion cooling step and integrated absorbance 
measurements. The method allowed the analysis of milk, liver and olive leaf slurries at concentrations up 
to at least 50 mg/ml by direct calibration with aqueous standards. The accuracy of the analytical results 
was within 15% and the detection limit for cadmium in analysis of a 50 m&ml slurry was 10 rig/g.. 

Various attempts have been made to eliminate 
the tirn~~nsu~ng sample preparation pro- 
cedures traditionally associated with the 
analysis of solid samples by electrothermal 
atomization atomic-absorption spectrometry 
(ETA-AAS). Two novel sample intr~uction 
methods have been studied. In the first, solid 
samplesL-‘O are weighed on a microbalance and 
transferred to a furnace. Although, with care, 
samples may be introduced into a furnace 
accurately and precisely, the procedure is time- 
consuming and susceptible to environmental 
contamination, and calibration is difficult. The 
second approach used is the in~oduction 
of samples as a suspension or a slurry.t’-28 
Although the accuracy and precision of this type 
of sample-introduction depend on the stability 
and homogeneity of the slurry, the method has 
several advantages. Full automation can be 
achieved by using a stirring device compatible 
with co~er~ally available auto~mplers.28 
Chemical modifiers can be added to the slurry 
diluent, allowing intimate contact with the ana- 
lyte. Samples may also be injected reproducibly 
onto the same location within the furnace tube. 

Cadmium is a difficult element to determine 
accurately by use of solid sampling. This is 
mainly due to the low thermal stability of most 
cadmium salts, which prevents the thermal re- 
moval of interfering matrices prior to atomiz- 
ation, resulting in a loss of analytical sensitivity 

and necessitating use of the standard-additions 
~libration method. Several chemicals which 
form cadmium compounds of greater tbermal 
stability have been added as modifiers. The most 
popular is phosphate,‘82e’4 often as one of 
its ~rnoni~ salts, to form cadmium pyro- 
phosphate. Other modifiers used include ammo- 
nium fluoride,3s forming cadmium Auoride, 
Arnold persulphate36 or thiourea,37 forming 
cadmium sulphide, selenium,38 forming cad- 
mium selenide, and palladium salts,3p which 
presumably form an intermetallic species. 

In this work ammonium dihydrogen phos- 
phate and palladium nitrate were compared as 
modifiers for the determination of cadmium in 
food slurries. Addition of magnesium nitrate 
with these modifiers was also evaluated.““’ 
Subs~uently, an analytical procedure was de- 
veloped which used platform atomization with 
Zeeman background correction. This enabled 
direct vibration with aqueous standards to be 
used for the analysis of a range of foodstuffs. 

EXPERIMENTAL 

All atomic-absorption measurements were 
performed with a Perkin-Elmer Zeeman 5000 
spectrometer equipped with an HCA 400 fur- 
nace programmer and an AS40 autosampler. 
The Zeeman background correction system 
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was used throughout this study. Measurements 
were performed at the 228.8 nm resonance 
line of cadmium with a spectrometer bandpass 
of 0.7 nm and use of a hollow~ath~e lamp 
(Cathodeon Ltd., Cambridge, England) oper- 
ated at 8 mA. Integrated absorbance measure- 
ments were made throughout. 

Non-grooved pyrolytically coated graphite 
tubes were used with pyrolytically coated 
platforms, unless otherwise stated. 

Slurry samples (20 yl) were injected either 
manually after manual shaking or by using the 
AS40 autosampler together with the integral 
magnetic stirring device described previously.” 

The tube-wall tem~ratures over the pro- 
grammed range of 80~2~’ were checked 
with an Ircon 1100 optical pyrometer. The 
measured temperatures were within 100” of the 
programmed temperatures. 

The food samples used in optimization 
studies (cadmium content not certified) were 
obtained as finely ground dry powders from 
the Ministry of Agriculture, Fisheries and 
Food, Food Analysis Laboratories, Norwich, 
U.K. The certified reference materials (CRMs) 
analysed to determine the accuracy of the pro- 
posed procedure were (i) Bovine Liver CRM 
185, (ii) Milk Powder CRM 150, (iii) Milk 
Powder CRM 15 1 and (iv) Olive Leaves CRM 
062 (Community Bureau of Reference, Brussels, 
Belgium). 

Preparation of slurries 

A 0.1-0.5 g portion of powdered food sample 
was accurately weighed, appropriate reagents 
were added to it and the mixture was diluted to 
10 or 20 ml with distilled water. Chemical 
modifiers were added during this preparation, 
ensuring good mixing with the sample. Addition 
of 5 mg of antifoaming agent per ml of slurry 
prevented foaming. Concentrated ammonia so- 
lution was added to give a 5% v/v con~ntration 
(5 ml per 100 ml of slurry). The suspension was 
then shaken vigorously for 15 min to achieve 
thorough dispersion of the milk powder or 
animal tissue, 

Reagents 

AnalaR grade reagents (BDH Chemicals 
Ltd., Poole, England) were used throughout this 
study unless otherwise stated. Distilled water 
was used in the preparation of samples and 
solutions. 

Concentrated nitric acid PRONALYSAR 
grade, (May and Baker Ltd., Dagenham, 
England). 

Con~n~ated a~onia solution, ARISTAR 
grade (BDH). 

Antifoam B emulsion (Sigma Chemical 
Company, St. Louis, U.S.A.). 

Palladium(I1) nitrate solution, 10% w/v 
(Johnson Matthey PLC, Royston, 
England). 

Cadmium nitrate solution, 1000 mg/l., pre- 
pared in 1M nitric acid. 

Procedures 

Choice of mod~~r. The major criterion used 
in selecting a modifier was its ability to produce 
a more thermally stable cadmium compound 
from both slurry samples and standards. The 
thermal stability was determined by making six 
measurements of the time parameters of the 
signal, rloX and rpepk, defined as the time re- 
quired for the atomic-absorption signals to 
reach 10% of the peak value and the peak 
absorbance, respectively. An increase in the rlow 
value indicates an improvement in the thermal 
stabilization of cadmium, as during the initial 
stages of the ato~zation step the temperature 
of the tube increases with time. 

Conditions for direct analysis. Recovery 
of added cadmium was used as an initial 
indicator of the accuracy of analysis, and was 
defined as: 

% Recovery = - a-bXlOO 
c- d 

where a, b, c and d are the mean values of at 
least three absorbance signals for Q, 20 ~1 of the 
slurry sample plus 20 ~1 of 2 ng/ml Cd solution, 
b, 20 ,ul of the slurry sample, c, 20 ~1 of 2 ng/ml 
Cd solution, and d, 20 ~1 of an appropriate 
reagent blank mixture. Care was taken to ensure 
that all atomic absorption measurements 
were within the linear dynamic range of the 
inst~ment response. 

Analysis of samples. The certified reference 
materials (CRMs) were analysed as follows. 

(1) Standard solutions containing 0, 1, 2, 3,4 
and 5 ng/ml Cd were atomized in duplicate. 
Linear least-squares regression analysis was ap- 
plied to the average of the integrated ab- 
sorbances. 

(2) Samples and appropriate blanks were 
prepared in triplicate and three aliquots of each 
were atomized. 
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(3) The cadmium content of each sample and 
blank replicate was determined by interpolation 
from the calibration graph. Sample concen- 
trations were corrected for the blank before 
calculation of the mean and the 95% confidence 
interval for the cadmium content in each 
sample. 

RESULTS AND DISCUSSION 

Comparison of modifiers 

The optimum amount of palladium to be used 
was determined before different modifiers were 
compared. 

Plots of 210% for a 2 ng/ml Cd solution and 
a 10 mg/ml kale slurry charred at 500” and 
atomized at 1800” from the tube wall, are shown 
in Fig. 1. A palladium concentration of 800 
pg/ml in the sample gave an acceptable 
approach to maximization of the Cd signal and 
was used in all subsequent investigations. The 
effects of various modifiers are compared in 
Table 1 in terms of Q,% for samples charred at 
700” and atomized from the tube wall at 1800”. 
The NH,HzP0,-Mg(N0,)2 mixture gives the 
best performance for the cadmium nitrate 
solutions. The performances of NH,H,PO, or 
Pd alone were comparable, but inferior to that 
of the NH,Hz PO,-Mg(NO,), mixture. 

The corresponding results for the food 
slurries are rather interesting. The thermal 
stabilization varies with the type of sample 
and the type of modifier. Palladium gave 
significantly better performance than the 
phosphate-magnesium nitrate mixture for all 
slurry samples, except the bovine liver, and 
comparable performance to NH4H2P04 or the 
Pd-Mg(NO,), mixture. A combination of 800 
pg/ml Pd, 10 mg/ml NH4H2P04 and 10 mg/ml 
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Fig. 1. Influence of palladium concentration on stability of 
cadmium in terms of the peak-time parameter r,OK. A, 2 
pg/l. aqueous solution of cadmium; B, 10 mg/ml kale slurry. 

Mg(NO& was examined in an attempt to 
combine the favourable performance of the 
NH., H, P04-Mg(NO& mixture for cadmium 
nitrate solution with that of Pd for slurry 
samples, but significant improvement was found 
only for bovine liver, and the performance was 
poorer for the milk slurries. Similar trends were 
observed for the rpcak values. 

Char temperature curves for cadmium in 
aqueous solution and slurries prepared from 
samples of lettuce, kale, brussels sprouts and 
fish are shown in Fig. 2 for use of 800 pg/ml Pd 
as the modifier. The results indicate that with Pd 
added, the thermal stability of cadmium in 
slurries is relatively insensitive to differences 
in the matrix composition. No significant 
reduction in the cadmium signal was observed 
for char temperatures up to at least 800” for 
each of the samples studied. A conservative 
charring temperature of 750” was chosen for all 
subsequent studies. Addition of palladium as 
modifier avoided the high background signal 
associated with the vaporization of phosphate 

Table 1. T,~% values obtained for cadmium with different modifiers; samples charred at 700” with wall 
atomization at 1800” (95% confidence limits in parentheses) 

T,~% values, set 

Modifier 
2 ng/ml Cd 

(aqueous solution) Kale 

Slurries (10 mg/ml) 

Milk Fish Bovine liver 

No modifier co.01 N.S. N.S. N.S. N.S. 
10 mg/ml NH,H,PO, 0.14( kO.02) 0.05(+0.02) 0.16(&0.01) 0.13( + 0.02) O.lO(~O.02) 
10 mg/ml NH,H,PO,- 

10 mg/ml Mg(NO,), 
0.25( * 0.04) 0.04( f 0.02) 0.09( f 0.03) 0.04( f 0.03) 0.07( f 0.02) 

800 mg/l. Pd 0.15(+0.01) 0.09(_+0.01) 0.14(*0.01) 0.11(+0.03) 0.07(*0.01) 
800 mg/l. Pd- 

10 mg/ml Mg(NO,), 
0.10(~0.01) 0.09(_+0.02) 0.16(*0.01) 0.13(+0.02) 0.13(*0.02) 

800 mg/l. Pd- 
10 mg/ml NH,H,PO, 0.17(&0.03) 0.08(+0.02) O.lO(~O.02) o.ll(+o.ol) 0.12(&0.02) 
10 mg/ml Mg(NW, 

N.S. = No signal. 
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Fig. 2. Graphs of integrated absorbance signal for cadmium 
as a function of charting temperature. A, 1 ng/ml aqueous 
solution of cadmium; B, 60 mg/ml brussels sprout slurry; C, 
20 mg/ml kale slurry; D, 60 mg/ml fish sluny; E, 40 mg/ml 
lettuce slurry; F, 20 mgjmi bovine liver slurry; platform 

atomization at 1700”. 

salts in the furnace. The background signals 
for 20 ,cll of 10 mg/ml NH,H,PQ, obtained 
with platform atom~ation and the tern~~t~e 
programme shown in Table 2, were 1.4 ab- 
sorbance and 6.0 absorbance. set for peak 
height and peak area measurements, respec- 
tively. The background signal for 20 ~1 of 800 
pg/ml Pd did not deviate sibilantly from the 
background measured during atomization of a 
water blank. 

Palladium was therefore selected as a modifier 
for the determination of cadmium in slurries, on 
the basis of its comparatively good stabilizing 
effect and the absence of background signal 
enhancement when it was vaporized with the 
analyte. 

60 

000* 1290 1400 

Temperature PC ) 

Fig. 3. Recovery of added cadmium at different atomization 
temperatures. A, 40 mg@l milk slurry; B and C, 10 and 20 
mg/mt bovine liver slurries, respectively; D, 40 mg/ml 
brussels sprout slurry; E, 40 mg/ml fish slurry. The rest of 
the temperature programme is as given in Table 2,20 ~1 of 
2 ng/ml Cd added to 20 ~1 of the slurry in the atomizer tube. 

Optimization of atomization stage 

The effect of a~om~tion temperature on the 
recovery of added Cd for slurries prepared from 
a range of food samples is illustrated in Fig. 3. 
The recovery of the signal for 20 ~1 of 2 ngjml 
cadmium solution was used to assess the extent 
of matrix interferences when the food slurries 
were analysed with calibration by use of 
aqueous solutions of cadmium nitrate. A pre- 
atomization cooling step to room temperature 
was used to enhance the delay in atomization. 
An atomization temperature of 1350” allowed 
recoveries close to 100% to be achieved for the 
four food samples studied and hence was 
used for subsequent investigations. Above this 
temperature there was a general decrease 

Table 2. Furnace programme for analysis of samples with platform 
atomization (nitrogen used throughout) 

Temperature, Ramp time, Hold time, Gas flow, 
Step “C see see mljnin 

DV :: 5 40 300 

Pretreat 30 20 Cool 20 
Atomize 1350 t!r 

20 :: 
10 0 

Clean 2400 1 2 300 
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in recovery although the rate of this decline 
depended markedly on the sample matrix. 
Comparatively good recoveries of cadmium 
were achieved over the temperature range 
1350-2150” for milk slurries. However, 
recoveries decreased to 50% at atomization 
temperatures of approximately 1750, 1950 and 
2150” for fish, bovine liver and brussels sprout 
slurries, respectively. 

The general decrease in recovery with increas- 
ing atomization temperature may be explained 
as follows. As the atomization temperature is 
increased, it takes longer for the tube to achieve 
the ideal condition of temporal isothermality, if 
the heating rate is unaltered. Indeed, at high 
temperature settings cadmium atom production 
will mostly occur while the tube temperature is 
still increasing, which results in a shorter atom 
residence time and lower integrated absorbance 
compared to measurements made at lower tem- 
peratures. As the rate of cadmium atom pro- 
duction was observed to be greater from the 
food slurries than from an aqueous solution of 
cadmium nitrate, significant differences in the 
average cadmium atom residence time can occur 
for the standard solutions and slurries, when 
vaporization takes place under non-isothermal 
conditions. In addition, greater temporal reso- 
lution between the atomic absorption and 
the background signals occurred at lower atom- 
ization temperatures. This implies better resolu- 
tion in the vaporization of the analyte and 
matrix species and may explain, to some extent, 
the superior recovery obtained at the relatively 
low atomization temperature of 1350”. 

The effect of slurry concentration on the 
recovery is shown in Table 3, for a variety of 
food slurries, and an atomization temperature 
of 1350”. Recoveries in the range 90-110% 
were achieved for milk and brussels sprout 
samples up to the maximum slurry concentra- 
tion studied, of 100 mg/ml. Similar recoveries 
were achieved for fish slurries up to a slurry 
concentration of 60 mg/ml. The high level of 

Table 3. Recovery as a function of slurry concentration, for 
platform atomization at 1350” after a cooling step 

Slurry 
concentration, 

mglm[ 

10 
20 
40 
60 

100 

Recovery, % 

Bovine Brussels 
Fish Milk liver sprout 

105 99 96 103 
107 96 97 100 
96 108 - 96 
95 103 - 91 
82 107 - 92 

cadmium present in the bovine liver sample 
prevented the analysis of slurry concentrations 
above 20 mg/ml. Though the range of slurry 
concentrations over which close to quantitative 
recoveries are achieved is impressive, the accu- 
racy and precision of slurry sample deposition 
into a graphite tube has been shown to deterio- 
rate for some foodstuffs at slurry concentrations 
above approximately 50 mg/ml.** Therefore, the 
highest slurry concentration that can be used for 
accurate analysis based on the use of aqueous 
standards may vary for different samples. 

Analysis of samples 

The furnace conditions optimized for the 
determination of cadmium in slurry samples by 
direct calibration with aqueous standards are 
given in Table 2. A slurry concentration of 40 
mg/ml was used for the analysis of the CRMs, 
except for Bovine Liver CRM 185, as its higher 
cadmium content required the use of a 10 mg/ml 
slurry. The cadmium concentrations determined 
by the proposed method (Table 4) are in close 
agreement with the certified values, although the 
95% confidence limits are generally poorer than 
those of the certified values. 

Good sensitivity was achieved by the pro- 
posed method. The cadmium characteristic 
mass for aqueous solutions was 0.60 pg/O.O044 
absorbance. set and this was within a factor of 
2 of the value of 0.35 pg/O.O044 absorbance. set 
reported previously” for aqueous solutions. 
For the food types analysed in this study, the 
cadmium detection limit (2~) is 10 rig/g (dry 
weight), based on a 50 mg/ml slurry. 

CONCLUSIONS 

Palladium stabilizes cadmium to a similar 
extent as does the commonly used NH4H2P04 
modifier for a variety of food slurries, but gives 

Table 4. Determination of cadmium in CRMs by the 
proposed method 

Cadmium concentration, pg/g 

Sample Proposed method* Certified 

Bovine Liver 0.30 + 0.04 0.298 & 0.025 
CRM 185 

Milk Powder 0.024 f 0.006 0.0218 + 0.0014 
CRM 150 

Milk Powder 0.114 f 0.030 0.101 f 0.008 
CRM 151 

Olive Leaves 0.106 f 0.010 0.10 * 0.02 
CRM 062 

*Based on triplicate analysis of three specimens of each 
CRM; results quoted with 95% confidence intervals. 
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a much lower background signal. A magnesium 
nitrate-palladium mixture did not give an 
additional improvement in the thermal stability 
of cadmium in aqueous solution or food 
slurries. 

The direct dete~ination of cadmium in food 
slurries was achieved by using. pa~a~um matrix 
modification with platform atomization, a char 
temperature of 750”, a pre-atomization cooling 
step and integrated absorbance measurements. 
Accuracy to within 15% was achieved for the 
CRMs analysed. Quantitative recoveries were 
achieved for some slurries up to a concentration 
of 100 mg/ml, but a maximum slurry concen- 
tration of approximately 50 mg/ml is recom- 
mended for general use. 
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Snmmary-Arsenic was partially extracted with 4.OM hydrochloric acid, from samples collected at 25-cm 
intervals in a 350-cm column of sediment at Milltown Reservoir, Montana and from a 6O-cm core of 
sediment collected at the Cheyenne River Embayment of Lake Oahe, South Dakota. The sediment in both 
reservoirs is highly contaminated with arsenic. The extracted arsenic was separated into As(III) and As(V) 
on acetate form Dowex l-X8 ion-exchange resin with 0.12M HCI eluent. Residual arsenic was sequentially 
extracted with KClO, and HCl. Arsenic was determined by graphite-furnace atomic-absorption spec- 
trometry. The analytical results define oxidized and reduced zones in the sediment columns. 

The need for an analytical method to determine 
the concentration of arsenite and arsenate in 
sedimentary materials became apparent in the 
study of the mobility and solubility of arsenic 
species in lacustrine sediments. Studies of ar- 
senic deposition from mine waste and tailings or 
from natural causes have revealed that changes 
in the oxidation state of arsenic may occur in the 
sediment columns of lakes and reservoirs.‘-3 The 
occurrence of both As(II1) (arsenite) and As(V) 
(arsenate) in the interstitial water of the sedi- 
ment from Milltown Reservoir, Montana,’ and 
in the Cheyenne River Embayment of Lake 
Oahe, South Dakota,3 suggests that measurable 
concentrations of these two oxidation states 
should also occur in the solid phase of the 
sediment, because most of the arsenic in the 
system is contained in the solid phase. As(II1) 
and As(V) are known to be readily adsorbed 
onto amorphous hydrous iron oxides4 and it is 
reasonable to assume that this also occurs in 
environments containing recent depositions of 
arsenic-bearing sediments. 

Determination of As(II1) and As(V) concen- 
trations in water has been intensively studied in 
recent years by Ficklin,’ Subramanian and 
Meranger, Aggett and Kadwani,’ Mok et a1.8 
and many others. Lemmo et aI.’ discussed in 
detail the fate and speciation of arsenical com- 
pounds in the aqueous environment. Chemical 
speciation of arsenic in solid materials requires 
an extraction in which the reagent does not alter 
the oxidation state of the arsenic. Iverson et al.” 
reported results for speciation of arsenic in 
sediment contaminated with dimethylarsinite 

(DMA) and monomethylarsonate (MMA), al- 
though they did not separate the inorganic 
anions. Moore et al.’ extracted arsenic from 
highly contaminated sediments at Milltown 
Reservoir, Montana, with the acetic acid- 
hydroxylamine reagent of Chester and Hughes” 
but did not determine As(II1) and As(V) con- 
centrations in the resulting solutions, because of 
the reducing agent present. 

Chao and Zhou” used 4.OM hydrochloric 
acid to determine phase associations of metals 
in crystalline iron oxides. This reagent and 
several others were tested in the present study 
for the stability of arsenate and arsenite upon 
extraction. Reagents containing hydroxylamine 
or ascorbic acid reduced all of the As(V) to 
As(II1). The most successful extractions were 
made with hydrochloric acid, and the 4.OM acid 
was used because it is standard practice for 
extraction of iron oxides. 

EXPERIMENTAL 

Reagents 

All reagents were analytical grade or better. 
The hydrochloric acid used was “J. T. Baker 
instra-analyzed for trace metals analysis”. 
As(II1) solutions were prepared from sodium 
arsenite (NaAsO,). As(V) solutions were 
prepared from sodium dihydrogen arsenate 
heptahydrate (NaH, As04. 7H2 0). DMA solu- 
tions were prepared from sodium cacodylate 
and MMA solutions from a sample of MMA 
supplied by Vineland Chemical Co. The ion- 
exchange resins Dowex l- x 8 and Dowex 

831 
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x 8, 

Apparatus 

A Perkin-Elmer model 603 atomic-absorp- 
tion spectrophotometer*, equipped with an 
HGA 2100 graphite furnace, a deuterium arc 
background correction system, an electrodeless 
discharge lamp and pyrolytically coated 
graphite tubes, was used for all arsenic determi- 
nations. Arsenic was stabilized in the graphite 
furnace by adding 10 ~1 of 500 mg/l. nickel 
solution (nickel nitrate in 1% v/v nitric acid) to 
10 ~1 of sample in the graphite furnace. A 
wavelength of 197.2 nm was used instead of the 
usual 193.7 nm, to reduce the sensitivity because 
the arsenic in the samples was so abundant. The 
sample in the tube was dried for 30 set at loo”, 
charred for 20 set at 1100” and atomized for 6 
set at 2700”. Calibration graphs were obtained 
by use of standards solutions of As(II1) in 
0.12M acetic acid and of As(V) in 0.12M hy- 
drochloric acid/O. 12M acetic acid mixture. 

Sample treatment 

The samples from Milltown Reservoir, MT, 
were frozen immediately following collection. 
The samples originated from a hole about 350 
cm deep, made by auger. A sample was collected 
at each 25-cm interval and was frozen within an 
hour. The samples from Lake Oahe, SD, were 
taken from intervals in drill cores and frozen 
immediately after removal of the interstitial 
water. 

The samples were kept frozen until just before 
extraction of the arsenic. Each sample was 
thawed as rapidly as possible in cold water. To 
minimize the exposure of oxidizable As(II1) to 
the atmosphere, arsenic was extracted from 
0.54.7 g of wet sediment. The dry weight was 
calculated from the results obtained by weighing 
a separate part of each sample wet and again 
after drying. Samples from Milltown Reservoir 
were thoroughly homogenized by stirring the 
contents of the “Ziploc” storage bag with a 
glass rod. The samples from Lake Oahe were 
homogenized by kneading the small “Whirl- 
pak” bags used for storage. 

The samples were heated with 5.0 ml of 4.OM 
hydrochloric acid for 30 min at 90” in a water- 
bath. The extract was allowed to cool and the 

*Use of brand names is for descriptive purposes only and 
does not imply endorsement by the U.S. Geological 
Survey. 

volume was adjusted to 5 ml with demineralized 
water. The arsenic species in this solution were 
determined after separation by the method of 
Ficklin,’ adapted to the more concentrated acid 
solution used for the extraction. The method 
consists of separation of As(II1) from As(V) on 
acetate-form Dowex l- x 8(100-200 mesh) ion- 
exchange resin in a 0.7 x 15 cm column (glass 
Econo-Columns from Bio-Rad). The resin in 
the column was converted into the acetate form 
by passing 5 ml of l.OM sodium hydroxide 
through the column, followed by 10 ml of l.OM 
acetic acid. 

A 0.3 ml volume of the 4.OM hydrochloric 
acid extract was then passed through the 
column, followed by 2.7 ml of 0.12M hy- 
drochloric acid, 3 ml of effluent being collected. 
Next, 19-24 ml of 0.12M hydrochloric acid were 
passed through the column and collected as one 
4-ml and three or four 5-ml fractions. All the 
fractions were analyzed for arsenic. As(III), 
when present, was found in the 4-ml fraction 
and As(V) in the second and/or third of the 5-ml 
fractions. The volume of eluent required for 
removal of As(V) was variable, but the elution 
always occurred when the resin had been com- 
pletely converted from the acetate form into the 
chloride form. With experience the dark yellow 
acetate form of the resin could be easily distin- 
guished from the light yellow chloride form. 
With an estimated dry weight of 0.3 g (the water 
content of the samples varied from 50 to 75% 
and 0.5-0.7 g of wet sediment was extracted) 
and a detection limit of 5 pg/l. arsenic at 197.2 
nm, the minimum concentrations of As(II1) and 
As(V) detectable were 0.33 and 0.42 mg/kg, 
respectively. However, a practical detection 
limit of 0.5 mg/kg was used. 

Arsenic remaining in the solid residue after 
the extraction with 4.OM hydrochloric acid was 
dissolved out by letting this residue stand with 
0.5 g of potassium chlorate and 5 ml of concen- 
trated hydrochloric acid for 30 min at room 
temperature.13 Total arsenic was determined by 
use of the decomposition method of Lichte 
et uL,‘~ with arsenic determination by graphite- 
furnace atomic-absorption spectrometry after 
appropriate dilution. 

Known mixtures of As(III), As(V), DMA and 
MMA were separated by the proposed method. 
The DMA and As(II1) were eluted in the first 
7 ml of effluent. MMA was first found in the 
second of the 5.0-ml fractions and in each 
succeeding fraction until all of the resin had 
been converted into the chloride form. Thus, 
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MMA and As(V) were not well separated from 
each other, but they were separated from DMA 
and As(II1). Separation of DMA from As(II1) 
was accomplished by passing the first 7 ml of 
effluent through a 0.7 x 2.0 cm column of 
Dowex 5OW- x 8 H+ form resin. The DMA 
remained on the resin, but As(II1) passed 
through. Likewise, MMA was separated from 
As(V) by passing the 5.0-ml fractions of effluent 
through a 0.7 x 2 cm column of Dowex l- x 8 
acetate-form resin. MMA was eluted with 
0.16M acetic acid, and As(V) remained on the 
resin. No MMA or DMA was found in three 
samples of ‘Milltown Reservoir sediment or in 
two samples of Lake Oahe sediment. 

RESULTS 

The results for extraction of arsenic with 
4.OM hydrochloric acid from 13 samples of 
Milltown, MT, reservoir sediment and from a 
core of sediment from the Cheyenne River 
Embayment of Lake Oahe, SD, are presented in 
Table 1. The total arsenic concentration and the 
concentration of arsenic remaining in the sedi- 
ment after extraction with 4.OM hydrochloric 
acid but released by reaction with potassium 

chlorate and concentrated hydrochloric acid are 
also included. The data suggest that a change 
from oxidizing to reducing conditions takes 
place, as reflected by the increase in the propor- 
tion of As(II1) with increasing depth from the 
sediment surface. In the oxidizing region almost 
all the arsenic in the sediment is present as 
As(V). The total arsenic and extracted As(V) are 
almost equal at depths of O-75 cm at Milltown 
Reservoir and in the first 3 cm of the sediment 
of Lake Oahe. On the other hand, in the reduc- 
ing zone some As(V) still has not undergone 
reduction, although the major part of the ex- 
tractable arsenic occurs as As(III). 

In the reducing zone a large percentage of the 
arsenic was in a form that was insoluble in hot 
4.OM hydrochloric acid but was released by 
reaction with the potassium chlorate concen- 
trated hydrochloric acid solution recommended 
by Olade and Fletcher. I3 Because this chemical 
treatment is designed to oxidize sulfides, and the 
non-sulfide arsenic compounds have been re- 
moved in the 4.OM hydrochloric acid extraction, 
the residual arsenic may represent detrital and 
authigenic sulfide mineral phases. 

The recoveries of As(II1) and As(V) from 
spiked samples are presented in Tables 2 and 3, 

Table 1. Extraction and speciation of arsenic in Milltown Reservoir, 
MT, and the Cheyenne River Embayment of Lake Oahe, SD 

Extracted 
Sample Residual Total 
depth, As(III), AsO, As, As, 

cm w/k wlk mglkg mglkg 

O-25 
25-50 
5&75 

75-100 
loo-125 
125-150 
150-175 
175-200 
200-225 
225-250 
250-275 

300 
350 

Milltown Reservoir 
2.5 113 <0.5 
2.6 110 <0.5 
1.8 90 co.5 

32 74 24 
34 15 70 
31 10 40 
29 13 190 

122 26 400-700* 
17 5.2 22 
7.0 3.9 12 
5.9 3.9 6.0 

48 :; 280-620’ 
94 130-650’ 

Lake Oahe 
co.5 10 <0.5 
<0.5 12 <0.5 
co.5 15 co.5 

8.0 16 3.3 
26 4.0 7.6 

O-l 
l-2 
2-3 
3-4 
&8 

l&12 45 16 22 
1416 12 15 4.8 
50-52 16 5.9 23 
52-54 23 4.9 13 
58-60 12 5.0 74 

130 
100 
90 

120 
110 
80 

250 
520-800* 

36 
25 
16 

370-700’ 
190-520* 

11 
11 
15 
33 
40 
90 
29 
58 
35 
95 

*Range of values found in five repeat determinations. 
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Table 2. Recovery of As(II1) spikes added to samples from Milltown Reservoir 

Sample 

Depth 
below 

surface, 
cm 

As(II1) As(II1) 
in sample, added, 

mg lkg mglkg 

As(II1) 
found, 
mglkg 

As(II1) 
recovered, 

mglkg 

Milltown 1 O-25 2.5 10 12.2 9.7 
Milltown 2 25-50 2.6 10 12.1 9.5 
Milltown 3 175-200 122 100 230 108 
Milltown 4 20&225 17 10 29 12 
Milltown 5 300 48 50 100 50 

Table 3. Recoverv of AsN) spikes added to Milltown Reservoir samples 

Depth 
below 

surface, 
Sample cm 

Milltown 1 O-25 
Milltown 2 25-50 
Milltown 3 175-200 
Milltown 4 200-225 
Milltown 5 300 

As(V) 
in sample, 

mglkg 

113 
110 
26 

5.2 
13 

As(V) As(V) As(V) 
added, found, recovered, 
mg lkg mg lkg mglkg 

100 230 117 
100 220 110 
20 44 18 
10 14 8.8 
20 37 24 

respectively. The spiked samples were prepared 
with an amount of wet sample corresponding to 
0.5 g of dry sample. A small volume of As(II1) 
or As(V) solution was added to the sample to 
increase the concentration of analyte, as shown 
in Tables 2 and 3 then the proposed procedure 
was followed to determine recovery of the ar- 
senic added to the sample. The results suggest 
that As(II1) is stable in hot 4.OM hydrochloric 
acid long enough for it to be separated from 
As(V). 

The precision was estimated from five repli- 
cate determinations of As(II1) and As(V) for 
two of the samples and is shown in Table 4. 

Five independent analyses of the Milltown 
Reservoir samples marked with an asterisk in 
Table 1 yielded arsenic results in the range 
indicated. The arsenic in these samples may 
have partially originated as sulfide minerals 
buried in the reservoir bottom sediment. The 
developing reducing conditions in the sediment 
column would therefore have preserved them. 
The non-uniform results are probably due to 
inhomogeneity in the samples. However, the 
concentration of acid-extractable arsenic in 
these samples was much more uniform for 
repeat analyses, as indicated in Table 4 for 
Milltown sample 3 (175-200 cm) with relative 

Table 4. Mean f standard deviation for five 
replicate determinations of As(II1) and As(V) 

in two Milltown Reservoir samples 

As(III), As(V), 
Sample mglkg mgikg 

Milltown 1 2.5 * 0.3 113* 11 
Milltown 3 122 + 5.5 26 + 2.5 

standard deviations of 4.3% for extractable 
As(II1) and 9.6% for As(V), respectively. The 
conclusion is that some of the arsenic in these 
sediments was oxidized during transport in the 
river and the environment, and then reduced in 
the sediment column, where it was preserved 
as coatings on grains. Hence the extractable 
arsenic is evenly distributed in the samples, but 
the residual arsenic, being present as sulfide 
mineral grains, is not. 

REFERENCES 

1. J. N. Moore, W. H. Ficklin and C. Johns, Environ. Sci. 
Technol., 1988, 22, 432. 

2. J. Aggett and G. A. O’Brien ibid., 1985, 19, 231. 
3. W. H. Ficklin and E. Callender U.S. Geol. Survey Water 

Resources Invest. Rep., 88420, 1988, 217-222. pp. 
4. M. L. Pierce and C. B. Moore, Water Res., 1982, 16, 

1247. 
5. W. H. Ficklin, Tdunta, 1983, 30, 371. 
6. K. S. Subramanian, J.-C. Meranger and R. F. 

McCurdy, At. Spectrosc., 1984, 5, 192. 
7. J. Aggett and R. Kadwani, Analyst, 1983, 108, 

1495. 
8. W. M. Mok, N. K. Shah and C. M. Wai, Anal. Chem., 

1986, 58, 110. 
9. N. V. Lemmo, S.D. Faust, T. Belton and R. Tucker, 

J. Environ. Sci. Health, Part A, 1983, AM, 335. 
10. D. G. Iverson, M. A. Anderson, T. R. Holm and 

R. R. Stanforth, Environ. Sci. Technol., 1979, 13, 1491. 
11. R. Chester and M. J. Hughes Chem. Geol., 1967, 2, 

249. 
12. T. T. Chao and L. Zhou, SoilSci. Sot. Am. J., 1983,47, 

225. 
13. M. Olade and W. K. Fletcher J. Geochem. Expl., 1983, 

3, 337. 
14. F. E. Lichte, D. W. Golightly and P. J. Lamothe, U.S. 

Geol. Survey Bull., 1770, 1987 Bl-BIO. 



Talanta, Vol. 8, pp. 835-840, 1990 
Printed in Great Britain. All ri&ts reserved 

0039-9140/90 $3.00 + 0.00 
Copyright 0 1990 Pergamon Press plc 

ION-CHROMATOGRAPHY OF METALS WITH 
POST-COLUMN ION DISPLACEMENT 

C%PIS~NE J. BOWL= and LAURENCE W. BADER 

Department of Chemistry, University of Saskatchewan, Saskatoon, Sask. Canada S7N OWO 

KENNETH W. JACKSON* 

Wadsworth Center for Laboratories and Research, New York State Department of Health, and School 
of Public Health, State University of New York, Albany, NY 12201-0509, U.S.A. 

(Received 25 September 1989. Revised I December 1989. Accepted 27 December 1989) 

Sunnnary-A post-column reagent mixture of Eriochrome Black T and magnesium-EDTA complex is 
added to the eluent from an ion-chromatograph. Eluted metal cations displace the magnesium, which then 
forms a complex with the Eriochrome Black T. The absorbance of this complex is measured at 520 nm. 
Detection limits for several cations are in the pg/ml range. 

Ion-chromatographs commonly use conduc- 
tivity detection and a suppressor column to 
remove the background conductivity of eluent 
ions. For cation determinations, the simplest 
suppression reaction involves a strong-base 
anion-exchange resin in its hydroxide form to 
convert the protons in an acidic eluent into 
water. Typical mobile phases are dilute mineral 
acids, but for alkaline-earth metal ion separa- 
tions the mobile phase should contain a doubly 
charged ion of high equivalent conductance, 
such as the ethylenediammonium ion. This acts 
as a “driving ion” and promotes exchange with 
the metal ions on the column.’ Transition metal 
ions can be eluted in a reasonable time by 
inclusion of a weak complexing agent, such as 
tartrate, oxalate or citrate in the mobile phase.2 
For the determination of alkaline-earth metal 
ions, a zinc nitrate/nitric acid mixture has been 
used as eluent, zinc hydroxide being precipitated 
by use of a hydroxide-form suppressor column.3 
A problem with basic suppressor resins is the 
likelihood of metal hydroxide precipitation, 
and this has led to other types of eluent/ 
suppressor systems being used. Nordmeyer 
et ~1.~ determined alkaline-earth and bivalent 
transition-metal cations with barium nitrate, 
barium chloride or lead nitrate solutions as 
eluents. The suppressor column was loaded with 
sulfate ions, to precipitate the eluent cations as 
their sulfates. A column in hydrogen-ion form 
was placed between the suppressor and detector 

*Author for correspondence. 

to minimize the-effect of pH on the baseline and 
to increase the sensitivity. A lead nitrate eluent 
with an iodate suppressor (to precipitate lead 
iodate) was later used,’ and this also allowed 
barium to be determined. The hydrogen-ion 
form post-suppressor was replaced by a 
hydroxide-form column. Overall, the success 
of suppressed ion-chromatography for cation 
determinations has been limited. Although the 
technique is satisfactory for alkali and alkaline- 
earth metals, many other cations (including 
those of transition metals) are determined with 
poor selectivity because of band broadening 
within the suppressor column. If a low-conduc- 
tivity mobile phase is used, then its suppression 
may not be necessary. Sevenich and Fritz6 over- 
came some of the limitations above in use of an 
unsuppressed system for the determination of 25 
metal ions. The eluent contained a mixture of 
ethylenediammonium and tartrate ions which 
provided sharper peaks and hence improved 
selectivity for many cations. However, some 
metals gave badly tailing peaks due to slow 
complexing and decomplexing equilibria. 

The difficulties of conductivity detection 
have led to other systems being used, of which 
ultraviolet-visible molecular absorption spec- 
trometry has been the most common. It is a 
very suitable detector for flow-through systems, 
already well established for high-performance 
liquid chromatography (HPLC). When it is 
used for cation chromatography, however, post- 
column derivatization is necessary. A complex- 
ing agent, such as 4-(2-pyridylazo)resorcinol 



(PAR), is introduced into the flowing stream 
after the ion-exchange column,’ and the result- 
ing metal complexes absorb light in the visible 
region of the spectrum. The advantage of PAR 
over many other chelating agents is the high 
molar absorptivity of its metal complexes and 
the wide range of metals that react with it7 This 
post-column derivatization system has certain 
disadvantages, however. Although PAR reacts 
with many cations, each complex has maxims 
absorption at a different wavelength. The broad 
absorption bands overlap, allowing all the com- 
plexes to be detected at the same wavelength, 
but this is a compromise, and the sensitivity may 
not be optimum for all analytes. 

A novel derivatization system was introduced 
by Argue110 and Fritz’ for the determination 
of calcium and magnesium ions. The reagent 
consisted of an equimolar mixture of PAR and 
zinc-EDTA complex. Analyte ions then dis- 
placed zinc from its EDTA complex, which 
allowed formation of the Zn-PAR complex, 
which was measured spectrophotometrically. A 
similar system was described by Yan and 
Schwedt9 Compromise detection conditions are 
then not required because the same absorbing 
species is detected fur all ions. In this paper we 
describe the introduction of a post-column 
reagent stream containing Eriochrome Black T 
in its doubly dissociated form (HEBT’-) and 
Mg-EDTA. The following post-column ion- 
displacement (PCID) reaction (e.g., for a 
bivalent cation M2+) then takes place: 

M2+ + HEBT2- + Mg-EDTA2- 

FL Mg-EBT- + M-EDTA2- + H+ (1) 

An advantage of this system is that Mg-EDTA 
is one of the weakest metal-EDTA complexes.‘a 

Hence, the equilibrium is always strongly to the 
right, permitting the analyte ion to displace 
magnesium, which then forms the EBT 
complex. Detection is by measu~ment of the 
increase in absorbance of Mg-EBT- at 520 nm, 
or the decrease in absorbance of HEBT*- at 
610 run. A possible disadvantage of the 
earlier Zn-EDTA/PAR system is that some 
metal-PAR complexes have higher formation 
constants than that of Zn-PAR.” This could 
prevent the formation of Zn-PAR in the 
presence of some analytes. 

EXPERIMENTAL 

The liquid chromatograph, incorporating 
PCID, is shown schematically in Fig. 1. A 
Bio-Rad Model 1330 HPLC pump (Bio-Rad, 
Mississauga, Ontario, Canada) was used to 
deliver the mobile phase. Samples were intro- 
duced into the mubile phase stream by a Rheo- 
dyne Model 7125 injection valve (Bio-Rad), 
fitted with a 20-4 sample loop. A Wescan 
high-speed cation-chromatography column was 
used (Wescan Instruments, Santa Clara, CA, 
U.S.A.) and the detector was a Bio-Rad Model 
1305A variable wavelength absorbance moni- 
tor, fitted with a tungsten lamp as light-source. 
Chromatograms were recorded on a Fisher 
Recordall Series 5000 chart recorder. Post- 
column reagent was pumped by nitrogen pres- 
sure from a l~-~ Nalgene bottle inside a 
constant-pressure vessel (10 psig; this system 
was based on that designed by Fritz and 
Willis).” The mobile phase and reagent streams 
were both pumped through l/16-in. bore stain- 
less-steel tubing. The mixing cell for the two 
streams was either a “T-piece” or a “Y-piece” 

INJECTION VALVE 

MIXING CELL 

REAGENT-- -3 

Fig. 1. Schematic diagram of tie chromatograph and PCfD system. 
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with OS-mm bore channels. These cells were 
each machined out of a single block of Perspex, 
drilled to accommodate standard low-pressure 
stainless-steel or polyethylene fittings. The “T- 
piece” was used for most of the work described 
in this paper. Back-pressure was provided in 
both the mobile phase and reagent streams by 
inserting dummy columns (50 cm x 3 mm bore) 
packed with silica gel. Tygon tubing (0.5 mm 
bore) was used between the “T-” or “Y-piece” 
and the detector. The mixing coil was a 2-m 
length of the same tubing. 

Reagents 

Throughout the work, reagents of the highest 
available purity were used. All dilutions were 
made with glass-distilled water. 

Ethylenediamine ltartar~~ acid (IDA / TA) mo - 
bile phase. This contained 1.5 x 10V3&f ethyl- 
enediamine and 2 x 10T3M tartaric acid, 
adjusted to pH 4 with nitric acid. 

Ammonium a-hydroxyisobutyrate (0UPM) 
(HZZ3A) mobile phase. This was prepared by 
dissolving 9.4 g of a-hydroxyisobutyric acid 
(Aldrich Chemical Co., Milwaukee, WI 53233) 
in almost 1000 ml of water and adding 7 ml 
of concentrated ammonia solution. After 
adjustment to pH 4 with nitric acid, the solution 
was made up to 1000 ml with water. 

Post-cozen ion-d~pia~ement reagent. This 
contained 2 x 10p4M Eriochrome Bfack T and 
2 x 10m4M Mg-EDTA, adjusted to pH 10 
(for use with EDA/TA mobile phase) or pH 12 
(for HIBA mobile phase), with an ammonia/ 
ammonium chloride buffer. This was sufficient 
to give the mixed stream a pH of 10. The 
Mg-EDTA solution was prepared by titrating 
0.02M Mg2+ with 0.02M EDTA at pH 10 to an 
Eriochrome Black T end-point, in order to 
ensure equimolar concentrations of magnesium 
and EDTA. An indictor-fry solution was then 
made by mixing the appropriate volumes of 
the components. The titration was repeated 
whenever a new batch of either component was 
used. 

Metal standard solutions. Appropriate 
amounts of the pure metal or metal salt were 
dissolved in nitric acid to produce lOOO-mg/l. 
stock metal solutions. More dilute solutions for 
injection into the chromatograph were prepared 
in 1% nitric acid. 

Procedure 

The flow-rates used were: mobile phase 
1.0 ml/min (EDA/TA) or 0.5 ml/min (HIBA); 

post-column reagent 0.3 ml/min. The peak areas 
for the absorbance at 520 nm, and the retention 
times, were measured. 

RESULTS AND DISCWSSION 

AppIic~i~ity of the post -bourn ion -displace- 
ment method 

For application to a particular cation, the 
equilibrium in equation (1) should lie strongly 
to the right, i.e., the conditional formation 
constant of the analyte metal-EDTA chelate 
must be greater than that of Mg-EDTA. Tables 
of conditional formation constants show this 
to be the case for most metals.‘O The ion- 
displacement reaction is unsuitable for some 
cations, even though the conditional formation 
constants are high. For example, Cd’+ forms a 
carbonate precipitate, Pb2+ a hydroxide precipi- 
tate, and Mn2+ a green colour, because of 
oxidation to Mn3+ by dissolved oxygen (and 
formation of a green complex). This complex 
results in negative absorbance after correction 
for the blank. This was reflected in a Job plot 
(at 520 nm) which showed a minimum (the 
Job plots for all the other metals showed an 
appropriate maximum). 

Optimization of ~tr~ental par~eters 

Choice of mobile phase. When a cation- 
exchange column is used, the mobile phase 
generally includes an acidic anion, often as 
its ammonium salt. The acids most commonly 
employed are citric, tartaric and oxalic. As 
many as 13 metal ions have been separated in 
34 min on a strong cation-exchanger with a 
tartrate mobile phase at pH 2.75.’ These 
acids are often used in conjunction with weak 
chelating agents, such as ethylenediamine, to 
enhance the retention properties of the station- 
ary phase. Recently,12 u-hydroxyisobuty~c acid 
has been shown to give good resolution for 
several metal species on a cation-exchange 
column. For the present work, two mobile 
phases were investigated; ethylenediamine/ 
tartaric acid (EDA/TA) and a-hydroxyiso- 
butyric acid (HIBA). 

pH. For the mixed stream, the optimum pH 
would be that favoring formation of the analyte 
metal-EDTA complex and the Mg-EBT 
complex. At pH below 7, EBT forms a red 
colloid that does not react with metal ions. 
Therefore, for the mixed stream, a pH of 10 was 
chosen as a compromise for all the metal ions 
determined. 
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The pH of the mobile phase affected the 
retention of metal ions. The aim was to select 
the pH which would give the longest retention 
times in order to obtain the best resolution. For 
each mobile phase system, the detector response 
for Mg2+ was monitored while the pH was 
varied, with the reagent concentration and flow- 
rates kept constant. The mixed stream was 
maintained at pH 10 by adjusting the reagent 
pH. The reagent flow-rate was 0.3 ml/min (for 
the EDA/TA system) or 0.5 ml/min (for HIBA), 
and the mobile phase flow-rates were 1 .O ml/min 
(EDA/TA) and 0.5 ml/min (HIBA). The results 
(Table 1) show that the retention time increased 
as the pH decreased, until pH 4-5, below which 
there was little further change in retention time. 
Hence, pH 4 was chosen as the optimum. 

The reagent pH that was needed to maintain 
the mixed stream at its optimum pH depended 
on the buffering capacity of the mobile phase. 
For EDA/TA, the reagent pH was 10, but for 
HIBA (higher buffering capacity), a reagent pH 
of 12 was needed. 

Reagent concentration. With EBT used alone 
as reagent, at varied concentration, excess of 
4 x 10m2M magnesium solution was injected 
into the chromatograph. The flow-rates of the 
EDA/TA mobile phase and reagent were 1.0 
and 0.5 ml/min respectively, and the pH con- 
ditions were optimum. The absorbance of the 
resulting Mg-EBT complex (520 nm) increased 
with increasing reagent concentration and 
then levelled off at 2 x 10w4M EBT. This EBT 
concentration was chosen as the optimum. 

Flow-rates. Under optimized conditions of 
pH and reagent concentration, several alkaline 
earth and transition metal cations were eluted 
separately to study the effect of flow-rate on 
retention time. The ion-displacement reaction is 
fast, so the reagent flow-rate was not critical 
(provided the 2-m coil was present when HIBA 
was used). A fast mobile-phase flow-rate is 
desirable, because it leads to shorter retention 
times and faster analysis, but this could degrade 

Table 1. Effect of mobile-phase pH on the retention time of 
Mg2+ 

Retention time, min 

PH EDA/TA mobile phase HIBA mobile phase 

6.1 0.9 
6.0 11.0 
5.2 1.6 
5.0 11.5 
4.0 1.7 12.0 
3.5 12.1 

Table 2. Retention times of individually chromatographed 
cations 

Retention time, min 

Cation EDA/TA mobile phase HIBA mobile phase 

Ca2+ 2.8 21.0 

$ 
1.6 9.6 

l.l-3.1* 4.4/1.4? 
Fez+ 1.7 13.2 
Mg2+ 1.7 12.0 
Ni*+ 1.5 9.0 
srr+ 3.4 38.0 
Zn2+ 1.5 6.6 

*Concentration-dependent. 
tDouble peak. 

resolution. With EDA/TA, it was possible to 
use a high mobile-phase flow-rate (1 ml/min) 
and resolve the alkaline-earth cations MgZ+, 
Ca2+ and S?+, but transition metal cations were 
not resolved (Table 2). The use of lower flow- 
rates did not allow transition metal cations to be 
resolved. The 2-m mixing coil was not required 
when EDA/TA was used as mobile phase. 

The fastest HIBA flow-rate which gave 
satisfactory resolution was 0.5 ml/min. When 
various metal cations were eluted individually, 
they gave the retention times shown in Table 2. 

With these optimized flow-rates (1 ml/min 
for EDA/TA, or 0.5 ml/min for HIBA) the 
highest detector response was still achieved 
with the previously optimized EBT reagent 
concentration (2 x 10b4M), i.e., the optimum 
reagent concentration is unaffected by change in 
flow-rate. 

Detection limits 

Except for Co2+ and Fe2+, both mobile 
phases gave similar detection limits when 
cations were eluted separately (Table 3). How- 
ever, the HIBA mobile phase made the detec- 
tion limit difficult to measure for Cu2+ (which 
gave a double peak). Although the same species 

Table 3. Detection limits of individually chromatographed 
cations 

Detection limit*, mgll. 

Cation EDA/TA mobile phase HIBA mobile phase 

Ca2+ 1.0 1.0 
co2+ 11 2.1 

;$ 
19 
1.0 6.6 

Mg2’ 0.3 0.5 
Ni2+ 1.5 1.4 
Sr2+ 1.6 8.0 
Zn2+ 2.5 1.6 

*Concentration corresponding to 3 times the standard 
deviation of a blank. 
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(Mg-EBT) is always measured in the ion-dis- 
placement method, metal ions do not all give the 
same detection limit, because this depends on 
the extent of the ion-displacement reaction. 
Also, some metal ions (notably A13+, Cu2+ ) 
“block” EBT by forming particularly stable 
complexes with it. I3 The major contribution to 
noise was the post-column mixing of reagents. 
Hence, it is highly likely that the lower noise 
levels associated with the introduction of 
reagents through a membrane reactorI would 
lead to improved detection limits. 

ikfultielement analysis 

The use of EDA/TA was not studied further, 
because of its limited applicability. All multi- 
element studies were done with HIBA as mobile 
phase. When mixtures of metal ions were sepa- 
rated, the use of HIBA resulted in alteration of 
some retention times, presumably because of an 
interaction on the column or in the eluent. For 
example, Ni2+ and Zn2+ were co-eluted at the 
retention time previously established for Zn2+ 
(Table 2). When Zn2+, Mg2+ and Ca2+ were 
present as a mixture, the chromatogram shown 
in Fig. 2a was obtained. All the peaks were 
resolved and the calculated separation factor 
for Zn2+/Mg+ was acceptable (a = 1.33). 

(a) i 

Ca ‘+ 

II 11 1 ” 1” ’ 

0 4 6 12 16 20 

RETENTION TlMUmin 

However, when SrZ+ was added, the retention 
times for Mgr+ and Ca2+ decreased (Fig. 2b), 
and the separation of Zn2+ and MgZ+ was 
poorer (~1 = 0.5). Multielement calibration 
showed linear response up to at least !&lo mg/l. 
for all cations examined (20 ~1 injection). 

A commercial multivitamin tablet was 
analyzed by dissolving it in 50 ml of (1 + 1) 
hydrochloric acid, diluting accurately to 250 ml 
with Millipore water, allowing the insoluble 
binders to settle, and taking two fractions 
of supematant liquid for analysis. (a) A 2-ml 
portion was diluted to 100 ml with HIBA 
solution, and (b) a 3-ml portion was diluted to 
50 ml. Aliquots (20 ~1) were injected into the 
chromatograph and the chromatograms shown 
in Fig. 3 were obtained. Table 4 shows the 
results obtained for multielement calibration, 
and these show reasonable agreement with the 
manufacturer’s quoted amounts. The results 
for Ca2+ show the poorest agreement, but the 
narrow precision limits suggest this is due to 
variability between the tablets. 

CONCLUSION 

The purpose of this research was to demon- 
strate the feasibility of PCID for multielement 

@I Mg ‘+ 

L 

2+ 4 Ca ‘+ 

i 

Sr2+ 
n 

I I I I 11 11 I”’ 1 ’ “1 

0 4 8 12 16 20 24 26 32 

RETENTION TIME/min 

Fig. 2. Typical chromatograms for multielement analysis, with HIBA mobile phase; (a) a mixture of Zn2+, 
Mg2+ and Ca2+; (b) a mixture of Zn2+, Mg+, Ca2+ and Ss+. 
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(a) 

4 
am 0~0 

RETENTION TIME/min 

Fig 3. Chromatograms obtained from two dilutions of a 
commercial m~tivitamin tablet. Peaks (from left to right) 

are Cuz+ (negative peak} ? Zn *+, Mg2+ and Ca*+. 

determinations. It was possible to determine 
only about four cations simultaneously, because 
the chromatographic efficiency was quite low. 
With this PCID detection system it should 
be possible to determine more elements simul- 
taneously by use of other stationary phases, 
such as chemically modified reversed phases. 
The requirements of the post-column reagent 
mixture are a metal chelate with a lower 
fo~ation constant than the ~rresponding 
chelates of the analyte metals, together with an 
indicator that will form a radiation-absorbing 
complex with the displaced cation. This intro- 
duces the possibility of choosing other reagent 
mixtures for the analysis of various cation mix- 
tures by PCID detection. Atomic spectrometric 
techniques are most commonly used for 
trace metal determinations, but multielement 
analysis requires the high capital expense and 

Table 4. Analysis of multivitamin tablets 

M~ufact~r’s 
quoted amount per 

Amount found per tablet,* tablet, 
Cation mg mg 

CaZS 158&S 143&2 162 
coz+ ND? 2.6 x IO-’ 
CU2f NQI 2 
Mg2+ 106f2 100*2 100 
Zn2+ 18f5 16+3 15 

*Precision limits are f two standard deviations. 
VNot detected. 
{Detected, but not quantified. 

high running costs of plasma spectrometers. 
Al~ou~ less sensitive, ion~hromato~aphy 
with PCID would be a lower-priced alternative, 
with easy automation and providing sequential 
multielement analysis. An additional advantage 
for samples such as natural waters could be the 
ability to detect different oxidation states of a 
given element. 
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Summary-A method for the determination of water-soluble vitamins (ascorbic acid, pyridoxine 
hydrochloride, pyridoxal hydrochloride, pyridoxamine dihydrochloride, p-aminobenxoic acid, folk acid) 
by liquid chromatography, with a parallel dual-electrode electrochemical detector, is described. One 
electrode was controlled at f0.80V (vs. SCE), the other at + 1.2OV (vs. SCE). The possibility of 
interference by eight other water-soluble vitamins (riboflavin, nicotinamide, cyanocobalamin, menadione, 
dextro calcium pantothenate, thiamine, nicotinic acid, dextro biotin) was studied. These vitamins did not 
interfere when a parallel dual-electrode detector system was used. The estimation of five of the vitamins 
was studied in detail. The linear ranges found were 10 ng-1.2 pg for pyridoxine hydrochloride, 2 ng-2 pg 
for pyridoxal hydrochloride, 10 ng-3 pg for pyridoxamine dihydrochloride, 5-200 ng for folic acid and 
0.6-200 ng for p-aminobenzoic acid, the limits of detection being 3, 0.6, 1, 2 and 0.06 ng respectively. 
Application of the technique to the estimation of vitamin B, in tablets is ilhrstrated. The results indicate 
that the vitamin B, in these tablets existed in the pyridoxine hydrochloride form and the B, content agreed 
well with liquid chromatograph by spectrophotometric analysis. 

The separation and estimation of water-soluble 
vitamins and their analogues by liquid chro- 
matography (LC),ld electrochemical methods,596 
and LC with electrochemical (LCEC) detec- 
tion7-12 have been reported. We have determined 
several water-soluble vitamins by LCEC and 
LC with spectrophotometric detection.‘3-‘6 

LCEC couples the advantages of low detec- 
tion limits and high selectivity with low cost. 
The use of dual-electrode detection schemes for 
LCEC has increased in popularity in recent 
years. ” Such systems can be useful for improv- 
ing selectivity and/or sensitivity. Various dual- 
electrode detector arrangements have been 
proposed, of which the series and parallel 
configurations are the most popular.” In the 
series configuration, changes in the composition 
of the effluent that are associated with the redox 
reaction at the upstream electrode are sensed by 
the downstream electrode. In the parallel 
configuration, the dual response ratio, obtained 
by having the two electrodes at different poten- 
tials on the slope of the hydrodynamic voltam- 
perogram peak, provides a good estimate of 
the peak purity. The parallel arrangement also 
permits the monitoring of both oxidizable 

*Author for correspondence. 

and reducible species in the same sample. The 
parallel configuration has been widely applied in 
LCEC detection’p-2’. All dual-electrode detec- 
tion schemes are based on the redox properties 
of the eluted compounds. 

In the work described here, we studied the 
consecutive determination of six water-soluble 
vitamins by LCEC with a parallel dual-electrode 
detector. Vitamin C has been determined by an 
LCEC method’G’2 that is the same as the 
method in this paper. 

As a linear concentration range and low 
detection limit were reported, we have not 
determined vitamin C again but have 
concentrated on the determination of pyridox- 
ine hydrochloride, pyridoxal hydrochloride, 
pyridoxamine dihydrochloride, folic acid and 
p-aminobenzoic acid. The method is simple, 
rapid, sensitive and selective. 

EXPERIMENTAL 

Apparatus 

The LC system consisted of a Model 510 
pump, a U6K injection valve and a Model 481 
variable-wavelength detector (Waters Assoc.). 
The injection volume was 20 ~1 and the wave- 
length used was 254 nm. A Nucleosil Cu 
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(4 mm x 20 cm, 7 pm) column made by the 
Dalian Institute of Chemical Physics (China) 
was used, with a Model TL-5A thin-layer elec- 
trochemical cell (Bioanalytical Systems Inc., 
U.S.A.) and a laboratory-made bipotentiostat 
for amperometric detection.** A saturated 
calomel reference electrode (SCE) was em- 
ployed. The chromatograms were obtained at 
ambient temperature (20 & 2”) with a mobile 
phase flow-rate of 1 ml/min. 

Reagents 

All chemicals were of analytical reagent 
grade, unless stated otherwise. The ion-pairing 
reagent was sodium 1-heptanesulphonate 
(Aldrich Chemical Co.). All solutions were pre- 
pared with doubly distilled water. Riboflavin 
(vitamin B2), pyridoxine hydrochloride (PN), 
pyridoxamine dihydrochloride (PM), nicoti- 
namide (PP), cyanocobalamin (vitamin B,J 

(A) 

menadione (vitamin K,) and pyridoxal hy- 
drochloride (PL) were biochemical reagent 
grade. Folic acid, dextro calcium pantothenate, 
thiamine (vitamin B,) and nicotinic acid were 
chemical reagent grade. Dextro biotin (vitamin 
H) was food reagent grade (Merck). The multi- 
vitamin tablets were commercially available 
products (China). Each tablet contained vitamin 
A [2500 international units (IV)], Dz (200 IU), 

E (1 mg), PP (10 mg), B, (2 mg), B, (1 mg), B, 
(1 mg), C (35 mg) and dextro calcium panto- 
thenate (2 mg). 

Procedures 

Vitamin B, and folic acid were dissolved 
separately in potassium hydroxide solution 
and diluted with water to give 1 mg/ml con- 
centration. Dextro biotin was dissolved ultra- 
sonically in a mixture of 4 ml of water and 2 ml 
of ethanol and then diluted to 1 mg/ml 

63) 6 

3 min 

Fig. 1. Chromatograms of six water-soluble vitamins on a Nucleosil C,, column: rl = 254 nm, flow-rate, 
1 ml/min; (1) ascorbic acid, (2) p-aminobenzoic acid, (3) pyridoxamine dihydrochloride, (4) pyridoxal 
hydrochloride, (5) pyridoxine hydrochloride, (6) folic acid. (A) mobile phase, 10% v/v CH,OH + O.lM 
KH,PO,, pH 6.5,0.05 absorbance full scale; (B) mobile phase, 10% v/v CH,OH + 0. IA4 KH,PO, (O.lmM 

sodium I-heptanesulphonate); pH 6.5, 0.1 absorbance full scale. 
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concentration with water. All other standard 
samples were dissolved and diluted to 1 mg/ml 
concentration with water (vitamin C was 
dissolved in deaerated water). All standard 
solutions were stored at 4”. Just before the 
analysis, an aliquot was taken and diluted to 
appropriate concentration with the mobile 
phase. 

A m~ti-~tamin tablet was crushed to a fine 
powder and dissolved in deaerated water. The 
solution was filtered through a sintered glass 
filter (porosity Sl5 pm) and diluted to 50 ml 
with water. 

RESULTS AND DISCUSSION 

separation of six uit~rni~ by liquid chromatog- 

raphy 
In our previous papers,13-ls it was shown that 

the separation of PN, PL, PM, folic acid, vita- 
min C and p-a~no~nzoic acid (vitamin B,) 
was affected by the pH and methanol content of 
the mobile phase. The effect of the pH and the 
methanol content of the mobile phase on the 
separation of the six vitamins on a Nucleosil Cl8 
column was examined with a spectrophoto- 
metric detector. When there was no sodium 
1-heptanesulphonate in the mobile phase, the 
peaks of vitamin B, and PM always overlapped 
irrespective .of the methanol content and pH of 
the mobile phase [Fig. l(A)], When there was 

1 

O.lmM sodium 1-heptanesulphonate in the 
mobile phase, the retention time of PM was 
increased, PM and vitamin B, were separated 
and the retention time of folic acid was de- 
creased. A good sep~ation of all six vitamins 
was achieved in 10% (v/v) methanol + 0.134 
KH, PO, (0. IrnM sodium 1 -heptanesulphonate) 
(pH 6.5) [Fig. l(B)], When the sodium t-hep 
tanes~phonate con~n~ation was increased 
from 0.1 to lmM, the retention time of 
PM increased and that of folic acid decreased. 
This fact can be explained by a “dynamic 
ion-exchange” mechanism. The l-heptane- 
sulphonate ion in the mobile phase was bound 
to the surface of the stationary phase by the 
interaction of the heptyl chain and the station- 
ary phase, making the stationary phase an 
ion-exchanger. 

The PM cation underwent ion-exchange and 
hence its retention time was increased. The folic 
acid anion was excluded by the l-heptane- 
sulphonate so its retention time was not 
decreased. 

Electrochemical detection with parallel dual- 
electrode detector 

A parallel dual-electrode system with two 
different oxidative potentials allows the 
consecutive detection of six vitamins, vitamin 
C at +0.80 V and the other five at + 1.20 V. 
Figure 2 shows the chromatograms obtained 

2.5 nA 
6 

Fig. 2. Chromatograms of six water-soluble vitamins with parallel dual-electrode electrochemical 
detection: mobile phase, 10% v/v CH,OH f O.OSM KH,PO, (O.imM sodium l-heptanesulphonate)~ pH 
6.5; flow-rate, 1 ml/mitt; 2 #g/ml ascorbic acid (11, 1 I( g/ml p-aminobenzoic acid (2), 5 pg@ti pyridoxamine 
dihydrochloride (3) 4 #g/ml pyridoxal hydrochloride (4), 5 &ml pyridoxine hydrochloride (5), 10 gg/ml 

folic acid (6). W, : working electrode at +0.80 V; W2: working electrode at + 1.20 V. 
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Table 1. Calibration data (linear regression) and detection limits for the 
water-soluble vitamins 

Vitamin LR, % Slope, nA/ng r DL, ng 

PN 10-1200 0.58 0.9995 3 
PL 2-2000 0.85 0.9994 0.6 
PM 10-3000 0.82 0.9993 1 
BX 0.6-200 10.3 0.9999 0.06 

Folic acid 5-200 0.29 0.9999 2 

LR = Linear range, r = correlation coefficient. DL = detection limit. 

with parallel dual-electrode detection. It can be 
seen that the detection of the vitamins by LC 
with a parallel dual-electrode electrochemical 
detector has high selectivity (Fig. 2, W,, only 
vitamin C can be detected) and versatility 
(Fig. 2, W2, six vitamins can be detected consecu- 
tively). Moreover, the noise is lower at +0.80 V 
than at + 1.20 V and a lower detection limit for 
vitamin C will be achieved at +0.80 V. 

result indicated that the pyridoxine was present 
in these tablets. The content found (0.98 
mg/tablet) agreed well with the value (0.99 
mg/tablet) found by an LC with spectrophoto- 
metric method. The relative deviation was 
1.0%. 

Acknowledgement-The support of the National Natural 
Science Foundation of China is gratefully acknowledged. 

Eight replicate injections of a standard solu- 
tion containing 20 pgg/ml PN, 10 pg/ml PL and 
PM, 50 pg/ml folic acid and 2 pg/ml 
p-aminobenzoic acid were made, to determine 
the precision. The coefficient of variation of 
the peak height was 2.0% for PN and PL, 1.6% 
for PM, 4.8% for folic acid and 4.6% for 
p-aminobenzoic acid. 
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Summary-A method of controlling an automatic titrator by means of a microcomputer is describe-d. 
Experimental titration data have been analysed by the use of approximative or rational spline functions. 

Previously described methods’s’ of determining 
potentiometric titration end-points by use of 
rational and approximating spline functions 
were developed with the intention of apply- 
ing them to automatic titrators coupled with 
a microcomputer capable of controlling the 
titration, calculating the results and presenting 
them in a form convenient for the user. 

The automatic-titration assembly proposed in 
this paper fulfils two important conditions: 

(1) It allows the operator ready interaction 
with the analytical process and easy adjustment 
of the assembly for each research problem. This 
is further facilitated by writing the algorithm for 
the analytical process in BASIC. 

(2) The titration algorithm ensures optimal 
distribution of the measurement points along 
the titration curve so that the information is 
sufficient for formation of a spline function 
which closely approximates the titration curve. 
This has increased the accuracy of determining 
titration end-points and minimizes the analysis 
time. 

The proposed microcomputer-controlled 
automatic titrator ensures high titration accu- 
racy and also enables the determination of 
dissociation constants, selectivity coefficients of 
ion-selective electrodes, construction of calibra- 
tion curves, and measurement of concentrations 
by the method of standard additions. 

The titration assembly, shown schematically 
in Fig. 1, consists of a pH-meter, an automatic 
burette, a microcomputer and an interface. The 
choice of equipment is optional. In the present 
instance the following equipment was used: a 
Mera-Elwro digital pH-meter, type N 517, a 
Radelkis automatic burette and a Sinclair ZX 

Spectrum microcomputer. If cost is an import- 
ant factor, it may be noted that an &bit micro- 
computer is sufficiently powerful for the 
calculations required, but a large enough kbyte 
RAM will be needed. 

Interface 

The interface should be individually adjusted 
to the equipment available and provide for two 
functions: (1) input of the measured potential 
from the pH-meter to the computer; (2) an out- 
put port for controlling the automatic burette 
by voltage impulses. With the automatic burette 
used here, one voltage impulse (level TTL) 
caused addition of 0.002 ml of solution. 

Making such an interface is a simple task 
(e.g., a universal system 8255 can be used). It is 
also possible to use as an interface a properly 
programmed parallel port, such as is installed 
in many microcomputers for interfacing to a 
printer. 

PROGRAM CONTROLLING THE TITRATION 

The flow-chart of the program controlling the 
titration is presented in Fig. 2. The algorithm 
takes into account various types of titration, 
even those in which the potential of the elec- 
trodes is not stable, e.g., because of difficulties 
with establishment of equilibria so that there are 
considerable differences in the times needed for 
stabilization of the electrode potential at various 
points of the titration curve. 

The program can be divided into two parts. 
The first is used for controlling the titration, and 
the second, for analysis of the data, is one of the 
programs already described’v2 for determining 
potentiometric titration end-points by use of 
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I Microcomputer I 

Fig. Block diagram of the automatic titrator. 

spline functions. The first part of the program 
starts by giving the necessary initial values to the 
variables and d~te~ining the total volume of 
titrant which should be added. This volume may 
be, for instance, equal to the capacity of the 
automatic burette or as otherwise detrained. 

0 n-i 

Calculation of spline function 1 for (hi: I:,, 1 / 

Colculotion of inflection point 

Fig. 2. Flow-chart of the program controlling the potentio- 
metric titration. 

Then follows calculation of the incremental 
volumes of titrant to be added (described be- 
low). The calculated increment is converted into 
the ~~esponding number of impulses by the 
microcomputer and tr~smitting them through 
the interface to the burette produces the re- 
quired addition of titrant. After addition of the 
increment there is a pause (5 set) assigned in the 
program, during which the solution is stirred 
and the electrode potential should reach equi- 
librium and be stabilized, the potential shown 
by the pH-meter is read and compared with the 
previous value stored in the microcomputer 
memory. If both values agree within a specified 
limit, it is accepted that the po~nti~ of the 
electrode has stabilized. The program then 
stores the co-ordinates of this measurement 
point (& Vi) in appropriate tables in the mem- 
ory of the computer and repeats the cycle 
with addition of the next, newly calculated, 
increment of titrant. If, however, the electrode 
potential differs from the previously stored 
value, this potential is stored and the program 
again introduces a pause to allow for stabiliz- 
ation, and so on. In the case of electrodes with 
particularly unstable potentials, the program 
should be supplemented with a condition speci- 
fying a maximum overall time for stabilization, 
after which a new increment will be added even 
if sibilation has not been reached. Such a 
situation may occur close to the end-point or at 
the end of a titration curve where the concen- 
tration of the ions to which the electrode is 
sensitive is low and the electrode potential is less 
stable. 

The titration continues until the volume of 
titrant determined at the beginning has been 
added. The coe~~ents of the spline function are 
the calculated and the titration end-point is 
determined.‘$ 

The accuracy of the titration end-point, 
which is identified with the inflection point of 
the spline function*,2 formed from the set of 
measurement points, depends on how far the 
shape of the spline function differs from that 
of the real titration curve, the true form of 
which is not accessible because of random 
errors. Thus it is blent to form the spline 
function from a set of measurement points 
containing sufkient information about the 
titration. Adding small inurements, so that the 
measu~ment points are closely spaced, leads to 
accurate results but is very time-consuming and 
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therefore ~~ono~~l. The optimal procedure (BA~MF)~ with detection by copper-sensitive 
should take into account the most advantageous electrode (Crytur 29-17). 
distribution of points on the titration curve, The spacing of the points clearly depends on 
with more information (i.e., more closely spaced the choice of the two initial increments. There 
points or smaller titrant increments) being is some asymmetry in the distribution of the 
concentrated in the parts where the variability measurement points about the end-point, but in 
of the curve is greatest. practice this has no effect on the result of the 

The problem is therefore to find a way of titration. 
forecasting the further course of the curve from (2) By extrapolating the existing curve as a 
the portion already completed. Two ways of parabola. The coefficients of the equation of the 
calculating the next titrant increment are parabola which fits the last three measurement 
presented. points at any time, are calculated from: 

(h-2- vi-,)(Ei-,-Ei-,)-(~i_,- Vi_3)(Ei-*-Ei__3) 

‘=(E?-,-E:-,)($-,-Ei_~)+(Ef_,-E:_,)(Ei_I-E,_,) 

b = (Ef-l-E3-3)(Vi-3- vi-~)(E:_,-E:-,)(l/i_*-~i_~) 

(E:-,-E:_,)(Ei_,-Ei-~)+(E:_,-E:_,)(Ei_,-Ei_~) 

c = vi-3 - al?:_, - bEi_, 

(1) From the change in gradient (AE/A V) in 
two successive sections of the titration curve. 
The volume of the ith titrant increment is 
calculated from the formula: 

AI/,= Vi- V,_, 

This procedure requires that the first two incre- 
ments be assigned arbitrarily, and it should be 
stressed that the distribution of the measure- 
ment points on the curve will depend on the two 
volumes. 

Figure 3 shows the distribution of the 
measurement points calculated in this way 
for the potentiometric titration of copper with 
benzylamino-NJV-di(methanephosphonic) acid 

I 
, 

I 

Fig. 3. Distribution of measurement points on the V-axis 
when titrant increments are calculated from changes of 
AElAV. Titration of Cu2+ with BADMF at pH 6. Crytur 

29-17 electrode. 

The next value of the total volume of titrant is 
calculated from the equation of the parabola: 

V=aE’+bE+c 

for E;i=~i_,+Ei_1_Ei_z). This procedure 
produces more or less regular spacing of the 
points on the titration curve, but requires impo- 
sition of a limiting range for the increment 
volume if excessive congestion or scattering of 
points is to be avoided. The spacing of subse- 
quent points again depends on the volumes 
assigned to the first two increments, which 
should be determined according to the predicted 
total volume of titrant to be added, e.g., 0.1 Y,,. 
Figure 4 illustrates the distribution of points on 
the curve when AY is calculated in this way 
(with 0.1 G AV < 1 ml) for the same titration as 
in Fig. 3. The distribution of the points is more 
symmetrical near the end-point than in Fig. 3 
and method (2) is undoubtedly better, although 
more complicated mathematically. 

I 

Fig. 4. Distribution of measurement points on the V-axis 
when increments are caiculated by parabolic extrapolation. 

Other details as for Fig. 3. 
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Table 1. Results for titrations of Cu, and the dependence of 
titration time on the two initial increments and the method 

Both ways of calculating AV significantly 

of calculating successive increments 
shorten the titration time without reducing the 

Parabola 
accuracy. This is illustrated by the results in 

method Table 1 for titration of copper with BADMF. 

Gradient method (0.1 GAY< 1 ml) The dependence of the titration time on the size 

AV, , AV,, End-point, Time, End-point, Time, of the two initial increments is shown. Titration 
ml ml ml set ml see with equal increments of 0.1 ml took 500 set and 
0.5 0.5 4.060 305 4.047 245 the result was 4.049 ml. 
0.5 0.75 4.063 205 4.046 225 
0.5 1 4.064 160 4.043 210 REFERENCES 
1 0.5 4.061 320 4.043 240 1 0.75 4.063 200 4.044 225 
1 1 4.063 160 4.042 165 

1. K. Ren and A. Ren-Kurt, Taluntu, 1986, 33, 641. 
2. K. 667. Ren, ibid., 1990, 37, 
3. I&m, Chem. Anal. (Warsaw), 1986, 31, 37. 
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Summary-The rate of the reaction between hexacyanomanganate(IV) and arsenic(II1) in an acid medium 
is strongly accelerated by iodide. The reaction kinetics indicates that the iodide activity decreases 
throughout the reaction, probably because manganese(IV) oxidizes iodide to iodate (an inactive form). 
This behaviour is defined as promotion, rather than catalysis, and this rate-modifying effect has been 
used to determine iodide by a kinetic method. A linear calibration plot was obtained by a two-point 
fixed-time procedure. A detection limit of 0.2 ng/ml, a quantification limit of 0.6 ng/ml and relative 
standard deviations of 5.5 and 13% for the 6.7 and 0.6 ng/ml levels respectively have been found. Positive 
kinetic interferences from osmium(VII1) and iodate have been observed, and copper( silver(I) and 
mercury(I1) inhibit the iodide activity by precipitation. The method has been applied to determination of 
iodide in sodium arsenite (reagent grade) and table salt. The method has been validated by recovery 
experiments. 

Some of the well-known methods for the trace- 
level determination of iodide are based on 
its catalytic activity in a number of redox reac- 
tions. The indicator reaction most widely used 
is probably the oxidation of arsenic(II1) with 
cerium(IV),‘** but other indicator reactions have 
been proposed and reviewed.3-s 

The catalytic effect of iodide on the 
Mn(III)-As(II1) reaction has been known6 
for some time and the reaction has been used 
for the kinetic determination of organically 
bound iodine in rat thyroid’ and for the cata- 
lytic titration of silver(I), mercury(I1) and palla- 
dium(II).8 

Hexacyanomanganate(IV) is produced in 
acid solution by disproportionation of hexa- 
cyanomanganate(III)g~‘o [Mn(H,O)i+ and (CN), 
are also produced]. The reaction is quite fast 
at room temperature and the hexacyano- 
manganate(IV) slowly decomposes to yield 
Mn(H,O)?, (CN), and HCN.” The reac- 
tion between hexacyanomanganate(IV) and 
arsenic(II1) is slow in acid solution and its 
kinetics and mechanism have been studied.” We 
have found that iodide notably accelerates the 

*Author for correspondence. 

reaction rate. In this paper, the effect of iodide 
on the hexacyanomanganate(I~arsenic(II1) 
reaction has been studied and a method devel- 
oped for the kinetic determination of iodide. 

EXPERIMENTAL 

Reagents 

Potassium hexacyanomanganate(IZI). Pre- 
pared either by the procedure previously re- 
portedI or according to the faster method of 
Lower and Fernelius.” Analysis by the methods 
previously reportedI indicated a content of at 
least 98.5%. 

Hexacyanomanganate(ZV) solution (2.60 x 
ZO-’ M). Prepared by dissolving 0.0427 g of 
&Mn(CN), in a dark 25-ml standard flask 
containing 1.0 g of sodium nitrate and some 
O.lM sulphuric acid previously cooled to 0” 
[the sodium nitrate prevents precipitation of 
manganese(IV) oxide by hydrolysis and lowers 
the freezing point of the solution]. The solution 
is diluted to volume with O.lM sulphuric acid. 
Before use, the solution must be kept at -0” for 
about 1 hr to allow the Mn(II1) disproportion- 
ation reaction to proceed to completion. The 
Mn(IV) solution thus obtained can be used for 
a period of 6-8 hr if kept at -0”. 

849 
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Arsenic(ZZZ) solution (0.173M). Prepared by 
dissolving 1.14 g of NaAsO, and 14.7 g of 
sodium nitrate in some water and enough sul- 
phuric acid to give a final concentration of 
0.86M, and diluting to 50ml with water. The 
arsenic(II1) solution was often found to contain 
iodide as an impurity. To avoid the effect of this, 
5 mg of K,Mn(CN), [initial Mn(II1) concentra- 
tion, 3 x 10-4M] were added to the solution, 
previously heated to 50”; in these conditions 
iodide is oxidized to an inactive form, probably 
iodate, and the excess of oxidant decomposes 
at this temperature in about 90 min.” The 
solution is ready for use when cooled to room 
temperature. 

Standard iodide solution (IO-’ M). Prepared 
by dissolving 0.830 g of potassium iodide in 
500 ml of water, standardized against lo-*M 
silver nitrate, and stored in a polyethylene bottle 
in the refrigerator. Working solutions were pre- 
pared before use and kept in polyethylene flasks. 
Analytical reagent grade potassium iodide can 
be used without standardization if it is dried at 
110-120” for at least 2 hr. 

All chemicals were of analytical-reagent 
grade (Merck, except sulphuric acid, which was 
Riedel-de-Ha&) and doubly distilled water was 
used throughout. 

Apparatus 

A Varian 634-S spectrophotometer (coupled 
with a Radiometer RECSO Servograph 
recorder) and a Shimadzu UV-260 spectro- 
photometer, both with 1 .O-cm path-length 
fused-silica cells and constant-temperature cell- 
holders were used. The cell compartment 
was kept at constant temperature (kO.2”) by 
circulating water from a thermostat. 

Volumes less than 0.5 ml were added with 
Brand Transferpettor micropipettes. 

Procedures 

Kinetic measurements. Solutions were pre- 
pared in dark 250-ml standard flasks by mixing 
the required amounts of solid sodium arsenite 
(0.65-6.5 g), solid sodium nitrate (O-53.1 g) 
to adjust the ionic strength and 0.06-0.75M 
sulphuric acid, and finally adding 0.1-2.5 ml of 
IO-‘M potassium iodide (when the promoting 
effect was being studied) and water up to 
220-230 ml. The resulting solution was kept in 
a thermostatic bath for 30 min; the required 
amount of K,Mn(CN), was then added with 
stirring and the volume was quickly adjusted 
with water to 250 ml. The solution was stirred 

again and transferred to a spectrophotometric 
cell. For the kinetic curve, the absorbance at 
387 nm [where the Mn(CN)i- shows an absorp- 
tion maximum] was recorded, with water as 
reference. 

Iodide determination. A 1.5 ml volume of the 
arsenic(II1) solution, up to 1 .OO ml of the iodide 
sample and water to adjust the final volume to 
2.5 ml were placed in a l-cm cuvette. The Teflon 
lid was put on, the cell was shaken, and left 
to stand for 10 min in the controlled-tempera- 
ture cell-holder of the spectrophotometer. The 
absorbance was set to zero, then the cuvette 
was taken out, 100 ~1 of the hexacyano- 
manganate(IV) solution were added carefully 
to avoid mixing, the lid was put on and the cell 
inverted two or three times (this point was taken 
as zero time), and the absorbance was measured 
after 1 and 5 min. The difference between the 
reciprocals was then used to read the iodide 
concentration from a calibration plot prepared 
in the same way. 

Zodide determination in sodium arsenite 
samples. The procedure was the same as before, 
but 1.5 ml of arsenic(II1) solution (sample plus 
reagent) without previous oxidizing treatment 
with K,Mn(CN), was used. Instead of the iodide 
sample, 1.00 ml of water was added. 

Iodide determination in table salt samples. 
A suitable amount between 0.03 and 0.15 g 
of table salt was accurately weighed, dissolved 
in water and diluted to volume in a lOO-ml 
standard flask with water. A 0.5-ml portion was 
accurately measured into the cuvette and treated 
as for determination of iodide in sodium arsen- 
ite. The maximum chloride concentration 
reached in these conditions (about 5 x 10m3M) 
does not interfere with the iodide determination. 

RESULTS AND DISCUSSION 

Reaction kinetics 

The hexacyanomanganate(IVkarsenic(II1) 
redox reaction proceeds slowly, with pseudo 
first-order kinetics. ‘I In the presence of iodide, 
however, a remarkable accelerating effect is 
observed; moreover, the first-order kinetics with 
respect to the Mn(CN)i- species is followed 
only initially. Plots of In A vs. t tend to be 
linear during the first stages of the reaction 
and the value of the initial slope seems to be 
independent of the initial Mn(IV) concentration 
(Fig. 1). If this concentration is low enough, a 
linear section that confirms initial first-order 
kinetics can clearly be seen. Once the initial 
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‘0 10 20 30 40 so 60 

tl min 
Fig. I. Plots of In A us. time for the reaction between 
hexacyanomanganate(IV) and arsenic(II1). As(II1) = 0. IM, 
H+ = 0.16&f, ionic strength = 2.0; temperature = 30”. 
Mn(IV), curves (I), (2) and (3) 2.5 x 10T4M; curve (4) 
1.5 x IO-%; curve (5) 1.0 x 10-‘&f; curve (6) 
0.5 x 10w4&f. Iodide, curve (I) 0; curve (2) 2.02 x IO-*M; 

curves (3), (4). (5) and (6). 3.03 x IO-8&f. 

first-order period is complete, curvature appears 
and the slope decreases. After a certain interval 
of time, straight lines are obtained again and 
pseudo first-order kinetics is followed, but the 
rate constant (the slope) is now lower than that 
for the initial reaction. The value of the second 
rate constant does not depend on the initial 
Mn(IV) or iodide concentrations. 

The accelerating effect of iodide could be 
interpreted as a catalytic one, as the I-/IO/I+ 
catalytic cycle has been reported for some other 
reactions between arsenic(II1) and oxidizing 
substances such as Ce(IV).14 However, the devi- 
ation from initial pseudo first-order kinetics 
when iodide is present seems to indicate that the 
catalytic action of iodide involves a more com- 
plex mechanism. 

The slope of the last straight section of the In 
A ets. t plots (Fig. 1) is essentially independent 
of the iodide concentration, and is practically 
equal to that obtained from the reaction in the 
absence of iodide. On the other hand, the period 
in which the initial first-order kinetics is obeyed 
decreases as the Mn(CN)i- concentration in- 
creases. These facts may be explained as due to 
a side-reaction of iodide in which it is converted 
into a catalytically inactive species. We think 
that this deactivation would consist of the 
oxidation of the catalyst to an oxidation state 

higher than I + , probably I(V) (iodate). Thus, the 
decrease of the slope of the plots could reflect 
the conversion of the catalyst into its inactive 
form. The oxidation of iodide to iodate would 
be due to a slow reaction with the hexacyano- 
manganate(IV), and this would be the reason 
why the lower the concentration of Mn(CN#-, 
the slower the deactivation reaction. Similar 
behaviour has also been observed when iodide 
catalyses the cerium(IV)-arsenic(II1) reaction, 
where the iodide is continuo~ly oxidized to 
iodate by the Ce(IV),‘4 the extent of this reaction 
being dependant on the relative amounts of the 
reagents as well as on the experimental con- 
ditions. However, the deactivation of iodide 
during the Ce(IV)-As(II1) reaction is much 
slower than during the Mn(CN)Z,--As(IIT) reac- 
tion, so the effect on the kinetics of the catalysed 
Ce(IV)-As(II1) reaction is almost negligible. 

According to Martell,’ this kind of behaviour 
in which the catalyst does not remain unaltered 
at the end of each reaction cycle (that is, the 
rate modifying effect is transient in nature), is 
better defined as ~r~rnotio~. A few examples 
of promoted reactions have been considered 
from an analytical point of view. Dutt and 
Mottolal‘j have applied some promoting 
effects on the tris( 1,l O-phenanthroline)iron(II)- 
chromium(V1) reaction to the kinetic deter- 
mination of antimony(III), vanadium(IV), 
arsenic(III), molybdenum(VI), hexacyano- 
ferrate(III), oxalic acid and citric acid. 
Miiovanovi6 and ProtolipaE” have developed a 
kinetic method for the determination of sodium 
thiobarbitone, based on the promoting effect of 
this anaesthetic on the cop~r(II~cataly~d Py- 
rocatechol Violet-hydrogen peroxide reaction. 
Piemont et ~1.‘~ reported a promoting effect of 
titanium(II1) on the oxidation of iodide by 
hydrogen peroxide, which can be used for the 
kinetic determination of titanium; the reaction 
is also promoted by iron(II).19 More recently, 
Thompsen and Mottola*’ have shown that 
the accelerating effect of glutaraldehyde on the 
oxidation of ~-phenylenediamine by hydrogen 
peroxide to give Bandrovsk~s base2’,u is actu- 
ally a promoting effect. The behaviour in iodide 
on the hexacyanomangana~(I~ar~nic(II~ 
reaction is similar to the previously reported 
promoting effects, so iodide must be considered 
as a promoter rather than a catalyst. 

Calibration 

Kinetic determination measurements are 
usually performed under pseudo zero-order 

TAL 37laG 
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conditions, which requires the reaction to be lytic method, signal and background values 
no more than 5% complete. Pseudo zero- are obtained from the overall and uncata- 
order conditions are difficult to attain in the lysed reactions respectively. The two-point 
hexacyanomanganate(IV)-arsenic(II1) reaction jixed-time method was used to examine the 
when iodide is present, because a rapid change effects of the experimental conditions on the 
in the apparent reaction order takes place D/D,, ratio. These effects may be directly 
owing to deactivation of iodide. Thus, when the visualized if both log D and log Do are plotted 
initial rate method was applied, a non-linear us. the appropriate variable in the study. 
relationship between initial rates and iodide Obviously, better conditions will be achieved 
concentrations was found. When the more time- for larger log D - log D,, values (Fig. 2). High 
consuming rate constant method was tried and ionic strength, low Mn(IV) concentrations 
the pseudo first-order rate constant was mea- and low temperatures increase the D/D0 
sured from the initial slope of the In A US. t plots, ratio, which has a maximum value at about 
the calibration was again non-linear. It was 0.4M [H+]. Neither the As(II1) concen- 
observed that there was a linear relationship tration nor the Mn(I1) concentration seem to 
between the value of D (defined as the differ- exert a significant influence. According to these 
ence between the reciprocals of the absorbance results the experimental conditions selected 
values measured at 5 min and at 1 min; as optimal were: Mn(IV), 10m4M; As(III), 
D = l/A, - l/A,) and the iodide concentration, O.lM; H+, 0.4&f; ionic strength, 2.5; tempera- 
C,, according to the general equation: ture, 20”. 

D=D,+KC, 

where D, is the difference that corresponds 
to the reaction in the absence of iodide. This 
two-pointfixed-time method may be considered 
as the most suitable for iodide determination, 
and so it has been used to select the optimum 
conditions. 

Optimization 

Concentrations of Mn(IV) lower than 10v4M 
result in too low a value for the initial absorb- 
ance, and temperatures lower than 20” can 
result in condensation of water on the outside of 
the cell, necessitating a continuous purge of the 
cell compartment with dry air or nitrogen. 

Under the optimum conditions a linear cali- 
bration graph over the range 0.6-17.6 ng/ml 
iodide was obtained and the equation of the 
regression line was found to be: 

The conditions selected should achieve the 
maximum signal/background ratio. In a cata- D =(0.052 & 0.006)+(0.108 f O.OOl)C, 

-0.1, 

6 . 

5 10 12 20 4 8 l_2 16 a2 0.4 a6 
ionic strength MrdlV), Mx104 AsWI), MxW MnW), MxlOJ H’, M 

20 30 40 
T, l C 

Fig. 2. Optimization, 0: Iodide not added. 0: I-, 3.03 x lOWaM [except for Mn(II) as the variable, when 
I- was 4.04 x IO-*Ml. Except when the variable under study: Mn(IV), 2.5 x 10T4M; As(III), O.lM; H+, 

0.16M; ionic strength, 2.0; temperature, 30”. 
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where the errors in both the intercept and the 
slope are given as the standard deviations esti- 
mated from the regression analysis. 

From the standard deviation of the back- 
ground signal, the detection and quantification 
limits23 were estimated to be 0.2 and 0.6 ng/ml 
respectively. Some possibilities of improving 
the precision and the limit of detection of the 
method can be suggested. If the initial Mn(IV) 
concentration is reduced, pseudo first-order 
reaction kinetics can .easily be obtained and the 
initial-rate and the rate-constant methods will 
probably give linear calibration plots (long 
path-length cells will have to be used to obtain 
sufficiently high absorbance values). The rela- 
tive standard deviations calculated at the 6.7 
and 0.6 ng/ml levels were 5.5 and 13% respec- 
tively (10 replicates). 

Eflect of foreign ions 

The study of interferent ions is summarized 
in Table 1. When present in excess of the speci- 
fied amount, chloride, bromide, thiocyanate, 
oxalate, thiosulphate, sulphite, nitrite, iron(I1) 
and tin(I1) interfere by acting as reductants for 
hexacyanomanganate(IV); chlorate and bro- 
mate act as oxidants for arsenic(II1) and Cu(II), 
Ag(1) and Hg(I1) act as inhibitors for iodide. 
Only the interferences from osmium(VII1) and 
iodate are kinetic in nature. 

The effect of iodate deserves some extra com- 
ment. When iodide is not present, no modifying 
effect is observed from iodate if it is added just 
before the determination, but interference is 
produced if iodate is allowed to stand together 
with arsenic(II1) for a certain period of time. 
This is probably due to the reduction of iodate 
to an active form, i.e., I-, I or I+, that will 
probably take part in the reaction mechanism 
and so modify the reaction rate. When iodide is 

present, the interference level of iodate is that 
indicated in Table 1, and this will probably be 
due to the 10,-I- interaction to generate I or 
I+ as the active species. 

Application 

The proposed method has been applied to the 
determination of iodide in sodium arsenite (an- 
alytical grade) and table salt. The iodide content 
of the first is important because arsenic(II1) is 
used as a reagent in the indicator reaction, and 
the blank value will depend on the iodide impu- 
rity in the reagents used; the iodide content in 
table salt is important for dietary and health 
reasons. 

The results of the iodide determination and 
the data obtained from the recovery studies are 
shown in Table 2. It should be noted that the 
iodide content in sodium arsenite samples 
depended on the batch number [for instance, a 
sodium arsenite sample from the same supplier 
as that labelled (1) in Table 2, but from a 
different batch number was found to contain no 
detectable iodide]. 

CONCLUSIONS 

The accelerating effect of iodide in this system 
is promotion and not catalysis, and is useful 
for the trace level determination of iodide. The 
limit of detection of the method is probably the 
lowest reported so far for a kinetic method of 
determination of iodide,24 an advantage which 
probably outweighs the consideration that con- 
servation of the Mn(IV) solution needs some 
care. 

Interferences are similar to those in the 
Ce(IVjAs(II1) reactioni but seem to be less 
serious because the tolerated amounts of inter- 
ferent ions are usually higher. 

Table 1. Interferences in the determination of 0.5 &ml iodide (4 x 10v9MI 

Tolerated concentrations 
of interferent species, M Species assayed 

lo-‘* ClO; , PO:-, S@,-, acetate, tartrate, citrate 
10-Z Cl-, F-, ClO, 
lo-4t Br-, BrO, , Sb(III), Ni(II), Co(II), Fe(III), 

Cr(III), Cr(VI), W(VI), V(V), Mo(V1) 
lo-’ Cu(I1) 
10-e SCN-, C,O:-, SO:-, NO,-, Fe(II), 

IO-’ 
p$j, h(I) 

lo-* &&II) 
10-g H&II), IO,S 

*Maximum level tested for anions. 
tMaximum level tested for cations. 
$See comment in text about the interference of iodate. 
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Table 2. Determination of iodide.in sodium arsenite (analytical reagent grade) and in table salt samples 
(Standard deviations are 8iven in parentheses); four replicates 

Iodide content 
Iodine, ng/ml Recovery, % 

In sample In aliquot, 
Sample w/g nglml Added Found Recovered Mean Range 

NaAsO, (1) 0.14 1.8 (0.1) 2.4 4.7 (0.2) 2.9 (0.2) 121 118-134 
NaA@ (2) 0.19 25 (“.2) 4.7 (0.1.) 2.2 (0.2) 92 85-97 
Iodized table salt (I) 76 4.4 (0.1) 

?:: 

2:4 
6.8 (0.1) 2.4 (0.1) 99 96-103 

Iodized table salt (2) 81 4.9 (0.8) 7.5 (0.2) 2.6 (0.8) 108 105-115 
Marine table salt 1.1 0.31 (0.07) 2.4 2.9 (0.1) 2.6 (0.1) 109 107-115 

The new method has been applied to the 
determination of iodide in reagents (analytical 
grade) and table_ salt. In the first case, methods 
with a limit of detection as low as possible are 
needed. In the second case (and especially with 
non-iodized table salt), the tolerance of the 
method towards chloride ions is high enough 
for matrix matching by addition of chloride to 
the standards” or use of the standard-additions 
method not to be necessary. 
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Sammary-The reaction of Au(III) with phenothiazine has been studied and a reaction mechanism 
proposed. Optimal conditions for the reaction have been found and a new spectrophotometric method 
has been developed for determination of Au(II1). The method is advantageous in its simplicity and 
reproducibility. Gold can be determined in the concentration range 2-20 rg/ml 

Phenothiazine derivatives have been primarily 
used in spectrophotometric determinations of 
metals which form complexes or ion-associates 
with them or oxidize them to coloured (usually 
red-purple, &,, = 500-530 nm) cation radicals. 
The radicals, however, are stable only in con- 
centrated acids, as is the case in the reaction of 
Au(II1) with derivatives with substitution at the 
heterocyclic nitrogen atom or position 2 (Lb).‘,* 

I 

(a) Rr=H, R,,=H; (b) R,=H, Cl, CF,, etc., and 
R,, = (CHM(C,H,),, (CHM(CH,)r, etc. 

However, we have found that reaction of 
Au(II1) with unsubstituted phenothiazine (La) 
produces an intensely green product even in 
weakly acidic media and the product can be 
utilized for a very simple and sensitive determi- 
nation of gold. This paper reports a study of the 
reaction mechanisms and the effect of surfac- 
tants on the properties of the reaction product. 
The use of surfactants permits direct spec- 
trophotometric measurement of the solution, 
whereas most other spectrophotometric deter- 
minations of gold, based usually on the forma- 
tion of water-insoluble compounds, require 
extractions with organic solvents. 

EXPERIMENTAL 

Apparatus 

A Pye-Unicam-Philips PU 8800 spectropho- 
tometer was used with l-cm path-length fused- 
silica cells. A Radiometer PHM 64 pH-meter 
was used, calibrated with Radiometer buffers. 

Reagents 

A 0.005M phenothiazine solution was pre- 
pared from the substance triply recrystallized 
from methanol, by dissolution in 96% ethanol. 
The purity of the substance was checked by 
melting point measurement in a Kofler block’ 
and by TLC with methanol-chloroform (1: 1). 

A O.OlM HAuC1, solution was prepared by 
dissolving pure gold in several ml of aqua regiu, 
adding 0.2 g of sodium chloride, evaporating to 
dryness on a water-bath and dissolving the 
residue in 1M hydrochloric acid. 

A O.lM sodium dodecylsulphate (SDS) solu- 
tion was prepared by dissolving the substance in 
water. 

A Methyl Orange indicator solution was pre- 
pared by dissolving 0.05 g of the indicator in 
50 ml of ethanol. 

The solution pH was adjusted with 0.05M 
sodium hydroxide or hydrochloric acid. 

Procedure 

To a measured volume of solution containing 
not more than 500 pg of gold and diluted with 
water to cu. 10 ml in a 25-ml standard flask, add 
2 drops of Methyl Orange indicator followed by 
0.05M sodium hydroxide until the solution has 
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O400 
I I I 

500 600 700 

X, nm 

Fig. 1. The absorption spectra of the products of the 
reaction of Au(III) with phenothiazine at various pH values. 
1-pH = 0.50, 2-pH = 5.00, 3-pH = 9.00. cAycr,,> = 1 x 

lo-%f, c,, = 2 x 10-4M, cSDS = 0.04M. 

just turned yellow (the colour does not interfere 
in the determination of gold at 635 nm). Then 
add 10 ml of O.lM SDS and 1 ml of 0.005M 
phenothiazine with continuous stirring, dilute to 
the mark with distilled water and measure the 
absorbance at 635 nm against water, 10-20 min 
after mixing the reactants. 

RESULTS AND DISCUSSION 

Study of the AufIZZ) reaction with phenothi- 
azine 

The nature of the product of reaction of 
Au(II1) with phenothiazine depends on the acid- 
ity of the medium (see Fig. 1). In strongly acidic 
solutions, a red colour appears and the absorp- 
tion spectrum (curve I) indicates that it corre- 
sponds to the pheno~i~ne cation radical.4 On 
decrease in the acidity the absorption curve 
exhibits two more pronounced maxima at 460 
and 635 nm (curve 2); the solution is intensely 
green. These two maxima were ascribed to the 

dimer cation in a study of the properties of 
phenothiaxine:4*5 

A product with an analogous absorption 
spectnun was also obtained in the reaction of 
phenothiazine with cupric chloride; the structure 

w 
has been proposed for it.6,7 

According to the papers cited, in its reactions 
with oxidants, pheno~~ne is first oxidized 
to the cation radical, which is converted into 
the neutral radical in media with low hydrogen- 
ion concentrations and then dimerizes. A fur- 
ther oxidation leads to the dimer cation (or 
when CuCl, is the oxidant, its ion-associate 
with the CuCl; formed). The position of the 
absorption maxima is determined by the conju- 
gated system of the dimer cation, which is 
not perceptibly affected by association with 
CuCl; . 

As a product with similar properties has been 
obtained in the reaction of Au(II1) with phe- 
nothiazine, the appropriate reactions under the 
given experimental conditions can be expressed 
in a simplified form (without reaction intermedi- 
ates) in terms of the following equations (the 

2affJ-J *AuCLI + AuCl + 3HCl 

l ha; - a;n + HAuCl, 



Determination of gold with phenothiazine 

oxidation states of the gold are obvious, so are 
omitted). 

The Job method of continuous variations 
and the molar ratio method yielded the stoichio- 
metric ratio of the product components, 
Au : phenothiazine = 1: 2, confirming the pro- 
posed structure. 

It is further obvious from Fig. 1 that the 
absorbance of both the bands decreases on 
further decrease in the acidity, and a small 
maximum appears (curve 3), corresponding 
to phenothiazinone (the wavelengths of the 
absorption maxima in the ultraviolet region 
also agree with the literature data for this 
compound). 

Spectrophotometric determination of Au(III) 

As phenothiazine and the reaction product 
are insoluble in water, but phenothiazine is 
readily soluble in methanol or ethanol, 96% 
ethanol was first selected as the solvent. 

The coloured product appears immediately 
after the reactants are mixed, but it is insuffi- 
ciently soluble and separates as a deep green 
precipitate. As it is well known that the solubil- 
ity of many organic substances can be increased 
by the solubili~ng properties of su~ac~nt mi- 
celIes* (the absorption spectra of the solubilized 
substances are also often altered), the effect of 
various types of surfactant on the solubility 
and the absorption spectrum of the product 
was tested, with cationic carbethoxypenta- 
d~ylt~methylammonium bromide, anionic 
sodium dodecylsulphate and non-ionic Triton 
X-100. It was found that only sodium dodecyl- 
sulphate (SDS) affects the solubility, with in- 
crease in the absorbance of the solution. The 
greatest change in the absorbance is with SDS 
in the range 5-10 x 10e3M (see Fig. 2), i.e., in 
the range of critical micelle concentration of 
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Fig. 2. Dependence of the absorbance on SDS concen- 
tration. 1= 635 nm, cAti,,,, = 1 x 10m4M, cpkeR = 2 x lo-“M, 

pH = 5.0. 
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Fig. 3. Dependence of the absorbance on pH. A = 635 mn, 

c*N[**, = 1 x 10-4 M, Cph = 2 x lo-4A4, csos = 0.04M. 

SDS.9 Constant colour intensity was attained 
with SDS concentrations higher than 0.02M. A 
concentration of 0.04M was therefore used for 
the determination because it gave greater stabil- 
ity of the reaction product. 

The optimal pH for the product formation is 
in the range 3.5-6 (see Fig. 3). Small amounts of 
0.05M hydrochloric acid or sodium hydroxide 
can be used for pH adjustment. 

A maximum amount of the product is formed 
at a phenothiazine concentration equal to, or at 
least twice, that of the gold. We selected a 
phenothiazine concentration of 2 x IO-‘&4 as 
the most suitable. 

The maximum absorbance is obtained 10 min 
after the mixing of the components, and is stable 
for 10 min, then decreases again. This stability 
period makes it possible to analyse a batch of 
about 6 samples. Ethanol concentrations higher 
than 20% v/v decrease the stability of the 
reaction product (see Fig. 4). 

The solution must be continuously stirred 
during addition of the reactants, as the instanta- 
neous concentrations of the reactants determine 
the reaction rate and thus also the time required 
for development of the colour. The reproduci- 

I.Oi 
I I I 

40 80 420 

t, min 

Fig. 4. Influence of ethanol on the time stability of 
the reaction product. l-c,=30%, 2without ethanol. 
A= 635 nm, ~,,~,a, = 1 x lo-‘M, cphm = 2 x lo-‘M, c,, = 

O&M, pH = 5.0. 
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bility of the determination is improved when 
this condition is observed. 

The measurements were made at 25”; at tem- 
peratures lower than 10” the reaction does not 
occur, and at very high temperatures the solu- 
tion is decolorized. 

Under the optimum conditions for the forma- 
tion of the coloured complex, the Lambert-Beer 
law is obeyed from 2.0 to 20 ,ug/ml Au(II1). The 
relative standard deviation is 2.8% for Au(II1) 
concentrations of less than 4 pg/ml and from 0.5 
to 1.5% for higher concentrations. 

Ions giving analogous reactions (Cu*+, HgZ+, 
Ag+ ) and strong oxidants (KMnO,, K+Zr,O,) 
interfere in the determination when present at a 
ratio to gold as low as 1: 1 w/w. The alkali-metal 
and alkaline-earth metal ions do not react 
with phenothiazine. Among the platinum 
metals, only Pd2+ and Pt4+ interfere, the former 
through a complexation reaction and the latter 
through oxidation of phenothiazine to the 
cation radical. 

For these reasons the method is unsuitable for 
determination of gold in common alloys, but 
it is convenient for determination of gold in 
organic compounds. 

Practical application 

The method developed has been validated by 
determination of gold in the pharmaceutical 

Tauredon for injections (BYK Gulden, Kon- 
stanz). The preparation contains 100 mg of 
sodium aurothiomaleate, i.e., 46 mg of Au(II1) 
per ml of the solution. 

One ml of concentrated hydrochloric acid and 
0.5 ml of 30% H,O, were added to 10 ~1 of the 
test solution and the mixture was diluted with 
water to 5 ml, and the excess of H,O, was 
decomposed by heating. The solution was then 
allowed to cool, the pH was adjusted and the 
procedure already described was followed. 

Four determinations yielded a mean of 45.78 
mg of Au per ml of the solution, i.e., 99.5% of 
the theoretical content, with a relative standard 
deviation of 0.5%. 
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SOFTWARE SURVEY SECTION 

PHASE PLANE METHOD FOR LIFETIME DETERMINATION 
OF SINGLE AND DOUBLE EXPONENTIAL DEOAPS 

A. Contributors: Ruperes, L. Ayala and J.J. Laserna, Department of 
Chemistry, Faculty of Sciences, University of Malaga, 29071, Spain. 

Bri2f_asscriRtioni An observed luminescence (fluorescence or phosphor- 
escence) decay curve can be due to the luminescence or photochemical 
degradation of the analyte and impurities in the solvents, and decay of the 
scattered stray radiation from the source. In these cases, the observed 
decay behaviour is not simply the summation of the sample decay plus the 
background decay; there is some degree of convolution. In addition, 
distortions in the data may arise from several factors, including the 
wavelength-dependence of the excitation profile, the dependence of the 
response of the detector on the energy of the incident photons, scattered 
exciting light, etc. This program uses the phase plane method for 
deconvolution of single and double exponential decays. 

In the program, the phase plane method can be used in a J-parameter or 
5-parameter version to calculate lifetimes in single or double exponential 
decays, respectively. Distortions in the data are also considered. The 
convoluted observed decay can be expressed as D(t) = Z(t)E(t) + aE(t), where 
Z(t) corresponds to a single or double exponential, E(t) is the background 
contribution to the convoluted decay, and aE(t) considers distortions in the 
experimental data. Depending on whether a single or double decay is being 
analysed, D(t) can be linearized as a function of 2 or 4 independent 
variables. After introduction of the experimental luminescence data 
(intensity vs. time), the program computes the values of the variables at 
each time, and then by application of standard linear least-squares methods, 
the best values of the lifetimes, pre-exponential factors and distortion 
factors can be calculated easily. 

&&z!4iaa_anaml Spectroscopists. 

Fislde_Qf_&ntsrsetl Chemical analysis and spectrochemietry. 

This application program has been developed in BASIC for the Apple 
Macintosh Plus computer, to run under Macintosh 5.0. It is available on 
3.5-in floppy discs. The memory required is 4921C. 

Distributed by the contributors [Tel. Spain (34) 52 28 13 001. 

Documentation is minimal, but no user training is required. The program has 
been fully operational for 1 year. The source code is not available, but 
the contributors are willing to answer user enquiries. 
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THERMOSONIMETRY OF THE PHASE II/III TRANSITION 
OF HEXACHLOROETHANE 
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Canada V6T 1Y6 

(Received 21 November 1989. Revised 11 April 1990. Accepted 28 April 1990) 

Summary-A thermosonimetric study has shown that the Phase II/III polymorphic transition of 
hexachloroethane emits acoustic signals. This solid-solid phase transition is known to occur by a 
nucleation-growth process during which a nucleus of the new phase, once formed, grows at the expense 
of the mother phase to form a complete crystal without fracture. Acoustic emissions from a conditioned 
multi-crystal sample have been used to study the transition. Acoustic activity correlated well with 
dilatometric measurements. Frequency analysis on waveforms of many hundreds of individual acoustic 
emissions revealed marked differences between individual signals. Principal-components analysis on 24 
signal features revealed a single dispersed cluster with a highly non-uniform distribution of signals. These 
experiments provided highly reproducible average power spectra. Time-resolved acoustic power spectra 
were also generated. These additional types of information cannot be obtained by other techniques. 

Thermosonimetry (TS) is the study of acoustic 
emission induced by a change in temperature.’ 
It has been mainly applied to thermally-induced 
phase transitions.‘-’ Emission of acoustic signals 
is a phenomenon common to other areas of 
chemistry. HO So far, this has been widely over- 
looked as an analytical tool,“,‘2 and requires 
further development. Acoustic emission (AE) 
takes the form of many short-duration signals. 
These often occur at frequencies that are too 
high to be detected by the human ear and may 
require extreme amplification for detection.’ 
Each signal has its own time of occurrence, 
duration, and frequency and amplitude charac- 
teristics. These signals may be analyzed by a 
wide variety of statistical and mathematical 
methods, and are almost an ideal data source 
for development and use of modern chemomet- 
ric techniques. From a theoretical standpoint 
their interpretation is a highly complex and 
possibly intractable problem. Therefore empiri- 
cal pattern recognition methods have been em- 
ployed.8,“*‘3-‘S These have shown the existence 
of multiple types of acoustic emission, which 
may be differentiated on the basis of their 
frequency and time domain characteristics, and 
then associated with their different physico- 
chemical sources (e.g., gas evolution US. crystal 
fracture).” New types of information may thus 

*Author for correspondence. 

be obtained from AE measurements. Factors 
such as the nature of the signal to be detected, 
the rate at which information is to be collected, 
and instrumental limitations must all be 
considered.16 

Thermosonimetric studies of phase transitions 

Phase transitions result in a redistribution of 
matter and energy. This causes transient elastic 
waves in the matrix. The waveforms captured 
are a function of the original signal envelope, 
distance from source to sensor, transmission 
characteristics of the media, the various combi- 
nations of pathways by which the signal may 
reach the detector, and the impulse and fre- 
quency response characteristics of the detector 
and associated circuitry.12 The true “transfer 
function” of the system is not readily quanti- 
fiable. Because of these considerations, the 
waveforms detected are not exact repre- 
sentations of the original signals, and signals 
obtained during an experiment will certainly not 
all be identical. Despite these limitations, the 
waveforms collected have readily identifiable 
acoustic signatures.” 

Perhaps the first study of acoustic emission 
from a phase transition was the work of Forster, 
in 1934, on the formation of martensite in 
steel.” Much later, Sawada et al5 studied phase 
transitions of p-cresol, liquid crystals and water 
and found that acoustic activity began at the 
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onset of the phase transition and finished on 
its completion. They suggested that a sudden 
release of elastic energy owing to volume 
changes was the most likely source of the emis- 
sions.’ However, processes other than volume 
change are also likely to participate in phase 
transitions. Just a few years before, Reynolds,i8 
in his work on the /I to a transformation 
of p-dichlorobenzene, reported small audible 
clicks during the transformation of melt-grown 
crystals which had been doped with small 
amounts of p-dibromobenzene and attributed 
the sound to the movement of the interface. 
There was, however, no report on the final state 
of the crystal after the transformation nor was 
an acoustic study carried out. Microfracture 
processes and release of trapped gases during 
melting of ice have also been shown to be 
acoustically active. ‘* There are many examples 
in the materials science literature citing crack 
formation as a source of acoustic emission in 
materials undergoing stress. 

Other thermosonimetric studies have investi- 
gated the polymorphic transformations of tem- 
perature standards used in differential thermal 
analysis,’ the polymorphic phase transition in 
calcium iodide,* sodium chloride-cesium chlor- 
ide and cesium chlorid+barium chloride sys- 
tems,’ and the glass transition in KGrsor glass 
samples.4 Solid-state processes such as motion 
of dislocations, propagation of cracks, nucle- 
ation of new phases, relaxation processes and 
discontinuous changes in physical properties 
(thermal expansion/contraction, elastic mod- 
ulus, electrical conductivity, erc.) may be studied 
by this technique.3 

The Phase II/II transition of hexachloroethane 

On cooling, the Phase II/III polymorphic 
transformation of hexachloroethane proceeds 
from a phase thought to be monoclinic or 
triclinic to one that is orthorhombic at a tran- 
sition temperature (T,,) of 43X?‘.” The transfor- 
mation is termed “mild” because the entropy 
and structural changes associated with it are 
small. It occurs through nucleation-growth pro- 
cesses and is thought to be a single crystal-single 
crystal transformation. ‘g-22 This has been con- 
firmed by observations with a polarizing micro- 
scope.‘9q23 Nucleation is the rate-determining 
step and a nucleus, once formed, grows at the 
expense of the mother phase until it forms an 
entire crystal. Internal fracturing is not observed 
as long as the temperature is not more than 20” 
below the transition temperature.lg Immobile 

microbubbles were reported to form at 
the phase boundary under certain conditions, 
though this was not reported to occur for the 
corresponding heating transition.23 Further- 
more, a twinning plane, if it existed, could be 
moved by the phase boundary.23 As is common 
with polymorphic transformations, hexachloro- 
ethane crystals exhibit hysteresis. A metastable/ 
unstable changeover for this transition has also 
been suggested. 22 The kinetics of the transition 
are fairly well known from dilatometric 
studies’g-22 which linked volume changes of the 
sample with the occurrence of the Phase II/III 
transition. It is recognized that kinetic studies 
alone cannot adequately characterize the mech- 
anism of solid-solid phase transitions.” Further 
understanding of the underlying mechanism is 
considered valuable. 

The objectives of this present work were (i) to 
show that TS can monitor this transition; (ii) to 
discover the contribution TS can make to under- 
standing nucleation/growth (and if possible 
obtain characteristic signals from these pro- 
cesses); (iii) to see whether TS could verify the 
presence of the metastable/unstable boundary; 
(iv) to compare the efficacy of TS and dilat- 
ometry for studying the same process; (u) to 
evaluate the ability of TS and current apparatus 
to provide quantitative information for this 
system. Prior to this work no attempt has 
been made to capture individual acoustic 
signals from phase transitions of small organic 
molecules, nor has analysis of the dominant 
frequency components of such signals been 
studied in detail. 

EXPERIMENTAL 

Reagent 

The hexachloroethane was a multi-crystal 
sample (12.130 g) contained in the dilatometer. 
This sample had undergone extensive precondi- 
tioning to minimize the effects of defects and 
impurities (which would otherwise strongly in- 
fluence solid phase heterogeneous kinetics). As 
a result, reasonably reproducible nucleation 
and growth rates were realized. A description 
of the conditioning procedure used is given 
elsewhere.” 

Large orthorhombic crystals for the single 
crystal experiments were prepared by slow 
recrystallization from a saturated methanol 
solution over a 1.5 month period. The resulting 
crystals of various size were initially transparent 
but exhibited growth lines. 
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front mount clamp 

dilatometer 

Fig. 1. Exploded schematic diagram of dilatometry apparatus showing mounting of the acoustic 
transducer. 

Apparatus 

The first set of experiments used the dilato- 

piece 

b 

0 transducer 

metric apparatus shown in Fig. 1. A hexa- 
chloroethane powder sample was placed in the 
glass envelope, which was filled with water. As 
in previous studies with this dilatometer,‘9-22 
changes in the sample volume were monitored 
by observing the level of the meniscus in the 
capillary stem. An aluminum mount and 
clamp arrangement was constructed to attach 
the acoustic transducer to the side of the 
dilatometer. Water-baths were used for tem- 
perature control and studies on temperature 
effects. A thin air-tight plastic bag surrounded 
the submerged portion of the apparatus to keep 
the transducer’s electrical connections dry. 
A certified mercury partial immersion ther- 
mometer (Fisher Scientific, Richmond, B.C.) 
was placed inside the bag to measure the outer 
glass temperature of the dilatometer to a pre- 
cision of 0.02”. The dilatometer-aluminum and 
aluminum-transducer interfaces were smeared 
with vacuum grease (Apiezon type M, Fisher 
Scientific) to enhance acoustic coupling. 

In the single-crystal experiments grown crys- 
tals were placed directly in a 50 ml Pyrex beaker 
filled with 10.0 ml of distilled water. The 
transducer was submerged in the water-bath 
directly underneath the 50 ml beaker. Acoustic 
coupling was provided by the water in the bath. 
Silicone (AutoSealTM, General Electric) was 
used to seal the transducer electrical connection. 

The apparatus shown schematically in Fig. 2a 
was used for all studies on the sample contained 
in the dilatometer. The acoustic emissions were 
detected by means of a broad-band piezoelectric 

transducer (Bruel and Kjaer, Naerum, Den- 
mark, type 8312), equipped with an integrated 
40 dB preamplifier. This transducer’s frequency 
reponse is shown in Fig. 3 and the upper 
frequency limit is estimated to be about 1.2 
MHz. Further signal amplification and high- 
pass filtering (50 kHz-2 MHz) was achieved 
with a conditioning amplifier (Bruel and Kjaer, 
type 2638) which had both d.c. “peak detector” 
and a.c. outputs. The heavily damped d.c. out- 
put signal (200 msec decay constant) was sent to 
a chart recorder to provide signal power US. time 
plots. Individual signals were acquired from the 
a.c. output by use of a 100 MHz digital storage 
oscilloscope (Tektronix, type 2230, Beaverton, 
OR). This was set to sample at 5 MHz and gave 
&bit resolution by 1024-point recording of each 
signal. Data acquisition was in triggered mode 
(using the rising slope of the incoming signal) 
with the trigger threshold level set just above the 
level of the background noise. Of the 1024 
points collected per signal, 100 were prior to 
the trigger point. The digitized signals were 
then transferred to a 40 Mb hard disk on a 12 
MHz IBM PC-AT compatible computer (Nora 
Systems, Vancouver, B.C.) for storage and 
subsequent data processing. This was achieved 
via an IEEE-488 bus and GPIB interface board 
(National Instruments, Austin, TX, model PC- 
HA). The data-transfer rate of the Tektronix 
2230 allowed a maximum acquisition/storage 
rate of 30 signals/min. Only a fraction of 
the acoustic signals generated during a single 
experiment could be captured by the Tektronix 
2230 oscilloscope acquisition system. Typically, 
however, several hundred acoustic signals were 
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Fig. 2. Schematic diagram of acoustic data acquisition and processing systems: (a) for capture of individual 
emissions; (b) for simple quantification of RMS acoustic emission. 

captured in an identical manner for each 
experiment, so the data sets obtained are 
representative. 

For the studies involving the recrystallized 
single crystals, a Tektronix 2430A oscilloscope 
replaced the Tektronix model 2230. This was 
set to sample at 2.5 MHz and also gave an 
g-bit resolution by 1024-point recording of each 

go1 

-‘ii0 360 500 700 

frequency (kHz) 

960 

Fig. 3. Frequency response curve for the wide band 
transducer used in this work (points show calibration 
frequencies). The sensitivity units are those given in the 

manufacturer’s literature. 

signal. This unit could capture and transfer up 
to 15 signals/set. 

The apparatus shown in Fig. 2b was used 
to evaluate the ability of TS to provide quanti- 
tative information. The study was conducted on 
the recrystallized single-crystal samples. The d.c. 
output from the conditioning amplifier was 
sampled at 100 Hz with an analogue-to-digital 
converter board (Analog Devices, Norwood, 
MA, type RTI-8 15F) working in direct memory 
access (DMA) mode. 25 This ensured that no 
peaks were missed. The board was installed in 
a Compaq Portable PC (Compaq Computer 
Corp., Houston, TX). Software was written to 
capture the data and store them on disk. Storage 
of all 100 values captured per second would 
result in too large an amount of data being 
accumulated during an experiment, which might 
last 15 min. To reduce this, the software first 
determined the maximum and average value of 
the readings obtained per 200 msec and only 
these values were stored. The average readings 
were continually summed and the updated sum 
was sent to the second pen on the chart recorder 
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via a digital-to-analog converter on the RTI- obtain nucleation rates that differed by approxi- 
815F board. Wrap around is included in the mately one order of magnitude. It was hoped 
software so that an output greater than the that the first few signals collected would have 
upper voltage limit of the recorder reappears on a dominant contribution from the nucleation 
the lower voltage limit. process. 

Method 

Phase II/II crystal growth studies. It was 
decided to study the growth of Phase III from 
Phase II which occurs on cooling of the-sample 
through the transition temperature. This took 
advantage of the greater range of temperatures 
available by supercooling, compared to the 
equivalent heating experiment. Details regard- 
ing the methodology in isolating the growth 
process have been described previously.‘9-22 
Briefly, the process involved moving the sample 
between water-baths held at 42.0 and 46. lo until 
the observed rate of volume change levelled 
off at a maximum. This is termed “thermal 
cycling”. At this point, the sample crystals are 
believed to contain both phases in roughly equal 
proportion and the rate of change of volume 
(and acoustic emission) may be associated only 
with growth. Before proceeding further, the 
sample was placed for about 10 hr in another 
water-bath held at T,, = 43.6” so that stress 
accumulated around the phase boundary during 
transition2’ could relax. The sample was then 
temperature-jumped by rapid transfer from the 
transition temperature water-bath to a bath set 

at T,,,, a temperature lower than Tti. After 

Characterization of background noise. In order 
to characterize the background noise, “blank” 
experiments were carried out. In these, the 
dilatometer containing the sample was replaced 
by one which contained only water. About 200 
signals were then collected with the trigger level 
set just below the level of the background noise. 
These were processed in the same way as the 
signals from the sample. 

Data processing 

All data processing algorithms were written 
in our laboratory in QuickBASICR version 4.0 
(Microsoft Corp., Redmond, WA). Time- 
resolved power spectral surfaces were generated 
with SurferR version 3.0 (Golden Software Inc., 
Golden, CO). 

thermal equilibration (a few minutes), growth of 
Phase III proceeded and acoustic signals were 
acquired. The growth of Phase III was allowed 
to progress by several per cent during the course 
of each experiment, to ensure capture of an 
adequate number of signals from the growth. 
Limiting the amount of growth of Phase III 
allowed easy restoration of (approximately) the 
original proportion of Phase II to Phase III: the 
transition was reversed by heating the sample in 
a bath set at 46.0”. Series I was conducted at T,,, 
values of 39.35,39.60, 39.95,40.25,40.50,40.65, 
40.80,40.95,41.11°, in the order listed. Series II 
used the same temperatures, but in the reverse 
order. 

Frequency-intensity-energy analysis. An av- 
erage power spectrum was calculated for each 
experiment. This required the generation of 
power spectra for each signal, by using a fast 
Fourier transform algorithm, and the averaging 
of these spectra. Time-resolved average power 
spectra were generated by averaging spectra 
from only those signals which occurred within 
defined time windows. The energy of a signal 
was taken to be a summation of the intensities 
of the discrete power spectrum. To obtain 
an integral of the total energy detected, a 
cumulative energy plot can be calculated. The 
cumulative energy at a given time is the sum of 
the energies of the discrete signals up to and 
including the energy at that time. 

Nucleation of Phase IZZ. The sample was 
completely converted into Phase II (high 
temperature), and then cooled to the transition 
temperature. Again, it was held at this tempera- 
ture to allow any stress acquired to dissipate. 
Following this, the sample was “quenched” to 
initiate nucleation, by dropping it into a bath at 
38.8 or 39.6”. These values were chosen so as to 

Pattern recognition. Attributes of individual 
signals were quantified by calculation of 
numeric descriptors such as peak amplitude, 
RMS, median frequency etc. The distributions 
of values obtained for all signals from one 
experiment indicate the (dis)similarity of ampli- 
tude, shape, energy and frequency content of the 
signals. When considered separately or together, 
the distributions may also indicate the presence 
of more than one type of signal within each 
experimental data set. It is presumed that most 
classes of signal reflect the presence of different 
types of acoustic event. However, the effects of 
wave reflections, dispersion, sharp resonances of 
the vessel or transducer, etc., can obscure real 
class separations, or (more rarely) cause the 
experimenter to detect a separation where none 
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exists. Nevertheless, results from different exper- 
iments carried out in the same way with the 
same apparatus may still be effectively com- 
pared by this method, and separate statistical 
descriptions obtained for each type of signal. 

Eleven time-domain and thirteen frequency- 
domain features were chosen on the basis of 
previous experience. 26 The time-domain features 
were kurtosis, crest factor, number of zero 
crossings, and normalized RMS octiles. Fre- 
quency-domain features included the most in- 
tense frequency component, mean frequency, 
median frequency, frequency standard devi- 
ation, frequency crest and normalized power 
octiles. These features were calculated for each 
signal. Principal-components analysis was em- 
ployed to project these multidimensional data 
onto a two-dimensional plot with maximum 
retention of information. 

RESULTS AND DISCUSSION 

Acoustic activity of the phase transition 

In preliminary studies, the temperature of the 
sample in the dilatometer was scanned between 
35 and 50” in both directions. Figures 4a and b 
show the acoustic traces obtained during heat- 
ing and cooling, respectively. Both plots provide 
clear evidence that the transition is highly 
acoustically active. A dilatometric trace, which 
depicts the overall rate of the transition, and the 
integrated acoustic intensity are also plotted in 
each figure. The following were observed for the 
cooling experiment: (i) the acoustic activity 
existed in the form of many short duration 
(ca. 0.2 msec) spikes or bursts; (ii) the onset of 
acoustic activity coincided with a more rapid 
decrease in the dilatometric plot (the decreasing 
background level due to thermal contraction of 
the water and sample being taken into account); 
(iii) acoustic activity terminated as the gradient 
of the dilatometric plot returned to its original 
values; (iv) all conditions being equal, the 
acoustic intensity profile was highly repro- 
ducible. Analogous statements can be made 
about the heating experiment. The integrated 
acoustic intensity plots show the same sigmoidal 
shape over the course of the phase transition as 
do the corresponding dilatometric plots. This 
behavior shows that the acoustic energy emitted 
is directly proportional to the rate of the phase 
transition. However, the acoustic emission was 
less intense during heating than during cooling. 
For CZC16, this may be explained in part by the 
degree of supercooling being much greater than 

that of superheating. Phase III nuclei formed on 
cooling will experience a greater temperature 
difference from T,, than do Phase II nuclei 
formed on heating. The higher degree of super- 
cooling results in a faster rate of crystal growth. 
Thus, from this argument, for phase trans- 
formations which have approximately equal 
acoustic activity per degree, the acoustic energy 
produced would be expected to be greater on 
cooling than on heating. That cooling is more 
acoustically active than heating has been ob- 
served experimentally for other phase tran- 
sitions.5*27 Study of other systems is needed to 
substantiate it as generally applicable. More- 
over, kinetic arguments alone do not explain 
why another rapid phase transition did not give 
an acoustic signal in the expected frequency 
range.27 

Nucleation studies 

The nucleation experiment could be divided 
into four stages. The first pertained to thermal 
contraction of the sample and dilatometric 
liquid, and the second to the induction period, 
which is equivalent to the inverse of the nucle- 
ation rate.‘9-22 Here, random density fluctu- 
ations are believed to occur within the crystal 
matrix as a critical number of molecules attempt 
to gain the necessary energy to form a new 
interface.ls In the third stage this energy barrier 
is overcome and nucleation results. This is fol- 
lowed immediately by growth, the fourth stage. 
Our apparatus was unable to detect any emis- 
sion from thermal contraction of the sample. 
However, at the instant of nucleation, stage 3, 
there may be a rapid release of stress and elastic 
energy, which quantitatively and qualitatively 
different enough from the background to be 
detected acoustically. 

In the 38.8” temperature-quench experiment 
there was no noticeable difference in the power 
spectra of the first signals as compared to those 
collected subsequently. However, in the 39.6 
experiment, signals Nos. 1 and 2 showed a single 
high frequency band centered around 630 kHz 
(Fig. 5). A review of the complete set of signals 
collected during this experiment revealed oc- 
casional occurrences of the 630 kHz component 
at apparently random time intervals, hinting 
that the signals with this frequency component 
might be accompanied by nucleation. A compli- 
cating factor is that some signals with this 
frequency band were also found during 
Phase III crystal growth (discussed below). 
Hence, this question of whether nucleation is 
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Fig. 5. Power spectra of signals Nos. 1 and 2 from the 
nucleation experiment in which the temperature was 

dropped from 43.6 to 39.6”. AU = arbitrary units. 

responsible for this higher frequency band could 
probably only be effectively investigated by 
using a combination of acoustic emission and 
video microscopy on single crystal samples. 
Such a study is planned. 

Growth of Phase III from Phase II 

Average power spectra have shown the simi- 
larity of signals produced by the same mecha- 
nism during different chemical processes.‘2 As 
shown in Fig. 3, the transducer used did not 
possess a flat frequency response over the full 
spectrum, and this affects the observed magni- 
tudes of the frequency components present 
in the signalsI and in the background noise. 
However, the average power spectra obtained 
with this transducer are repeatable for a given 
reaction and apparatus over extended periods 
and the spectra obtained can show considerable 
differences. The raw spectra contain contri- 
butions from both the analytical signals and the 
background noise from the apparatus. Since the 
background noise is readily characterizable, its 
average power spectrum may be subtracted 
from that obtained for the signals to obtain a 
corrected spectrum. A typical average power 
spectrum is shown in Fig. 6a, the background 
spectrum obtained during cooling of a blank in 
Fig. 6b and the background corrected power 
spectrum in Fig. 6c. 

Background noise. Low intensity bands 
present in the background in the blank exper- 
iments were also observed when the transducer 
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Fig. 6. Average power spectra: (a) growth of Phase III from 
Phase II of C&I, with bT = 2.65”; (b) background noise; 
(c) resultant background-subtracted spectrum for the phase 

transition. 

was dismounted from the apparatus, and were 
therefore due to noise in the transducer/data 
acquisition system. Background subtraction 
corrects the observed spectrum for these effects. 

Emission spectra obtained. The corrected spec- 
trum shows emission in the frequency ranges of 
about Xl-220 kHz and 600-670 kHz with the 
former band dominating. It should be noted 
that the low frequency band appears to extend 
below the conditioning amplifier’s lower band- 
pass limit of 50 kHz. Though individual signals 
vary, when the same transducer and supporting 
electronics are used, the average power spec- 
trum is highly reproducible (correlation co- 
efficients not less than 0.997 between spectra 
were calculated) and hence is characteristic. 
Signal variability is indicated by the power 
spectra for the first 18 signals in this same set, 
as shown in Fig. 7. It must be recalled that 
signals can occur anywhere within the sample, 
and thus signals which occur close to the trans- 
ducer will be less affected by the transmission 
characteristics of the media etc. than those from 
further away. 

Pattern-recognition studies. Figure 8 plots the 
integrated acoustic power of the 50-220 kHz 
emission band against that of the 600470 kHz 
band for each of the signals obtained during one 
experiment on growth of Phase III. This shows 
the presence of one highly asymmetric cluster of 
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Fig. 7. Time-resolved power spectrum showing variability in 
first 18 signals collected during the growth of Phase III from 

Phase II of C2CI, (6T = 2.65”). 

points: two regions are immediately obvious, a 
dense core and one (or possibly two) highly 
dispersed tail(s). This is significant, but is prob- 
ably insufficient evidence for positively assign- 
ing the signals to two different classes (and thus 
to two physicochemical processes, i.e., growth 
and nucleation). A principal-components analy- 
sis (PCA), employing all the descriptors listed 
above and the same signal set, also resulted 
in no absolute separation of the signals into 
clusters. The greatest loadings were observed for 
such descriptors as number of zero crossings 
and for all frequency-based descriptors except 
the power octiles. A visual scan of the power 
spectra confirmed this: a number of signals had 
only the low frequency band; an even smaller 
number had only the high frequency band; 
and the rest had varying contributions from 
both. Hence, PCA could reveal only a single 
cluster. 
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Fig. 8. Scatter plot of the integral of the high frequency band 
(600470 kHz) against that of the low frequency band 

(50-220 kHz) for growth of Phase III (ST = 2.65”). 

Possible acoustic detection of unstable/ 
metastable boundary 

Dilatometric studies22 suggested a changeover 
between the metastable and unstable states since 
the nucleation process and growth rates be- 
haved differently in the regions above and below 
about 40.8” (To). In terms of acoustic emission 
characteristics, no qualitative difference was 
found across this temperature boundary. Again, 
pattern-recognition studies did not support the 
existence of two distinct acoustic signatures 
across TO. However, some quantitative differ- 
ences were apparent. If acoustic activity is sensi- 
tive to the growth rate, differences in growth 
rate should be readily detectable as differences 
in acoustic activity. It was hypothesized that a 
greater growth rate would have two possible 
effects on acoustic activity: 

(i) increase the number of acoustic events; 
and/or 

(ii) increase the energy content of individual 
acoustic signals. 

As present instrumentation could not reliably 
count all acoustic events, only the latter effect 
was determined. An integral of the average 
power spectrum provides a representative 
measure of the energy per signal irrespective of 
the number of signals acquired. Such an energy 
value was calculated for each growth exper- 
iment. The results, shown in Fig. 9, suggest that 
there may be a peak in the calculated average 
energy at around 40.65“. A separate plot was 
generated for each series. This was necessary as 
the rate (and thus the energy expected) was 
found to be affected to some extent by the 
thermal history of the sample. 

Above TO, the average power increases with 
the difference from T,, consistent with the 
behavior of the growth rate.19vm Below TO, the 
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rates were too fast to be measured by dila- 
tometry. Thus, it was impossible from readings 
of the meniscus level alone to separate the 
thermal equilibration process (see references 19 
and 20 for details). Acquisition of acoustic 
signals is possible under such circumstances, 
however. Thus, the results in Fig. 9 would 
suggest that the growth rates below T,, were 
somehow retarded. The latent heat released 
during the transition for temperatures just 
below To may be enough to cause the tempera- 
ture at the interface to be significantly higher 
than that of the surroundings, thus retarding the 
growth rate. 

Each point on these plots is obtained by 
taking the mean of the total acoustic power 
values for all signals obtained under those 
experimental conditions. As discussed above, it 
is known that individual signals are highly 
variable in form, but that their average proper- 
ties, such as their average power spectrum (and 
therefore the area under the average power 
spectrum), are highly repeatable. In each exper- 
iment, the distribution of the power values for 
individual signals was found not to be Gaussian, 
but quite broad and asymmetric, with tailing 
towards high power values. Calculation of 
median power values yielded a very similar plot 
to that shown in Fig. 9. That both sets of 
acoustic data suggested a maximum in the inte- 
grated acoustic power at close to To is certainly 
not inconsistent with the hypothesis. Statisti- 
cally, however, the breadth of the distributions 
obtained, which is in part due to the many 
different possible source locations within the 
sample, does not allow an unequivocal con- 
clusion to be drawn. Further work may there- 
fore be necessary, requiring use of a digitizer 
which is capable of collecting more signals 
within the time of an experiment. 

Source of acoustic activity 

Pattern recognition alone was unable to 
provide clear evidence for any of the physico- 
chemical processes thought to underlie this 
phase transition. However, other observations 
aid in the interpretation of the acoustic results 
obtained. Mnyukh observed the growth of 
Phase III from the Phase II matrix under a 
polarizing microscope, and found it to be a 
layering process,23 i.e., the growth process 
consisted of two components, creation of a step 
at the boundary and its lateral movement. 
Together these result in the net vertical growth. 
The lateral movement of the step was reportedly 

accompanied by density changes ahead of the 
front. This can be construed as a plastic zone 
produced as a response to the stress field 
generated by the step movement. 

The elastic wave arising from the release of 
this stress is suspected to be responsible for 
the D-220 kHz spectral band. There are two 
reasons for this. First, this band is dominant 
throughout the growth study. Secondly, the 
frequency range of emission is in the range of 
acoustically “soft” processes such as bubble 
emission.“q’2 Moreover, the movement of the 
phase boundary must be disjointed. This, which 
is believed to be true for dislocation move- 
ment,28 would seem a necessary requirement for 
the production of transients, otherwise the 
movement would only increase the background 
signal level. In fact, the layered growth may 
be mechanistically similar to dislocation 
movement. 

The 600-670 kHz band is usually weaker than 
is shown for the two signals in Fig. 5 even when 
it is the major component of a signal. It is 
evidently associated in some manner with the 
50-220 kHz band since they are predominantly 
found together. However, its few isolated occur- 
rences suggest that a separate mechanism may 
be operating in parallel. As discussed above in 
connection with the scatter plots of the signals 
(Fig. 8), it appears unlikely that this could be 
associated with nucleation. Conditions for the 
growth study were chosen so that most of the 
crystals would contain both phases. It is im- 
probable that nucleation would be occurring 
in a sufficient number of crystals to produce 
emissions that would convolve with a majority 
of emissions from growth. One possibility is 
that the step formation mentioned above is 
responsible for this high frequency band. 

Another possible cause of this band is micro- 
fracture. It is likely that microfractures, if any, 
would form at the Phase II/III interface, which 
is the weakest place in the crystal.23,24 Gross 
fracture is ruled out since the nature of the 
sample remained essentially unchanged, despite 
repeated transition in both directions. 

In another set of experiments, a single crystal 
in a beaker was slowly converted into Phase II 
and then allowed to cool rapidly at ambient 
temperature. Profuse fracturing was observed 
during this experiment, so much so that the 
crystal became opaque and white. The average 
power spectrum for the 999 signals obtained is 
shown in Fig. 10. Multiple bands are evident 
and the spectrum has much more of a broad 
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Fig. 10. Average power spectrum when fractures dominate 
during the growth of Phase III from Phase II. 

band character, with the main band at 480 + 75 
kHz and a smaller band at 840 f 50 kHz. 
Studies on other chemical systems have indi- 
cated that fractures are responsible for broad 
band spectra and can have a predominant 
frequency of around 500 kHz.‘* The single 
crystals studied here gave substantial emission 
at 200-950 kHz. The band at 1.1 MHz is a 
known transducer resonance. There was no sign 
of the 50-220 kHz band most common in the 
dilatometer studies, which has been assigned 
to growth. The above results suggest that the 
sample in the dilatometer did not undergo 
significant damage due to fracture. Had it been 
supercooled to the extent where microfractures 
were caused (thus destroying the integrity of a 
well conditioned sample), similar emissions 
would have been detected. 

As mentioned above, characteristic nucle- 
ation signals cannot be extracted by current 
data analysis procedures from the data 
obtained. Perhaps the nucleation process is 
acoustically inactive, or more likely, is below the 
detection limits or beyond the frequency band 
width of our tranducer. It has also been argued 
by Mnyukh24 that nucleation is determined 
solely by defects which he called “optimum 
microcavities” and that nucleus formation re- 
sulted by molecular relocations from one wall of 
the cavity to the wall opposite. If this model is 
correct, then nucleation may not be distinct 
from growth and hence, from an acoustic 
perspective, there are no qualitative differences 
between nucleation and growth. Furthermore, 
no clear qualitative difference was observed 
between the acoustic signals for metastable and 
unstable situations. This, together with the 
aforementioned inability to distinguish between 
nucleation and growth, poses a basic question: 
how small can an event be, yet still be acousti- 
cally detectable? This has been partially ad- 

dressed by Betteridge et aL8 More recent work 
suggests that by use of nonconventional sensors, 
extreme detection limits which approach the 
noise associated with thermal motions of 
molecules may be attainable.29 

Monitoring the rate of transformation 

Studies of whether the signals collected could 
yield satisfactory quantitative information were 
conducted with large recrystallized single crys- 
tals. An acoustic intensity us. time plot obtained 
for the Phase II/III transition is shown along 
with the integrated intensity and calculated 
cumulative energy in Fig. 11. The cumulative 
energy correlates favorably with the integrated 
intensity. Hence, provided an adequate number 
of signals can be collected and the emission rate 
is not anomalously greater than the digitizer’s 
ability to collect signals, a cumulative energy 
plot can effectively be used in place of the 
integrated intensity. In fact, both these types of 
plot yield rate information in the same manner 
as dilatometric plots. 

CONCLUSIONS 

Physical aspects of the Phase II/III transition 
of hexachloroethane have been investigated by 
thermosonimetry. The study was carried out 
with a well conditioned sample which had 
shown reasonably reproducible nucleation and 
growth kinetics. Acoustic emission began at the 
onset of the phase transition and ceased at its 
completion. Large amounts of acoustic activity 
were detected during the transition, and average 
power spectra were generated. The most 
prominent acoustic emission bands were at 
50-220 and 600-670 kHz. These have been 
attributed to movement of the phase boundary 
and (possibly) microfracturing, respectively. 
Plots of integrated acoustic intensity followed 
the sigmoidal trend observed in the dilatometry 
results. The possibility of acoustic detection of 
the unstable/metastable boundary is suggested. 
It was not possible to determine different 
acoustic signatures for nucleation and growth. 

Acoustic emission (here in the form of 
thermosonimetry) is an area of chemistry which 
has received little attention. Thus studies which 
reveal where this technique can provide similar 
information to that obtainable by more estab- 
lished methods are important, and those which 
show where it provides totally new insights 
into chemical processes are even more so. 
Thermosonimetry was able to monitor this 
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Fig. Il. Acoustic trace, integrated intensity (solid line) and cumulative energy (dashed line) plots from 
signals obtained during rapid transition from Phase II to Phase III when fracture. dominates. 

phase transition as effectively as dilatometry 
and provided new information. However, 
thermosonimetry and dilatometry must be 
considered complementary techniques, since 
some studies require direct measurements of the 
change in sample volume with time, and other 
phase transitions may not be so acoustically 
active. Though the apparatus needed for 
thermosonimetry is more complex, samples can 
be studied in any suitable container. The phase 
transition is directly observable as being 
comprised of a large number of events at the 
supramolecular level. The sensitivity of the 
acoustic monitoring system is high: low inten- 
sity acoustic spikes are detected even at the very 
start and end of the transition, where changes in 
the slope of the corresponding dilatometric plot 
are impossible to observe. Thermosonimetry is 
amenable to automation of the data acquisition 

and is not subject to the precision limitations 
and possible error involved in reading a 
dilatometer by eye. In addition to providing 
information about the dynamics of the phase 
transition, thermosonimetry can also selectively 
detect the occurrence of adverse phenomena 
such as cracking. 

FURTHER WORK 

It is apparent that the acoustic activity from 
the Phase II/III transition is a direct manifes- 
tation of the transition and its intensity is 
intimately linked to the rate. However, parallel 
video microscopic evidence from studies on 
single crystals is needed to confirm the nature 
and origin of these emissions, which are thought 
to be predominantly from the layered crystal 
growth and to a lesser extent, fracture. Together 
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with a transducer of greater sensitivity and 
better linearity, this would also establish 
whether there are, from an acoustic perspective, 
any qualitative differences between nucleation 
and growth. 
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Summar-Aurocyanide ion-pairs with alkali-metal ions are extracted efficiently into organic phases with 
the aid of long-chain polyethers. The results of distribution experiments can be rationalized by molecular 
mechanics calculations. The polyether is shown to co-ordinate to the alkali-metal cation through the ether 
oxygen atoms, wrapping around the cation in a helical configuration. High extraction efficiencies are 
obtained with high dielectric-constant solvents, which tend to stabilize the helical polyether-cation 
complex. The preferential secondary solvation of the aurocyanide anion by the chosen solvents also has 
an important influence on the extraction efficiency 

The extraction of ions by extractants containing 
the poly(oxyethylene) functional group is a well 
known phenomenon. The poly(oxyethylene) 
extractants may take the form of non-ionic 
surfactants dissolved in a water-immiscible 
solvent,‘~2 or of polyether-based polyurethane 
foams.3A Poly(oxyethylene) derivatives have 
also been used as neutral carriers in ion-selective 
electrodes.5 

Several mechanisms have been postulated3 to 
account for the extraction of ions by polyether- 
based polyurethane foams. One of the most 
likely is the so-called “cation-chelation” mech- 
anism,3 in which the cation is co-ordinated to 
oxygen atoms within a helical structure formed 
by the poly(oxyethylene) chain, and the co- 
extracted anion lies outside the helix. Yanagida 
et al.’ suggest that the helical conformation 
is energetically favourable for a non-ionic sur- 
factant dissolved in an organic solvent, and 
propose a similar mechanism for liquid-phase 
extraction. Some evidence for this type of com- 
plexation in the crystalline state is given by 
Saenger et af.,6 who present the crystal structure 
of the RbI complex of 18-hexaoxaeicosane, 
in which the polyether chain wraps smoothly 
around the Rb+ ion in a helical fashion. 
However, Siddiqui and Wright’ suggest that 
the molecular structures of long-chain poly- 
(oxyethylene)-alkali-metal salt complexes are 
uncertain. The uncomplexed poly(oxyethylene) 
chain in the crystalline state* forms a helical 
structure containing seven units in two turns. 

Raman spectroscopic studies’ have indicated 
that the helical structure is maintained to some 
extent by the uncomplexed chain in aqueous 
solution. The conformation in organic solutions 
remains unknown. The solvent extraction of 
Na+AuCl; ion-pairs by poly(oxyethylene) 
derivatives of organic carbonates has been 
reported by Rollat et al.” They concluded 
from infrared spectrophotometric studies that 
complexation occurs through strong ligand- 
sodium interactions. The solvent extraction of 
M+Au(CN); ion-pairs by poly(oxyethylene) 
derivatives has not yet been examined; 
however, their extraction into solvents such as 
1-pentanol” and tributyl phosphate’* has been 
reported. The extraction of aurocyanide by 
polyether-based polyurethane foam has been 
discussed briefly by Braun and Farag.i3 

The present work examines the solvent 
extraction of aurocyanide ion-pairs by poly(oxy- 
ethylene) derivatives, and investigates the prob- 
lem of the mechanism of extraction by liquid- 
liquid distribution techniques and molecular 
mechanics calculations. Particular attention is 
given to the role of coiling of the polyether chain 
in solvents with different dielectric constants, and 
the extent to which the possible pre-organization 
of the chain influences the extraction efficiency. 

To quantify the energetics of complexation by 
molecular mechanics calculations, it is necessary 
to have some knowledge of the conformations 
that the uncomplexed polyethers are likely to 
adopt. 
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The crystal structure of uncomplexed poly- 
(oxyethylene) was solved by Takahashi and 
Tadakoro,14 and the torsion angles in the 
O-C-C-O unit were found to have the confor- 
mation t-g-t (trans-gauche +-trans), resulting 
in a distorted helical conformation for the 
polyether as a whole. 

Baldwin et al.” performed molecular mechan- 
ics calculations on the uncomplexed polyether 
CH,O(CH$H,O)$H,, with the MM2 force 
field. The terminal CH,O-CH,-CH,-O- units 
were kept in the linear t-t-t (tram-tram-tram) 
conformation, and the ten energetically unique 
conformations of the central -O-CH,-CH,-O 
unit were investigated. The dielectric constants 
were varied up to a value of 20, and it was found 
that for dielectric constants greater than 9.5 
there were no differences in the energy calcu- 
lations. It was found that at very low dielectric 
constant, the t-t-t conformer has the lowest 
energy, whereas the t-g-t conformer has the 
lowest energy at higher dielectric constants, 

Saenger et al6 solved the crystal structures of 
a number of polyethers of different chain length 
complexed to Rb+ and Na+. They discovered 
that helical co-ordination is preferred for 
long polyethers, and circular co-ordination 
for short polyethers. Also, whereas O-C-C-O 
torsion angles are always gauche + or gauche -, 
C-C-O-C angles are usually truns, but some- 
times gauche + or gauche -. The dominant con- 
former of the C-C-O-C-C-O unit in the large 
complexed polyethers is t-t-g-t-t-g, as in the 
K+ complex,‘8 and this conformer was therefore 
chosen for the trial structures in the present 
work. 

EXPERIMENTAL 

Reagents 

The KAu(CN)~ was from Johnson Matthey. 
All other reagents were of analytical reagent 
grade. The soluble poly(oxyethylene) used was 
the non-ionic surfactant Triton X-100, which 
has the structure 

where the polar contributions to the strain are 
diminished. 

Baldwin et al.” allowed variation of only 
three torsion angles, For modelling of the com- 
plexation of the polyether with a large metal 
ion, all the torsion angles in the polyether have 
to be changed independently. The MM2 force 
field used in their study considers energetic 
contributions from all atoms in the molecule; 
however, if all the atoms in the polyether were 
considered in the energy minimization, the 
number of interactions would be too high for 
practical computation. United-atom force fields 
have been developed for the consideration of 
large molecules, and it would be more appro- 
priate to use one of these computational 
strategies in calculations involving long-chain 
polyethers. 

Fenton et ~1.‘~ determined, by X-ray diffrac- 
tometry, a fibre-repeat distance of 8.1 A for the 
complex of poly(oxyethylene) with potassium 
thiocyanate. The structural model consistent 
with this repeat distance and with other struc- 
tural features determined by Raman spec- 
troscopy17 are consistent with a C-C-O-C-C-O 
unit in the t-t-g-t-g conformation.” This 
results in a helical configuration having an 
interior channel lined with ether oxygen atoms, 
and large enough to accommodate a K+ ion.i7 

Liquid-liquid distribution experiments 

Twenty ml of O.lM Triton X-100 solution 
in benzene, I-pentanol, or nitrobenzene were 
agitated for 20 min with 20 ml of aqueous 
solution initially containing 100 mg/l. Au as 
well as O.lM LiCl, KC1 or CsCl. This equi- 
libration time was found to be sufficient, in 
preliminary experiments. The gold concen- 
tration in the aqueous phase before and after 
phase separation was determined by atomic- 
absorption spectrophotometry (AAS). 

Determination of water content 

The solubility of water in the pure solvents 
and in the Triton X-100 solutions was deter- 
mined by automatic Karl Fischer titration 
with a Radiometer TTA 80 automatic titration 
assembly linked to an Apple IIe microcomputer. 
The titration was checked by comparison of the 
measured solubility of water in nitrobenzene 
with that reported in the literature;14 excellent 
agreement was obtained. 

Molecular mechanics calculations 

The force @eld. The molecular mechanics 
calculations were implemented with Boyd’s 
versionI of MOLBLD-3, which was modified 
to reproduce the united-atom force-field 
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AMBER.” AMBER has been used extensively 
to explain the properties of proteins,2’ nucleic 
acids,= the alkali-metal ion complexes of 
spherands23 and, more appropriately to the 
present application, the alkali-metal ion com- 
plexes of 18C6, a cyclic polyether.24 AMBER 
uses a potential function of the form: 

E = 1 kb(r - r,,)'+ c (0 - 0,)’ 
bonds angles k, 

+ dihd;,s k [1 + cos(M - YW 

d 

+ 1 (Bijr,?” - Aijr,T6 + qiqj/cijrij) 
non-bonded 

where the “non-bonded” terms are summed 
over all atom pairs separated by more than 
three bonds. A “united-atom” approximation25 
was used, in which aliphatic CH2 groups are 
represented as single atoms. This has the 
advantage of substantially reducing the number 
of interactions, and speeding up computer 
refinement. 

The van der Waals terms were input into the 
modified MOLBLD-3 as 12/6 Lennard-Jones 
functions, ENB = A/r: - C/r;, where the co- 
efficients A and C were derived from group and 
atomic polarizabilities, effective united-atom 
atomic numbers, and effective ionic radii by 
substitution into the Slater-Kirkwood equa- 
tions as described by Scott and Scheraga.26 The 
non-bonded parameters for the CH2 group, the 
oxygen atom and the K+ and Cs+ ions were 
taken from Wipff et aI.,24 and those for Li+ were 
taken from Kollman et a1.23 The ethereal-torsion 
parameters were taken from Wipff et al.,” 
and the bond-stretching and angle-bending 
parameters from Kollman et dz2 The partial 
atomic charge on a complexed oxygen atom was 
taken24 to be -0.6. Carbon atoms bonded to 
the oxygen atom were assigned a compensating 
charge of +0.3 to maintain electrical neutrality 
of the ligand. The cut-off distance for non- 
bonded interactions was set at 7 A, as recom- 
mended by Brooks et ~l.,~’ and the electrostatic 
terms were omitted if the atoms were separated 
by more than 9 A. 28 All refinements were 
terminated when the root mean square shift 
in co-ordinates was less than 0.2 A. The 
attenuation factor in MOLBLD-3 was set to 9 
for all calculations. The structures were gener- 
ated, and the refined structures were visualized, 
by means of the molecular modelling package 
ALCHEMY (Tripos Inc.). 

Conformations of uncomplexed polyether in 
organic solvents. Originally the dielectric con- 
stant was set to 1.0 from published data24 for 
uncomplexed 18C6, but the structure of the 
polyether became drastically skewed during 
refinement, owing to the cut-off of the electro- 
static interactions at 9 A. At a distance of 9.3 A, 
the electrostatic energy between two oxygen 
atoms is +3.6 kcal/mole, which is not negli- 
gible, since the O-C-C-O torsion barrier is 
3 kcal/mole. The implication is that this cut-off 
distance is too short, but extension of the cut-off 
limit is impractical, since the number of non- 
bonded interactions increases as the square of 
the number of atoms considered.27 

Another option is the approximation of “sol- 
vent screening” by use of a dielectric constant 
proportional to the interatomic distance.27 The 
preliminary study by Rees29 shows that the 
internal effective dielectric constant within the 
non-aqueous environment of proteins increases 
with charge separation. WarsheP showed that 
the effective dielectric constant for short-range 
ionic interactions in water is considerably 
smaller than the bulk dielectric constant, and 
increases roughly linearly with charge separ- 
ation. This model has been used successfully in 
molecular dynamics studies of proteins.” 

Kollman et ~1.~ use a dielectric constant 
numerically equal to rij, the interatomic distance 
(expressed in A). It was found that, in the 
present study, a dielectric constant of 2 led to 
the same strength of ionic interactions. Vedani 
and Dunitz’* used a cut-off of about 9.5 8, and 
dielectric constants of 1 and rij in their calcu- 
lations on native human carbonic anhydrase, 
and suggested that these dielectric-constant 
values overweighted the electrostatic terms. The 
best structural consistency was obtained with 
a dielectric constant of 4r,. Dielectric constants 
of 1, rij, 4 and 4r, have been used in work on 
nucleotides,22 and caused no significant differ- 
ence in structural reproduction. No cut-off dis- 
tance was explicitly mentioned in that work, 
however, and the different dielectric constants 
were used in different situations, each choice 
having its own merits. Bovill et af.32 maintain 
that “the assessment of an interatomic dielectric 
constant is not straightforward”, and they used 
a dielectric constant of 5 to explain structural 
aspects of some cyclic polyethers. 

In conclusion, it seems that at present the 
values of microscopic dielectric constants are 
not known with confidence, and a number of 
different models for the dielectric constant 
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have been used, each being selected for the 
situation of interest. In the present investi- 
gation, a microscopic dielectric constant of rij 
was used for the polyether in the least polar 
solvent. Since increased polarity of the solvent 
should quench the effects of partial atomic 
charges over distance, a microscopic dielectric 
constant of 4rij was chosen for the most polar 
solvent. 

The total amount of water taken into the 
organic layer when the metal ions were extracted 
was found to be about one molecule of water 
per molecule of polyether. Since the errors in 
these measurements were relatively large, it was 
decided to omit the,modelling of the hydration 
of the polyether-metal ion complex. 

The ALCHEMY software was used to 
construct models of the polyether with the 
formula CH,-(CH,-0-CH,),,-CH,, with the 
C-C-O-C-C-O units in the helical confor- 
mations adopted by the ligand in the crystal 
structure of complexes, and in a linear 
conformation. For convenience this polyether 
was used in the calculations, since its behavior 
should simulate that of Triton X-100. 

Since the polar solvent is expected to quench 
the charges on the polyether (with which it 
directly interacts) but not the metal ion, which 
is embedded in the polyether, it was decided 
to use a dielectric constant of 4rij for attenu- 
ation of intrapolyether interactions and 2rij for 
polyether-metal ion interactions. 

RESULTS AND DISCUSSION 

Energetics of the complexedpolyether. Initially, 
molecular mechanics calculations were per- 
formed for Li+, K+ and Cs+ ions co-ordinated 
in the cavity of a helical polyether consisting of 
24 oxygen units. It was found that although the 
co-ordinated section of the polyether retained 
its helical structure, the chain that was not 
directly co-ordinated to the metal ion had a 
tendency to unwind partially, and to perform 
wagging motions that were energetically 
inconsequential but inhibited refinement. Since 
calculations on the uncomplexed polyethers in 
low dielectric-constant solvents had revealed 
a preference for linear conformation, the ends 
of the polyether chains were straightened with 
ALCHEMY, and the structure was re-refined. 
It was discovered that, depending on where the 
user decided to linearize the chain, varied results 
could be obtained. Based on the reasoning that 
the co-ordination numbers of the metal ions in 
the refined structures were 11 for Cs+, 10 for 
K+ and 6 for Li+, and that the polyether used 
in the solution studies had 10 oxygen atoms in 
its chain, it was decided to use a polyether 
containing 12 oxygen atoms for the subsequent 
calculations. 

Solvent extraction of M+Au(CN); ion-pairs by 
Triton X- 100 

Effect of counter-cation and solvent. The 
extraction efficiencies for various combinations 
of counter-cations and solvents are shown in 
Table 1. 

It is remarkable that whereas the addition of 
the polyether to benzene results in only a small 
increase in the degree of extraction, the addition 
of Triton X-100 to nitrobenzene results in a 
marked increase in extraction (up to 99.8% 
when potassium or caesium are present). The 
mechanisms involved in the production of this 
effect can be explained by the results of the 
molecular mechanics calculations, and will be 
discussed in detail later. 

Eflect of the solubility of water in the solvent 
phase. The case of 1-pentanol is clearly an 
anomaly, as a comparison between the ex- 
tractions into the three pure solvents shows 
(Table 1). Only I-pentanol displays any marked 
extraction of gold in the absence of the 
polyether. The trend towards the minimum 
with potassium has been described previously,” 
and explained in terms of polarization and 
hydrophobic effects. 

Table 1. Degrees of extraction of M+Au(CN), ion-pairs (M+ = Li+, K+, Cs+) by Triton X-100 
dissolved in various solvents 

Solvent 

Degree of extraction, % 

Li+ K+ cs+ 

Solvent plus Solvent plus Solvent plus 
O.lM O.lM 0.W 

Pure Triton Pure Triton Pure Triton 
6 solvent x-100 solvent x-100 solvent x-100 

Benzene 2.28 0.0 0.0 2.4 5.8 2.4 9.6 
I-Pentanol 13.90 84.9 89.8 66.8 92.3 76.3 92.4 
Nitrobenzene 34.82 0.0 77.4 16.8 99.8 19.4 99.8 
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Table 2 shows the results obtained for the 
solubility of water in both the pure solvents and 
the polyether-containing solvents. 

The fact that the solubility of water in 
1-pentanol is more than an order of magnitude 
higher than that in either benzene or nitro- 
benzene explains the anomalous properties of 
I-pentanol. The extensively hydrogen-bonded 
hydrated network present in 1-pentanol pro- 
vides an environment of microdomains, similar 
to those present in the aqueous phase, that 
are solvated by the hydrophilic ends of the 
I-pentanol molecules. It is also interesting to 
note that the increase in the solubility of water 
in 1-pentanol in the presence of O.lM Triton 
X-100 is negligible, corresponding to about 
one water molecule for each polyether chain, 
eleven oxygen atoms in length. This suggests 
that the polyether is effectively not hydrated in 
the solvent phase, for all three solvents studied. 

One other point of interest which is evident 
from Table 1, is the similarity in the efficiencies 
of extraction of potassium and caesium auro- 
cyanide when the polyether is present. The trend 
is Li+ < K N Cs+ for all three solvents. Once 
again, this effect is explicable in the light of the 
molecular mechanics calculations, and will be 
discussed in detail in that section. 

E&ct of cation concentration. The extraction 
of M+Au(CN); by the polyether can be thought 
of as occurring by either of two processes,3 as 
follows. 

(i) Solvation of M+Au(CN); ion-pairs, 
similar to that occurring in their extraction by 
pure solvents such as I-pentanol” or TBP:12 

- 
M+(aq) + Au(CN);(aq) + XP 

=M+Au(CN);. xP (1) 

(the overscore denotes a species in the solvent 
phase; the polyether is represented as P). The 
driving force in this instance is the solvation of 
the entire ion-pair. 

Table 2. Solubility of water in the various solvent phases 

Solubility in solvent 
Solubility in plus 

pure solvent* O.lM Triton X-100 

Solvent % w/w 100&t % w/w 100&t 

Benzene 0.072 0.31 0.35 1.50 
I-Pentanol 7.5 28.3 8.62 31.59 
Nitrobenxene 0.25 1.71 0.41 2.74 

*After Marcus and Kertes.)) 
tx, = mole fraction of water in the solvent phase. 

01 1 I 1 I 
0 I 2 3 4 

VW, M 

Fig. 1. Effect of KC1 concentration on the extraction 
efficiency of M+Au(CN); ion-pairs by solutions of a 
polyether and of a liquid ion-exchanger, and the solvent 

(ii) Cation chelation of M+ by the polyether,3 
with concomitant ion-exchange of the anion: 

M+(aq) + &P.M+ (2) 

P.M+ + Au(CN);=P.M+ .Au(CN); (3) 

The driving force in this case is the complex- 
ation of the cation by one polyether molecule. 

The results shown in Fig. 1 shed some light on 
this aspect. An increase in the concentration of 
potassium chloride as a background electrolyte 
should increase the extraction if reactions (1) 
or (2) are important, and decrease it if the 
ion-exchange reaction (3) is important, owing 
to competition with chloride ions at high 
concentrations: 

P. M+. Au(CN); + Cl- 

+P. M+. Cl- + Au(CN); (4) 

This type of competition has been found” to 
be quite marked in the exchange of Cl- for 
Au(CN); on a typical anion-exchange resin. 

Figure 1 shows that the degree of extraction 
with a 1-pentanol solution of Aliquat 443, which 
is the strong-base anion-exchanger methyltri- 
octylammonium chloride, consistently decreases 
with increasing potassium chloride concen- 
tration. The extraction with 1-pentanol on its 
own rapidly increases with potassium chloride 
concentration to a maximum at 1M and then 
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declines again. The ion-exchange reaction (4) is 
therefore not a dominant one in this case. 

In the presence of the polyether in the 
1 -pentanol, the situation is somewhat different. 
The introduction of a small excess (O.lM KCl) 
of K+ ions results in a marked increase in 
the extraction, which is consistent with the 
formation of complexed cationic sites, reaction 
(2). At higher K+ concentrations, the extraction 
curve closely follows that for Aliquat 443, 
suggesting that the ion-exchange competition 
reaction (4) comes into effect at higher ionic 
strengths. 

These results strongly suggest that mechanism 
(ii), i.e., chelation of the M+ cations by the 
polyether, with concomitant ion-exchange of 
the anion, describes the system more ade- 
quately. This is borne out by the molecular 
mechanics calculations in the following section. 

Molecular mechanics calculations 

Uncomplexed polyether. Strain energies for 
various conformations of the uncomplexed 
polyether are shown in Table 3. The fact that 
the linear conformation has the lowest strain 
energy in the solvent of lowest dielectric con- 
stant is not surprising, since the trans O-C-C-O 
unit is intuitively expected to have a lower 
strain energy than the gauche or cis rotamers. 
It is in the trans condition that the 0. .O 
non-bonded and electrostatic interactions are 
lowest. 

What is surprising is that the tight helical 
conformation has the lowest strain energy in 
solvents of high dielectric constant, whereas the 
uncomplexed polyether has the open helical 
conformation in the crystalline state,* which 
would be expected to be a low-polarity environ- 
ment. The cyclic polyether 18C6 crystallizes in 
the conformation that it adopts in solvents 
of low polarity,24 in an attempt to minimize 
intramolecular dipole-dipole interactions,35 and 
the acyclic polyethers would be expected to 
do the same. The reason is probably that in 
the crystalline state the intramolecular dipole- 
dipole interactions are minimized. As it is, the 
refined tight helical polyether is seen to have 
unwound slightly (Fig. 2), although the ratios of 
the g, g, and t angles are still the same as in the 
metal complexes. 

Polyether complexes with alkali-metal ions. 
Since the process of complexation involves not 
only attachment of the metal ion to the 
polyether, but also dehydration of the ions 

Table 3. Skin energies of different conformations of 
uncomplexed poly(oxyethylene) in media of low dielectric 
constant (C = rjj), high dielectric constant (E = 4rij) and 

infinite dielectric constant 

c-c-o-c-c-o 
conformation 

Strain energy, kcallmole 

E =ri, 6 = 4r.. II L=o3 

t-t-t-t-t-t (linear) 87.9 16.6 -7.4 
g-t-g-g-t-t (tight helical) 92.2 15.0 -21.7 
a-t-t-g-t-t (own helical) 117.8 24.1 -9.1 

[reaction (2)] and solvation of the anion, the 
hydration enthalpies of the metal ions36 were 
subtracted from the calculated internal energies 
of the complexes, so that the relative complexa- 
tion energies of the metal ions could be referred 
to the same environment. For comparison of the 
complexation of metal ions in environments of 
different polarities, it is necessary to subtract the 
relative energies of the ligands in each solvent. 
The enthalpy of hydration for the large 
Au(CN); anion was assumed to be negligible, 
and was therefore not included in the calcu- 
lations. The enthalpies of solvation for Au(CN); 
in benzene and in nitrobenzene were calculated 
by the method of Abraham and Liszi,37”9 in 
which the enthalpy of solvation is considered to 
be comprised of an electrostatic and a neutral 
contribution: 

AH; = AH; -I- AH: (5) 

The electrostatic free-energy change component 
is calculated by means of a modified Born 
equation,” in which the distance-dependent 
dielectric constant is corrected for by the 
assumption of an 6, value of 2.0 for the primary 
solvation shell: 

AGe=T[(& I)(;-;)+(& $1 (6) 

where G, is the bulk dielectric constant, a is 
the ionic radius, Z is the ionic charge, and 
the effective thickness of the local layer is 
(b - a) = r, the radius of the solvent molecule. 

The neutral contribution to the free-energy 
change was calculated from the equation 

AGO,=ma +c, (7) 

where the values of m (kcal . mole-’ . A-‘) and c 
(kcal/mole) are37 -3.25 and 9.82 for benzene, 
and -3.22 (kcal/mole) and 10.19 for nitro- 
benzene; r is in A. The ionic radius of Au(CN); 
was estimated to be 2.11 A, on the basis 
of theoretical calculations and conductivity 
measurements. 
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The electrostatic contribution to the entropy 
change is calculated” from the equation 

where the variation of the local dielectric con- 
stant with temperature, &,/6T, is set equal to 
-0.00160 deg-’ for all solvents.3* The values 
for the variation of bulk dielectric constant with 
temperature, &,,/6T, are -0.00199 deg-’ for 
benzene and -0.180 for nitrobenzene.38 

Table 4. Strain energies (kcal/mole) of metal complexes 
with poly(oxyethylene) in benxene (low-polarity medium: 

L = rij) 

Li+ K+ cs+ 

Complex energy 25.7 43.4 53.7 
Ligand energy 87.9 87.9 87.9 
Enthalpy of complexation -62.2 -44.5 -34.2 

Anion solvation energy -52.4 - 52.4 - 52.4 
Cation hydration energy -133.5 -86.1 -75.2 
Enthalpy of extraction 18.9 - 10.8 -11.4 

Extraction, % 0.0 2.4 9.6 

The neutral contribution to the entropy 
change, -AS:, was calculated from the 

Table 5. Strain energies (kcaf/mole) of metal complexes 
with poly(oxyethylene) in nitrobenxene (high-polarity 

equationg8 medium: f = 4r,]) 

-ASi=na+d (9) 

where n is 6.96 cal .mole-’ . K-’ .A-‘, a is in A, 
and d is 1.2 cal.mole-‘.K-‘. 

Li+ K+ Cs+ 

The results of the calculations (Tables 4 and 
5) show that in both polar and non-polar media 
the energy of the Cs+ complex is slightly lower 
than that of the K+ complex. The energies of 
both the Cs+ and the K+ complexes are much 
lower than that of the Li+ complex. 

Complex energy -51.2 -27.8 -20.9 
Ligand energy 15.0 15.0 15.0 
Enthalpy of complexation -66.2 -42.8 -35.9 

Anion solvation energy -61.6 -61.6 -61.6 
Cation hydration energy -133.5 -86.1 -75.2 
Enthalpy of extraction 5.7 -18.3 -22.3 

Extraction, % 77.4 99.8 99.8 

Figure 2 shows the lowest energy structures 
of the free polyether and the Cs+ complex 
of the polyether in low- and high-dielectric 
environments, as determined from the mol- 
ecular mechanics calculations. The similar 
structures of the complexed and uncomplexed 
polyether in a high-dielectric environment, and 

the striking modifications that the polyether 
has to undergo in a low-dielectric environment 
before it can complex the Cs+ ion, are immedi- 
ately obvious. This similarity of ligand con- 
formation before and after complexation has 
been referred to by Cram et aLm as “pre- 
organization”. Ligands with a high degree 
of pre-organization have more favourable 

Free ligand: low-polarity environment Free ligand: high-polarity environment 

Cs + complex: low-polarity environment Cs + complex: high-polarity environment 

Fig. 2. Stereoscopic representation of minimum-energy structures of CH,(CH,OCH,),,CH, and its Cs+ 
complex. Dark circles represent oxygen atoms, light circles represent carbon atoms, and shaded circles 

represent metal ions. 



882 M. D. ADAMS et al. 

thermodynamics of complexation. This is 
reflected in the unfavourable (positive) energies 
of complexation in the low-dielectric solvent 
(Table 4) compared with the favourable (nega- 
tive) energies of complexation in the high- 
dielectric solvent (Table 5). Even in the 
high-dielectric solvent, the energies of complex- 
ation of the cations are less negative than the 
hydration energies, indicating that the cations 
would prefer to remain hydrated. 

Figure 3 shows the minimum-energy con- 
formations of the Li+, K+ and Cs+ complexes 
of the polyether in an environment with a high 
dielectric constant. A qualitative impression of 
the relative strain induced by the co-ordinated 
metal ion can be gained from the amount of 
distortion the ligand experiences upon complex- 
ation. The uncomplexed ligand is most pre- 
organized with respect to the Cs+ complex. 
The K+ complex shows some distortion of the 
polyether, and the Li+ complex is the most 
distorted, due to the fact that the ligand has to 
invest a large amount of energy for this ion to 
form a complex. This investment of energy 
would detract from the complexation energy, 
and reduce the proportion of complexed metal 
in solution. 

These results are in accordance with the ex- 
traction data, which show that the extraction of 
the [Cs(Triton X-100)]+ complex into benzene is 
greater than that of the K+ complex, and the 
extraction of the Li+ complex is negligible. The 
extraction of the K+ and Cs+ complexes into 
nitrobenzene is practically complete, whereas 
there is only about 80% extraction of the Li+ 
complex. 

The results of the molecular mechanics com- 
plexation-energy calculations do not explain the 
absolute differences in extraction by solvents of 
differing polarity. There is very little difference 
between the complexation energies of each of 
the three metal ions in solvents of high polarity 
and low polarity (Tables 4 and 5), whereas there 
is a substantial difference in the extraction 
efficiencies. 

This effect is explained by the comparatively 
large difference between the calculated solv- 
ation energies of Au(CN); in nitrobenzene and 
benzene. It is evident that the preferential 
extraction of the ion-pair into high-polarity 
solvents results more from the greater solvation 
energy of the aurocyanide anion in high-polarity 
solvents than from the differences in energy of 
complexation. This conclusion is borne out by 
the similar dependence of the extraction of 

Li + complex 

K + complex 

Cs + complex 

Fig. 3. Stereoscopic representation of minimum- 
energy structures of the alkali-metal complexes of 
CH,(CH,OCH,),,CH, in a high-dielectric environment. 

Symbols as for Fig. 2. 

NEt,+Au(CN); ion-pairs on the dielectric con- 
stant of the solvent, an effect that is readily 
attributable to preferential secondary solv- 
ation.@ This phenomenon would increase the 
stability of the complexes in the high-polarity 
organic solvent, relative to the stability in the 
low-polarity solvent, by the same amount for 
each metal. This would explain the much 
greater extraction of the Li+ complex into the 
high-polarity solvent. The small difference in 
extraction of the K+ and Cs+ complexes is 
explained by the fact that the extraction of these 
complexes is already at a maximum. 

CONCLUSIONS 

Aurocyanide ion-pairs are extracted 
efficiently into organic phases with the aid 
of long-chain polyethers. The polyether is co- 
ordinated to the metal ion by the ether oxygen 
atoms. It wraps around the metal ion in a 
helical configuration that is stabilized by high 
dielectric-constant solvents, resulting in higher 
extraction than into low dielectric-constant 
solvents. 

The results of the distribution experiments 
can be rationalized in terms of molecular 
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mechanics calculations. The uncomplexed 14. Y. Takahashi and H. Tadokoro, Macromolecules, 1973, 

polyether is more pre-organized with respect 6, 672. 

to the Cs+ complex than to the other metal 
15. D. T. Baldwin, W. L. Mattice and R. D. Gandour, 

ions, resulting in the preferential complexation 
J. Comput. Chem., 1984, 5, 241, 

16. D. E. Fenton, J. M. Parker and P. V. Wright, Polymer, 
of the Cs+ ion by the polyether, and hence 1973, 14, 589. 

the preferential transport of the Cs+Au(CN); 17. B. L. Papke, M. A. Ratner and D. F. Shriver, J. Phys. 

ion-pair into the organic phase. Chem. Soli& 1981, 42, 493. 

The superior extraction of the metal- 
18. D. F. Shriver, B. L. Papke, M. A. Ratner, R. Dupon, 

aurocyanide ion-pair into solvents of high 
T. Wong and M. Brodwin, Solid State Zonics, 1981, 
5, 83. 

dielectric constant results more from the greater 19. R. H. Boyd, S. M. Breitling and M. Mansfield, Am. Inst. 

energy of solvation of the aurocyanide anion Chem. Eng. J., 1973, 19, 1016. 

by high-polarity solvents, than from enhance- 20. S. J. Weiner, P. A. Kollman, D. A. Case, U. C. Singh, 
C. Ghio, G. Alagona, S. Profeta and P. Weiner, 

ment of cation complexation by a reduction in 
intramolecular electrostatic interactions. 21. 

Simulation of the ion-pair effect by molecular 
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Biopolymers, 1981, 20, 2583. 
P. A. Kollman, G. Wipff and U. C. Singh. J. Am. Chem. 
Sot., 1985, 187, 2212. 
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104, 3249. 
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mechanics calculations is possible, but has not 
been attempted since it is fraught with corn- 22. 
plications, such as the fact that the van der 23 

’ Waals parameters of the aurocyanide ion are 
not known, and would have to be calculated 24. 

ab initio. 
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&nmary--An aqueous solution of Tween 40 forms liquid and solid phases in the presence of various 
salts, depending on the Tween 40 concentration, the identity and con~tration of the salt, and the solution 
acidity. The distribution of Zr(IV), U(VI), Fe(III), Pb(I1) and some organic photometric reagents between 
the Tween 40 phase and aqueous phase containing salt was examined. The quantitative extraction, 
separation and determination of Zr(IV) or U(M) in the presence of Pb(II) was achieved by controlling 
the solution acidity in the system. The extraction mechanism has been tentatively studied. 

1n liquid-liquid extraction with common or- 
ganic solvents, only neutral species are normally 
transferred from the hydrophilic to the hydro- 
phobic phase. Therefore the method cannot be 
applied to the extraction of strongly hydrophilic 
species, especially those with multiple charges. 
Also, the solvents are often volatile, flammable 
(or even explosive) and toxic. 

It is known that aqueous solutions of 
poly(ethylene glycol) (PEG) can separate into 
two aqueous phases in the presence of certain 
inorganic salts.‘** This two-phase aqueous sys- 
tem has been applied to the extractive separa- 
tion of metal ions.3T4 

Recently, we found that aqueous solutions of 
poly(~nylpyrro~done~ (PVP), Tween 80 @oIy- 
oxyethyleue sorb&an mono-oleate) and other 
water-soluble polymers form liquid and solid 
phases on addition of various salts. Under 
suitable conditions some water-soluble photo- 
metric reagents and their complexes with metal 
ions can be transferred into the solid phases 
formed by the polymers. Some metal ions can be 
separated with this system. We have called the 
system a liquid-solid extraction system.$ It has 
an advantage over the two-phase aqueous sys- 
tem, because it is more convenient (not requir- 
ing a separatory funnel) and is more rapid. 

In this paper the liquid-solid extraction sys- 
tem based on Tween 40--salt-H,U is reported. 

EXPmIWTAL 

Appamm 
A Shanghai model 721 spectrophotometer 

was used for photometric meas~ements. A 

Shanghai model pHs-2 pH-meter and a shaking 
machine were used. 

Reagents 

An aqueous solution of Tween 40 (poly- 
oxyethylene sorbitan palmitate) was prepared 
by dissolving 50 ml of Tween 40 in 200 ml of 
distilled water. Standard 1 .O-mg/ml solutions of 
U(VI), Pb@) and Fe(EII) in 0.151cI nitric acid, 
and Zr(IV) in 10% v/v hydrochloric acid were 
prepared frum UO,(No,), - 6H@, pure lead 
and iron, and ZrOCl, - 8H,O respectively. More 
dilute solutions were prepared by appropriate 
dilution as required. All other reagents were of 
analytical grade. 

Procedure 

Given volumes of Tween 40 aqueous solution, 
photometric reagent solution and metal ion 
solution were put into a 25-ml tube fitted with 
a stopper. The acidity of strongfy acidic solu- 
tions was adjusted with hydrochloric acid, and 
in the pH range 1.5-6.5 by use of mono- 
chloroacetic acid or acetic acid buffers. The solu- 
tion was then diluted to 10.0 ml with distilled 
water, a given weight of solid salt was added and 
the mixture was shaken for 3 min. After stand- 
ing for several minutes, the solution separated 
into liquid and solid phases. The liquid phase 
was carefully decanted. The Tween 40 solid 
phase was washed two or three times with l-2 
ml of a saturated solution of the same salt, and 
the washings were combined with the separated 
liquid phase. The washed Tween 40 phase was 
dissolved with distilled water. The photometric 
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reagent or complex in the dissolved solid or 
liquid phase was determined spectrophotometri- 
tally. The degree of extraction (E%) was calcu- 
lated as the ratio of the amount of species 
extracted by the solid phase (Tween 40 phase) to 
the amount initially added to the system. 

The conditions used for determination of the 
metal ions with arsenazo III as photometric 
reagent are given in Table 1. 

RESULTS AND DISCUSSION 

Phase separation conditions for Tween 40 
solution 

Figure 1 shows the phase diagrams for the 
system based on Tween 40 and various salts, 
namely sodium citrate, ammonium sulphate and 
sodium dihydrogen phosphate. With constant 
Tween 40 concentration, the salt concentration 
necessary for phase separation depends on the 
identity of the salt. Because most metal sul- 
phates are water-soluble, (NH&SO, is preferred 
for use in the phase separation. The necessary 
salt concentration increases as the Tween 40 
concentration decreases. The salt concentration 
necessary also depends on the pH. In the pH 
range 0.0-2.0 it decreases with increase in pH 
and remains unchanged when the pH value is 
further increased. The reason is probably that at 
low pH the sulphate ion is protonated to HSOi 
and the salting-out ability is reduced. 

Distribution of organic reagents 

The distribution of some water-soluble 
reagents between the Tween 40 and aqueous 
phases was examined at different pH values 
from 0.0 to 6.5. The organic reagents chosen, 
containing different chelating groups, were 
arsenazo III, Bromopyrogallol Red, Chro- 
mazurol S and Xylenol Orange. The E% values 
of these reagents were found to be independent 
of the pH. E% for the first three reagents was 
from 95 to lOO%, and for the last about 70%. 
It is possible to use them as extractants and 
extraction-photometric reagents in this system. 

Extraction of metals in the presence of arsenazo 
III 

E&et of PH. Figure 2 presents the depen- 
dence of E% for Zr(IV), U(VI), Fe(II1) and 

Table 1. Spectrophotometric determination of metals 

Zr(IV) Uol’I) Fe(II1) Pb(II) 

Wavelength, nm 624 648 610 646 
Acidity O.lM HCI pH 2.0 pH 3.5 pH 5.0 

0 v 4 5 

c mu t M 

Fig. I. Phase diagrams of the Tween 40-aqueous salt 
system: a, Na,C,H,O, (pH 6.6-7.2); b, (NH&SO, (pH 

3.8-3.9); c, NaH,PO, (pH 2.9-3.1). 

Pb(I1) in the Tween 40 phase on the pH value 
in the presence of arsenazo III. The stability of 
the complexes of Zr(IV), U(V1) and Fe(II1) can 
be increased by raising the pH from 0.0 to 3.0, 
so the E% is correspondingly increased. The 
E% for these metals is maximum at pH 3.0, and 
then decreases with further increase in pH, 
probably owing to hydrolysis and other side-re- 
actions of the metals at high pH. 

In contrast to Zr(IV), U(VI) and Fe(III), for 
Pb(I1) E% dereases as the pH increases from 0.0 
to 3.0, and then increases at higher pH. 

Effect of arsenazo III concentration. Figure 3 
shows that at fixed pH the degree of formation 
of the complexes of the metals can be increased 
by increasing the arsenazo III concentration up 
to I .29 x 10v4M; the E% values for Fe(II1) and 
Pb(I1) continue to increase, but those of Zr(IV) 
and U(V1) decrease slightly with further in- 
crease in arsenazo III concentration. 

Without arsenazo III present, the E% values 
for the four metals are all zero. This means that 

s 60 

6 
40 

Fig. 2. Relationship between E% of metals and pH: CT_, 
40 = 12%; Cuew, ,,1 = 1.29 x lo-‘M; CcNHlbSOI = 2.27M; 
amount of metals added: Zr, 40 fig; Pb, 50 pg; U, 40 pg; 

Fe, 20 pg. 
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$ 60 

ru- 
40 

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

Corr*nozo m t 10-4M 

Fig. 3. Effect of arsenazo III concentration on E% for the 
metals: extraction acidity, Zr, pH 1.0; Pb, pH 5.0; U and Fe, 

pH 3.0; other conditions as for Fig. 2. 

the uncomplexed metal ions cannot be extracted 
into the Tween 40 phase. 

Eflect of (NH&SO4 concentration. When the 
(NH&SO, concentration is increased, the E% 
of Pb(I1) is almost constant, but the values for 
Zr(IV), U(W) and Fe(II1) increase to a maxi- 
mum and then decrease, as shown in Fig. 4. As 
the salt concentration increases, the Tween 40 is 
salted out and E % is therefore increased. When 
the Tween 40 is completely salted out the salt- 
effect of the excess of ammonium sulphate 
decreases the stability of the complexes and 
hence decreases E %. 

Recovery tests for quantitative separation 

Figure 2 shows that at pH 3.0 the E% values 
for Zr(IV) and U(V1) are in the range 96100%. 
At the same pH the E% for Pb(I1) is only about 
1 l%, so after the first extraction with arsenazo 

c 70 

G 

60 

50 Fe 

t 

^ Pb 
40 

I I , I I I 1 

1.5 2.0 2.5 30 3.5 4.0 

Csott , M 

Fig. 4. Relationship between E% and CNHlhso,: extraction 
conditions as for Fig. 3. 

Table 2. Recoveries in extractive separation of U(W) from 
Pb(II) 

Apparent 
WI) Pb(I1) WI) WI) No. of 
added, added, found, recovery, extraction 

fig Mr Mr % operations 

40.0 40.0 39.0 97.5 2 
100.0 100.0 101.0 101.0 2 
60.0 100.0 60.8 101.3 2 

5.0 500 4.6 92 2 
5.0 1000 5.3 106 2 
5.0 5000 5.4 108 3 

III and the Tween 4O-(NH&SO,,-H20 system, 
Zr(IV) or U(W) can be quantitatively trans- 
ferred into the Tween 40 phase, and a large 
fraction of the Pb(I1) remains unextracted. To 
separate the residual Pb(II), the salted-out 
Tween 40 phase is dissolved in 10 ml of water, 
and then salted out with 3.0 g of ammonium 
sulphate; two or three such operations should 
result in satisfactory separation of Zr(IV) or 
U(V1) from Pb(II), as shown in Tables 2 and 3. 

Extraction mechanism for Tween 40phase 

Composition of complex of U(VI) with arsen- 
azo ZIZ extracted into Tween 40 phase. The 
continuous-variations and molar-ratio methods 
were used to determine the composition of 
the complex, which was found to be 1: 1 
U(V1): arsenazo III (Figs. 5 and 6). 

Effect of cationic and anionic surfactants on 
E% for U(vI). To study further the extraction 
mechanism for the Tween 40 phase, various 
concentrations of cationic or anionic surfactant 
were added to the solutions of the extraction 
system containing the complex of U(V1) with 
arsenazo III, and the E% of U(W) was deter- 
mined. Figure 7 shows that at pH 3.0 E% is 
little affected by the anionic surfactant added 
(dodecylbenzene sodium sulphonate, DBS) (a in 
Fig. 7), but is decreased by increasing concen- 
tration of cationic surfactant (cetylpyridinium 
chloride, CPC) (b in Fig. 7). At lower pH (pH 
1 .O), the situation is quite different. The E% 
of U(V1) is decreased by increasing DBS 

Table 3. Recoveries for extractive separation of Zr(IV) from 
Pb(I1) 

Zr(IV) 
added, 

lrg 

40.0 
100.0 
40.0 

5.0 
5.0 
5.0 

Pb(I1) 
added, 

PkY 

40.0 
100.0 
200.0 
500 

1000 
2500 

Zr(IV) Zr(IV) No. of 
found, recovery, extraction 

fig % operations 

39.0 97.5 2 
94.0 94.0 2 
40.0 100 2 

4.7 94 2 
5.0 100 2 
5.0 100 2 

TAL 37,%-C 
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Fig. 5. Job plot. Extraction acidity, pH 3.0. 

P I I I I I I 
0 0.5 1.0 1.5 2.0 2.5 3.0 

CF?l/CMl 

Fig. 6. Molar-ratio plot. Acidity for Fig. 5. 

concentration (a’ in Fig. 7), but is not affected 
by CPC (b’ in Fig. 7). 

As discussed above, U(V1) and arsenazo III 
form a 1: 1 complex, which is extracted into the 
Tween 40 phase. Arsenazo III is a weak poly- 
acid, H, L, and there is considerable uncertainty 
about the values of the dissociation constants. 
At pH 1.0, however, the dominant species is 
probably H,L-, which would give a positive 
charge to the 1: 1 complex with UO:+, for which 
dodecylbenzene sulphonate might act as coun- 
ter-ion to give a neutral species. At pH 3.0, 
however, the dominant species is probably’ 
H,L3-, which would give a negatively charged 
uranyl complex, which could give a neutral 
species with a cetylpyridinium counter-ion. 

b’ 

0’ 

L I I I I 

0 1 2 3 4 

Cs”rtactont . 10 -2nf 

Fig. 7. Effect of cationic and anionic surfactants on E% of 
UfVI): a, b, pH 3.0; a’, b’, pH 1 .O. 

Under both conditions, E% for U(W) is 
decreased, indicating that only the charged 
complex can be extracted into the Tween 40 
solid phase, and not the uncharged species. This 
mechanism is at present only speculative and 
requires experimental examination. It is in 
contrast to that of liquid-liquid extraction 
systems, in which only uncharged and hydro- 
phobic substances can be extracted from the 
aqueous phase. 
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DETERMINATION OF ORTHO- AND PYROPHOSPHATES 
IN WATERS BY EXTRACTION CHROMATOGRAPHY 

AND FLOW-INJECTION ANALYSIS 
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Summary-Extraction-chromatographic separation of ortho- and pyrophosphate anions on an inert 
support modified with an organotin extractant was studied and used for their subsequent determination 
in a flow-injection system. The proposed FIA manifold includes an extraction-chromatographic mini- 
column, on which the phosphate anions are separated and preconcentrated, and a post-column 
spectrophotometric detector. For the determination of orthophosphate, the absorbance of the reduced 
1Zmolybdophosphoric acid is monitored at 660 nm. The sum of ortho- and pyrophosphate can be 
determined after preliminary hydrolysis of pyrophosphate to orthophospbate in neutral solution at 50 
by use of inorganic pyrophosphatase. For a sample volume of 6 ml, the calibration graph is linear within 
a range of 5.0-100.0 ng/ml P. The limit of detection is 0.3 ng/ml P. The recovery of the ions to be 
determined is not less than 96%, the relative error is not worse than 4%. The proposed method was used 
for the analysis of river water samples. 

The determination of various phosphorus 
oxyanions in natural and waste waters is an 
important analytical problem. The contents of 
ortho-, pyro- and tripoly-phosphates in natural 
waters are regularly checked to study eutro- 
phication and ecological equilibria in the en- 
vironment. Their concentrations are most often 
determined by spectrophotometric methods 
based on the formation of binary and ternary 
heteropoly acids and ion-associates,’ but these 
procedures are useful for the determination of 
only orthophosphate anions. The other phos- 
phate anions can be determined after prelimi- 
nary transformation into orthophosphate. A 
relatively simple and reliable technique for 
separation and preconcentration of the oxy- 
anions of phosphorus in combination with a 
suitable method for determination of phos- 
phorus is still required. Recently, some of 
the known colour reactions have been used 
for spectrophotometric detection in the flow- 
injection determination of phosphorus.‘” Flow- 
injection analysis is very advantageous owing 
to its relatively high sample throughput and 
precision, and readily available instrumen- 
tation. Flow-injection systems allowing the 
speciation of some oxyanions of phosphorus 
after preliminary separation by HPLC4 and 

ion-exchanges have been described. Ion- 
exchange has also been applied for separation of 
orthophosphate in the simultaneous deter- 
mination of orthophosphate, silicate and 
arsenate.6 

Organotin compounds of the type AzSnX2, 
where A = octyl or nonyl and X = Cl- or 
NO;, quantitatively extract ortho- and pyro- 
phosphate anions.’ 

The present paper describes the extraction- 
chromatographic separation of ortho- and 
pyrophosphate anions and its application in the 
flow-injection determination of phosphorus. 

EXPERIMENTAL 

Reagents 

All chemicals were of analytical-reagent 
grade. An orthophosphate stock solution 
(1000 pg/ml P) was prepared by dissolving 
4.394 g of potassium dihydrogen orthophos- 
phate, preliminarily dried at 80” for 2 hr, in 
1 litre of redistilled water. A pyrophosphate 
stock solution (1000 ,ug/ml P) was prepared 
by dissolving 7.20 g of sodium pyrophosphate 
decahydrate in redistilled water. Working 
solutions (l-100 pg/ml P) were prepared by 
dilution. 
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Inorganic pyrophosphatase (EC MRE-600) 
with a molecular weight of 1.2 x lo5 was used to 
hydrolyse pyrophosphate to orthophosphate.5 
A solution of the enzyme in Tris-HCl buffer 
(R4, pH 8.6), containing 1 x lo-‘M magnesium 
chloride, was prepared. 

The molybdenum reagent (R,) was prepared 
by dissolving 7 g of ammonium heptamolyb- 
date, (NH,),Mo,O~~*~H~O, in 1 litre of 0.3M 
sulphuric acid. 

The reducing agent solution (R,) was made 
by dissolving 0.4 g of tin(I1) chloride and 0.4 g 
of hydrazine sulphate in 1 litre of 0.3M sul- 
phuric acid. 

Apparatus 

Electrothermal atomization atomic-absorp- 
tion spectrometry (ETAAS) measurements were 
made with a double-beam Perkin-Elmer model 
400 atomic-absorption spectrometer equipped 
with a deuterium lamp background corrector, 
an HGA-76B graphite furnace and a V-shaped 
pyrolytic graphite platform. 

FIA experiments were performed with a 
FIAstar 5020-003 microprocessor-controlled 
flow-injection analyser equipped with a spectro- 
photometric detector. 

Radiometric measurements were performed 
with an NRQ-603 automatic y-counter (Tesla, 
Czechoslovakia). 

Procedures 

Extraction chromatography support. The 
extractive chromatographic separation was 
performed on a support modified with dioctyltin 
dinitrate, (CsH&Sn(N03),, synthesized as 
described elsewhere,* dioctyltin dichloride, 

(CsH,,),SnCl,, or dinonyltin dichloride, 
(C, H,8)2 SnCl,, as prepared previously? The 
supports tested were Polysorb 1 (U.S.S.R.), 
Chromaton N-AW-HMDS 0.250-0.3 15 mm 
(Czechoslovakia), activated carbon (U.S.S.R.) 
and Spheron 100000 (40-45 pm) (Lachema, 
Czechoslovakia). 

The extractive chromatographic behaviour of 
ortho- and pyrophosphate anions was studied 
under dynamic conditions on a glass column 
(6 mm bore, bed length 30 mm) and on a glass 
column (2.5 mm bore, bed length 30 mm). Both 
ends of the second column were plugged with 
glass wool and the column was mounted in the 
flow-injection system. The sorption efficiency of 
the support was estimated by passing 1000 pg of 
phosphorus through the columns. The phos- 
phorus content in the eluates was measured 

either by ETAAS’O (for the open column), or 
radiometrically with 32P (for the plugged 
column). 

The organotin compound was applied by 
shaking a weighed amount of the support 
with a solution containing the organotin 
reagent in a minimal volume of diluent for 
a minimum of 2 hr. The suspension was dried 
in air, and the dry material was used to pack the 
columns. 

RESULTS AND DISCUSSION 

Extractive chromatographic behaviour of ortho- 
and pyrophosphate 

Modjication of the support. The larger specific 
surface and uniform grain size of Chromaton 
provided some advantages over the other sup- 
ports studied. It was established that dialkyltin 
chlorides were well attached to the support 
surface. Suitable solvents appeared to be chloro- 
form or a mixture of diethyl ether with decanol 
(which acts as an active additive and improves 
the solubility of the organotin reagents).” 
Decanol, when applied to the support, did not 
retain either ortho- or pyrophosphate anions. 
The ratio of reagent to decanol was varied from 
1: 1 to 1: 20. The optimal amount of dialkyltin 
reagent was found to be 5% of the weight of the 
support and the ratio of organotin compound to 
decanol to be 1:2. 

Separation. Experiments showed that ortho- 
and pyrophosphate were sorbed quantitatively 
on the Chromaton support modified with di- 
alkyltin dichloride. The sorption efficiency was 
constant for at least 100 sorption/desorption 
cycles and the columns could be stored for 
months without any detectable change in 
sorption capacity. 

600- 
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Fig. 1. Elution of orthophosphate with 0.5M HCl from the 
column containing 100 pg/ml P. 
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Fig. 2. Elution of pyrophosphate with 0.5M HCl (I), 
0.8M HCl (2) and 3M HCl (3) from a column containing 

100 /Jg/ml P. 

The elution of sorbed ortho- and pyrophos- 
phate anions with 0.5,0.8, 1.0 and 3.OM hydro- 
chloric acid was investigated. Figures 1 and 2 
show that orthophosphate can be eluted with 
OSM hydrochloric acid (2 ml of the eluent are 
sufficient) and pyrophosphate with 3.OM hydro- 
chloric acid. 

The separation of ortho- and pyrophosphate 
anions was checked with model mixed solutions 
which were passed through the column, fol- 
lowed by washing with 2 ml of 1 x lo-‘M 
hydrochloric acid. Orthophosphate was eluted 
first with 2 ml of 0.5M hydrochloric acid and 
the column was again washed with 2 ml of 
1 x 10e3M hydrochloric acid. The eluate and 
washings were combined and subjected to 
ETAAS analysis. Pyrophosphate was similarly 
eluted with 3M hydrochloric acid. 

Flow-injection determination of ortho- andpyro- 
phosphate 

Manifold for orthophosphate. The manifold is 
shown in Fig. 3, and comprises two peristaltic 
pumps which operate in turn, pump I for 
the preconcentration of phosphate anions on 
the column, and pump II for the elution and 
spectrophotometric detection. 

For preconcentration the sample solution is 
mixed with a stream of 0.5M nitric acid, 
pumped at constant flow-rate through column 
3. After a defined sample volume has been 
pumped, two-way stopcock 2 is turned, first to 
allow water to flow through the column, and 
again for passage of 0.5M nitric acid for 60 sec. 
Rump I is then stopped and pump II started for 
the elution. 

The eluent (300 ~1 of 0.5M hydrochloric 
acid/0.5M sodium chloride is injected into 
the R, stream and pumped through column 
3. The eluate is mixed with the streams of 
reagents Rz and R3. The combined stream 
proceeds through the reaction coil to form 
molybdenum blue and the absorbance is moni- 
tored at 660 nm. The peak height of the signal 
is proportional to the concentration of ortho- 
phosphate. The peak base-width varies in the 
range 90-110 sec. The efficiency of the column 
depends on the flow-rate of the sample, V,, 
at the preconcentration stage, the eluent 
volume, S,, and the flow-rate, V, , of the carrier 
stream R, (see Fig. 4). The best results were 
achieved with S, = 300 ~1, V, = 0.6 ml/min and 
V0 = 2.8 ml/min. The optimal conditions for the 

r-------7 

Fig. 3. Manifold of flow-injection system with the extraction chromatography column: l-injector, 
2-two-way stopcock, 3-extraction chromatography column, MC-mixing coil, RC--reaction coils, 
D-spectrophotometric detector, R,-O.5M HNO,, R,-ammonium molybdate, R,-reducing agent. 
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Fig. 4. Peak heights for orthophosphate as function of the 
eluent volume S, (I), flow-rate of the carrier stream V, (2) 

and flow-rate of the sample through the column V0 (3). 

formation of 12-molybdophosphoric acid were 
reagent flow-rate (I’, and V,) 0.6 ml/min, reac- 
tion coil length 240 cm and temperature 50”. 

The signals for orthophosphate recorded 
under the recommended conditions have maxi- 
mal height and small half-width. The reproduci- 
bility is good and the base line is stable (Fig. 5). 
For a sample volume of 6 ml, the calibration 
graph is linear over the range 5.0-100.0 ng/ml 
P, and the detection limit is 0.3 ng/ml P (3S- 
criterion). 

Silicate, arsenate and several metal cations 
interfere with the determination of phosphate 
by the molybdenum blue method,” copper( 
nickel(I1) and chromium(II1) by the colour of 
the solutions if their concentrations are high, 
iron(II1) by forming a fairly stable phosphate 
complex and vanadium(V) by forming vanado- 
molybdophosphate. Chromium(V1) interferes 
by its oxidative effect. It was established that a 
lO,OOO-fold ratio of chromium(III), 5000-fold 

3min 
u 

A B c D E 

Scan - 

Fig. 5. Flow-injection signals for the determination of 
orthophosphate. Orthophosphate (ng/ml): A-O; B-10; 

C-30; D-50; E-70. 

ratio of nickel(I1) and iron(III), lOOO-fold ratio 
of copper( 500-fold ratio of silicon(N), 200- 
fold excess of vanadium(V) and chromium(V1) 
and 3-fold ratio of arsenic(V) do not interfere at 
the 5-100 ng/ml P level. 

The results of recovery studies are given in 
Table 1. With a sample volume of 6 ml, 12 
samples per hour can be analysed. The mean 
RSD is 3.3%. 

Manifold for analysis of ortho - and pyrophos- 
phate mixtures. The manifold for determination 
of ortho- and pyrophosphate is shown in Fig. 6. 
The analysis is done in three successive stages. 

The first stage is determination of total phos- 
phorus in the injected sample. Hydrolysis of 
pyrophosphate is catalysed by inorganic pyro- 
phosphatase.’ The sample solution is mixed with 
the enzyme solution stream, Rd, by means of 
pump I, pumped through the reaction coil, RC,, 
where the hydrolysis takes place, then mixed 
with a stream of 1M nitric acid to ensure 
optimal sorption conditions and pumped 
through column 3. As soon as the whole sample 
volume has left this column the two-way stop- 
cocks 2 and 2’ are turned to interrupt the sample 

Table 1. Recovery of orthophosphate added to synthetic solutions 
(sample of volume 6 ml, 6 replicates) 

Concentration of 
orthophosphate, 

nglml RSD, Recovery, 
Sample Added Found % % 

Redistilled water 

Redistilled water 
+ Fe(N) + Cu(I1) 
[p] : [Fe] : [Cu] 
= 1:500:500 

Redistilled water 
+ Cr(Vi) + Si(IV) 
[PI: [Cr] : [Si] 
= 1:100:200 

5.0 4.8 f 0.2 4.0 96 
10.0 9.6 f 0.3 3.0 96 
50.0 49.1 f 1.4 2.7 98 

50.0 50.9 f 1.6 3.0 102 

50.0 50.6 + 1.5 2.8 101 
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Fig. 6. Multichannel flow-injection system for determination of ortho- and pyrophosphate anions. 
Symbols as for Fig. 3. 
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and enzyme streams and let water and Tri-HCl 
buffer wash the column for 60 sec. Then 
pump I is stopped and pump II started for 
elution of the total orthophosphate as already 
described. The enzymatic hydrolysis is complete 
with a pyrophosphatase concentration of 
6 x 10F9M, the calibration plot for pyro- 
phosphate being identical with that for ortho- 
phosphate (plotted in terms of phosphorus 
concentration). 

The second stage is determination of the 
orthophosphate in the sample. The sample 
solution is mixed with 1M nitric acid and this 
stream is pumped (by pump I) through column 
3. The analysis then proceeds by the same routes 
as the first stage. In this case both ortho- and 
pyrophosphate are sorbed but only the ortho- 
phosphate is eluted and monitored. 

A f 0.05 Abs 

9 12 21 24 

Min 

Fig. 7. Elution profile for a mixed solution of orthophos- 
phate and pyrophosphate. A-Total amount of ortho- and 
pyrophosphate, Et--amount of orthophosphate. Sample vol- 

ume 6 ml, eluent volume 0.3 ml. 

Table 2. Recovery of pyrophosphate added 
to synthetic solutions containing 30 ng/ml 
of orthophosphate (sample volume 6 ml, 6 

replicates) 

Added, Found, RSD, Recovery, 
aglml nglml % % 

10.0 9.8 f 0.3 2.8 98 
30.0 29.6 kO.8 2.6 98 
40.0 41.1 f 1.3 3.0 102 
60.0 59.2 f 1.6 2.6 98 

Table 3. Determination of ortho- and pyrophosphate in 
river water (6 replicates) 

Orthophosphate 
+ pyrophosphate, RSD, Orthophosphate, RSD, 

Sample nglml % nglml % 

1 11.2kO.4 3.4 9.7 * 0.3 3.1 
2 25.4 f 0.9 3.6 23.3 + 0.7 3.0 
3 32.0 + 1.3 4.0 29.1 + 0.9 3.1 
4 14.3 f 0.5 3.6 12.6 f 0.5 3.7 

The third stage is regeneration of column 
3. All three stopcocks are turned to mix the 
water, Tris-HCl buffer and 3M hydrochloric 
streams so that this mixture is pumped through 
column 3 (Fig. ‘6) by pump I. Figure 2 shows 
that 2 ml of 3M hydrochloric acid will be 
sufficient to regenerate the column. Figure 7 
illustrates the elution profile for a mixture of 
ortho- and pyrophosphate. The proposed 
FIA scheme for. consecutive determination 
of ortho- and pyrophosphate can be com- 
pletely automated. A more sophisticated micro- 
processor than the FIAstar 520-003 would 
enable operation of all the pumps and stop- 
cocks. 
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The procedure was tested on redistilled water 
to which known amounts of ortho- and pyro- 
phosphate were added. Quantitative recoveries 
were obtained (Table 2). 

Analysis of river water. Four samples of 
Moscow river water were analysed by the pro- 
cedure. The samples were collected in poly- 
ethylene bottles and adjusted to pH 2-3 for 
storage. The water was filterd before analysis 
(preliminary experiments showed no change in 
blank values for the anions studied). The results 
are given in Table 3. The FIA procedure devel- 
oped can also be applied to the analysis of waste 
waters. Matrix effects were examined by the 
standard-addition method (to estimate the 
multiplicative component of systematic error) 
and the sample-variation method (to estimate 
the additive component). For all determinations 
the deviations between the amounts of phos- 
phate ions found and added were within exper- 
imental error. The sample-variation method 
showed that the results were independent of 
sample volume ranging from 3 to 30 ml. 
The data confirmed that systematic errors were 
absent. In addition, the results for ortho- 
phosphate determination in samples 1 and 2 
(Table 3) by the FIA method were compared 
with those obtained by the solvent extraction- 
spectrophotometric method.13 The orthophos- 
phate contents determined by the two tech- 

niques (ng/ml) were 9.7 f 0.3 and 10.1 f 0.2 
respectively for sample 1, and 23.3 f 0.7 and 
25.3 f 1.0 for sample 2. 

The FIA procedure developed can be also 
used for the analysis of waste waters and other 
fluids containing various anions and cations. 

1. 

2. 

3. 

4. 

5. 

6. 

I. 

8. 

9. 

10. 
11. 

12. 

13. 
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Suuuuary-Osmium tetroxide gives rise to very characteristic atomic emission properties. In acidic 
samples it gives much higher sensitivity than that given by the lower oxidation states (IV, III, II). 
However, in alkaline medium (pH 10.5) its atomic emission sharply decreases, and the sensitivity is 
the same as that for the other oxidation states. It has been shown that there is a direct relation 
between these characteristics of 0~0, solutions and pH. With increasing pH the intensity of its atomic 
emission decreases, the electrode potential of its solutions drops sharply and the molecular absorption 
of radiation at 193 nm undergoes a hyperchromic and bathochromic shift. The volatility of 0~0, 
has also been studied. and found to be minimum at around pH 9.5. This favours its determination at 
this pH. 

Atomic spectroscopy techniques have been 
used for osmium determination;’ in partic- 
ular atomic-emission spectrometry (AES) in 
flames,*g3 electric arcs,4 d.c. plasmas,‘T6 a micro- 
wave induced plasma’ and inductively coupled 
plasmas.“‘* Atomic-absorption spectrometry 
(AAS), both with flames and electrothermal 
atomizers, has also been widely used.‘“’ 

The determination by atomic spectrometry is 
most sensitive with osmium tetroxide. However, 
because of the volatility (and toxicity) of this 
compound, its solutions must be handled with 
great care and, although some authors consider 
the volatility a factor which increases the sensi- 
tivity,’ it also produces considerable memory 
effects when classical nebulizers are used. Com- 
pounds containing osmium in lower oxidation 
states are not volatile, and have received rela- 
tively little attention in atomic spectrometry. In 
alkaline solution 0~0, loses its volatility, and 
sensitivity for determination by AAS.” Recently 
Bazan et a1.24*25 have reported an enhancement 
of ICP signals for osmium when 0~0, is intro- 
duced directly into the plasma. 

This work is a study of the volatility of 0~0, 
in aqueous solutions and the effect of this on its 
determination by AESICP. 

EXPERIMENTAL 

Apparatus 

A modular inductively coupled argon plasma 
made up of a 56 MHz generator (Durr, HF 
“lignes acordees” type) operating at 1.34 kW, 
with a five-turn induction coil containing a 
dismountable torch, was used. The observation 
height was 15 mm above the coil. The radiation 
was focused on the monochromator (Jobin 
Yvon model HR-1000, with a Czerny-Turner 
mounting) equipped with a 2400 lines/mm holo- 
graphic grating and variable slits, which were set 
at 50pm. Coupled to this was a Hamamutsu 
PM 928R photomultiplier with a Thorn-EM1 
PM 28B electric supply. The signal was output 
to a Keithley 480 picoammeter signal amplifier 
and Linseis Ls-4 chart recorder. Gas feed pres- 
sure to the plasma was 3 bar, and the flows 
of nebulizer gas (0.5 l./min), sheathing gas 
(0.8 l./min) and outer gas (10 l./min) were con- 
trolled by Brooks rotameters. Solutions were 
introduced into the plasma by a concentric 
nebulizer (Meinhard type A) mated with a 
glass spray chamber (Scott-type, dual tube). 
A SpectraMetric SpectraJet IV plasma DCP, 
a Perkin-Elmer 551 spectrophotometer with 
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fused-silica cells of 1.0 and 0.1 cm optical path, 
a Tacussel TS 40N pH-meter with a glass--SCE 
combination, a Labovolt magnetic stirrer and a 
Perkin-Elmer peristaltic pump were used. 

Reagents 

A 1000 pug/ml standard solution of Os(VII1) 
was made with osmic acid solution in water, 
pH = 5.2 (Alfa) and standardized by the 
Klobbie methodz6 with the procedure of Gowda 
et aL2’ for detecting the end-point. 

Standard solutions (1000 pg/ml) of 
Os(IV), Os(II1) and Os(I1) were prepared by 
dissolving (NH&(OSBr6), Cs,Os(CO)Cl,, and 
CsOs(CO),Cl, (all Johnson-Matthey), in 1M 
hydrobromic acid for the first compound and 
demineralized water for the other two. 

Solutions of other reagents (Normapur qual- 
ity) were prepared by dissolution and dilution 
with demineralized water. 

RESULTS AND DISCUSSION 

Spectrum of osmium 

The emission spectrum of osmium was 
studied with a 10.47 pgg/ml solution of 0~0, 
(pH 5.4) over the range 180.0-410.0 nm by use 
of an ICP plasma under the working conditions 
detailed above. Table 1 gives the most sensitive 
emission lines, and the detection limits for each 
of them, calculated by the Fassel method.2* 

Study of the “‘osmium effect” 

Various authors have reported that’ the 
atomic absorption and emission intensities of 
aqueous 0~0, solutions decrease sharply as the 
pH is increased by addition of sodium hydrox- 
ide. Various explanations have been put for- 
ward for this. We have shown that the addition 
of increasing amounts of sodium perchlorate to 

Table 1. Characteristics of the most sensitive lines for 
ICP-AES determination of OS 

Detection 
Wavelength, lOSl> limit,* 

nm Irglml nglml 

225.585 0.5 0.3 x 10-1 
228.226 0.5 0.32 x lo-’ 
233.634 0.5 0.50 x IO-’ 
236.735 0.5 0.80 x 10’ 
248.633 0.5 0.78 x IO-’ 
290.906 1.0 0.62 x 1O-3 
305.866 1.0 0.76 x 1O-3 
330.156 1.0 1.29 x 10-l 
315.625 1.0 1.42 x 10-l 

*Detection limit = 3 x 0.01 x [OS]&/&. 
tOsmium (13 and background intensity (Ib). 

Ijzbt 

49.4 
46.6 
28.3 
18.7 
19.2 
48.6 
39.4 
23.3 
21.1 

a solution of 0~0, does not reduce the osmium 
atomic-emission signal; sodium chloride has 
a greater salt effect and at a concentration of 
0.15M results in blockage of the nebulizer and 
disappearance of the signal. The addition of 
various reductants, such as NaNO,, Na2S20, 
and ethanol, to a 1.05 pg/ml solution of 0~0, 
also reduces the OS atomic-emission signal. This 
effect is pronounced for ethanol in alkaline 
medium (pH 8.5) whereas in acidic medium the 
same concentration of ethanol does not alter 
the signal: the effect is smaller with Na,S,O, 
and even smaller with NaNO,. 

The addition of perchloric, nitric or hydro- 
chloric acid to an alkaline solution of Os(VII1) 
restores the OS atomic-emission signal. This 
recovery is greater with the first two of these 
acids. 

Eflect of sodium hydroxide 

In view of the effects described above, the ICP 
atomic-emission of a 1.05 pg/ml OsO, solution 
was studied as a function of pH, along with 
changes in the electrode potential and molecular 
absorption spectra. The results are given in 
Fig. 1, where an inflection point at pH = 7.2 
(neutralization point) is seen on the acid-base 
titration curve, which agrees with the results 
obtained by Babay et a1.2gs30 In the plot of the OS 
ICP emission, three clearly differentiated zones 
can be distinguished by their slope, and these 
correspond to the pH intervals 5.2-6.8, 6.8-9.5 
and 9.5-l 1.4. 

I 
A 
I 

PH 

Fig. 1. Effect of NaOH concentration on various character- 
istics of a 1.05 fig/ml osmium solution (OS present as OsO,): 
(e--•-@) pH; (O-0-0) atomic-emission intensity 
(I) in arbitrary units; (-) electrical potential, mV; (--) 

absorbance (A) at 193 run. 
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These three pH intervals are characterized by 
a decreasing atomic-emission intensity, whereas 
the molecular absorption at 193 nm is constant 
up to pH 9 and then increases. Nevertheless 
sodium hydroxide concentrations above about 
10e3 M produce a red shift of the absorption 
maximum from 193 to 214 nm and also greatly 
reduce the atomic emission. 

The electrode potential changes fairly slowly 
with increasing pH up to pH 7, then decreases 
more rapidly up to pH 11, and very steeply at 
higher pH. 

According to previous experience, 0~0, 
behaves as a weak acid, with pK, 7.2. The 
oxidation state VIII is stable up to pH 10 and 
gives the highest ICP atomic-emission intensity 
and sensitivity, but at pH above 10.5 the 
osmium(VII1) signal is sharply reduced as the 
sodium hydroxide concentration is increased. 
Moreover the molecular absorption spectrum of 
0~0, solutions have a very important change at 
pH 10.5. 

All this shows that the behaviour of 0~0, in 
alkaline solution is not simple, and a key factor 
is reduction from this oxidation state. 

The literaturezS3* confirms that changes in the 
behaviour of alkaline osmium tetroxide solu- 
tions are due to reduction of Os(VIII), with the 
simultaneous formation of hydroxy complexes 
of the reduced forms [principally osmium(IV)], 
in one or more steps. 

Alekseeva et ~1.~~ propose that this reduction 
proceeds in two steps with the simultaneous 
formation of hydroxo complexes of the reduced 
forms of osmium: 

[OsO,(OH),]*- + 2H20 + 2e - 

+ [OsO,(OH),]*- + 20H- 

[OsO,(OH)J*- < 2e - 

Z$ [OsO,(OH)d*- + 20H- 

On the other hand, Connery et al.” have 
studied the nature of the various species present 
in sodium hydroxide solutions of osmium(VIII), 
(VI) and (IV) and have characterized three 
different species, which have a common osmium 

core, [Os-O-(OH)], along with several co- 
ordinating groups (hydroxide groups). 

This reduction of osmium(VII1) has been 
ascribed to oxidation of water according to the 
equation35 

2[OsOXOH)J*- + 2H20 

= O2 + 2[OsO,(OH),]*- 

The reduction has also been explained as due 
to the presence of reducing impurities in the 
alkaline solution, and the stability of an alkaline 
solution of OsO,, prepared with sodium hydrox- 
ide purified electrolytically, has been demon- 
strated,36 but consideration of the quantitative 
aspects suggests that the impurities would act 
only as catalysts. 

Volatility of 0~0, 

The volatility of osmium solutions, in the 
form of OsO,, was studied as a function of pH 
in the present work. First, we worked with a 
discrete sample (15 ml of 10.47 pg/ml 0~0, 
solution) which was placed in a two-necked 
flask. One neck was connected directly to the 
injector tube of the torch system. With this 
configuration the nebulization gas was bubbled 
through the solution and the 0~0, volatilized 
was introduced into the ICP torch. The osmium 
atomic-emission was recorded. The signal ob- 
tained was triangular in shape and could be 
characterized by its height (h) and base width 
(w). These two parameters allow determination 
of the amount of 0~0, volatilized, on the basis 
of the peak area, and the rate of volatilization, 
on the basis of the height, and the time taken to 
volatilize all the 0~0,. The results are shown 
in Table 2. 

The second set of experiments was done with 
a vessel of the type shown in Fig. 2. This permits 
aqueous solutions of OS to be introduced (and 
withdrawn) at a regular and constant rate. 
Inside the vessel the 0~0, solution is vigorously 
stirred with a magnetic stirrer, and a tube carries 
the Ar for nebulization into the flask, where it 
bubbles through the solution. This further facil- 
itates the liberation of volatile OsO,, and carries 

Table 2. Characteristics of osmium emission signals for volatilization of 15 ml of 10.50 pg/ml 0~0, 
solution, as a function of pH 

PH 3.0 5.0 7.0 z5 9.5 10.5 11.0 >ll.O 
Sianal area. cm* 108 103 100 51 19 5 0 
RGative area, % 100 95 93 58 47 18 5 0 
Ratio (h/w)* 0.23 0.11 0.11 0.10 0.08 0.11 0.09 0 
Relative ratio (h/w) 100 48 48 43 35 48 39 0 

+h = peak-height; w = peak-width. 
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Fig. 2. Diagram of the vessel used to volatilize 0~0,. 

it to the plasma. The system is operated contin- 
uously, with a peristaltic pump on both the 
input and output tubes. The plasma working 
conditions were as for the first set of exper- 
iments, with a solution input of 1.3 ml/min, 
which is the same as that achieved with 
pneumatic aspiration, and 1.05 pg/ml solu- 
tions of OS were used. The system produces 
memory effects, and requires long homogeniza- 
tion, washing and signal stabilization periods 
(20 min). After vigorous stirring, the residual OS 
solution is collected and its atomic-emission 
signal in the ICP spectrometer obtained by 
use of the conventional pneumatic nebulization 
system with sample aspiration conditions as 
indicated above. 

Figure 3 gives the atomic-emission intensity 
as a function of the pH (hydrochloric acid 
was used in the acid zone, up to pH 5.2; above 
this pH, sodium hydroxide had to be added) 
for the 0~0, volatilized from the solution in 
the flask (curve A). Curve B is the atomic- 
emission intensity for the OS present in the 
solution in the flask but not volatilized. In the 
pH range from 9.0 to 10.4, curve B has a 
shoulder corresponding to the increase in OS 
concentration in these solutions, and curve A 
has a decrease in the signal for volatile OS in 
the same pH interval, but at pH above 10.4 

0' I I I , 

2 4 6 6 10 12 

PH 

0 1 3 5 7 9 11 

PH 

Fig. 3. Atomic-emission intensity (1, arbitrary units) of Fig. 4. Atomic-emission intensity (I, arbitrary units) of 
volatile 0s (as OsO,~urve A, and of non-volatile OS in a solutions containing 10 pg/ml OS in various oxidation states 
lO~g/ml solution of OsO.,-curve B, as a function of pH. (VIII, IV, III and II), as a function of pH. 

the signal drops sharply for both volatile and 
involatile OS. 

In agreement with the other behaviour listed 
above, these two zones, the slight decrease in 
curve A up to pH 9.5 and the steep change from 
pH 10.5, suggests a change in the osmium 
species present. It can be proposed that these 
effects arise from two reactions: first for- 
mation of a “salt” of osmic acid, and secondly 
reduction of Os(VII1). Both reactions diminish 
the volatility of OsO,, but particularly the 
second. 

These considerations lead us to recommend 
pH 9.5 as the optimum pH for osmium determi- 
nation by ICP-AES. At this pH the volatility is 
reduced, decreasing the risk of loss by volatiliza- 
tion, but the system is still very sensitive for 
osmium. 

Various oxidation states of osmium 

The molecular absorption spectra for 
10 pg/ml solutions of OS in its oxidation states 
(II), (III) and (IV) were recorded as a func- 
tion of pH. The atomic-emission intensities 
of these solutions were also obtained, and are 
given in Fig. 4. The osmium states (IV, III, II) 
have much lower atomic-emission intensity 
than osmium(VIII), but the absorption spec- 
trum of an alkaline solution of osmium(VII1) is 
identical to that of an alkaline solution of 
osmium(IV). 

The “osmium effect” is observed only for 
solutions of Os(VIII), the other oxidation states 
hardly varying in atomic-emission intensity as 
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the pH is changed, and these slight changes are 
fairly similar. 

From the results presented in this work, two 
possible reasons can be advanced for the “os- 
mium effect” with 0~0,. The first, is the volatil- 
ity; that is, the enhancement of the ICP signal 
would be a consequence of the volatility of this 
compound whereas the compounds of the other 
oxidation states are practically non-volatile. 
The second is the extremely high boiling point 
of the element and the dynamics of the ICP 
system. The OS-O bond energy3’ of 142 kcal/ 
mole would not be high enough to prevent 
complete dissociation of 0~0, in the plasma, 
but as the compound is already in the gaseous 
state when it enters the plasma, gaseous osmium 
atoms will result from the dissociation. When a 
non-volatile compound (in the solution form) 
enters the plasma, however, the usual desolva- 
tion steps etc. will have to precede any dissoci- 
ation. It is known that the lower oxidation state 
oxy-compounds can form polymeric species, 
and all these factors militate against easy disso- 
ciation of the molecular species, so the atomic 
emission taking place during passage of the 
sample through the observation zone in the 
plasma will be minimal. 

CONCLUSIONS 

Osmium gives its maximum atomic-emission 
signal in an ICP plasma over a wide pH-range 
when in its oxidation state (VIII). At pH > 7 
0~0, decreases in volatility and the intensity of 
the OS atomic-emission spectrum also decreases. 
A much steeper decrease takes place at above 
pH 10.5. This lowered volatility of 0~0, is 
attributed to (a) the formation of salts of osmic 
acid and (b) reduction of Os(VII1) to lower 
oxidation states. The total effect on the atomic- 
emission intensity is the result of a combination 
of the effects of pH on the nature and oxidation 
state of the osmium compounds, together with 
a difference in dissociation mechanism in the 
plasma. 
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DBBBEN LEE and K. L. C&NC* 

Department of Chemistry, University of Missouri-Kansas City, Kansas City, MO 64110, U.S.A. 

(Received 1 September 1989. Revised 21 November 1989. Accepted 21 November 1989) 

Summary-The determination of molybdate, tungstate, perrhenate, phosphate, chromate, fluoride and 
hydroxide with an electrode made of a mixture of lead molybdate, tungstate and perrhenate is described. 
The sensitivity to the last four of these ions is interpreted in terms of their adsorption and the resultant 
changes in electrode surface electron density. 

A simple precipitation titration of molybdate, 
tungstate, perrhenate and fluoride with lead was 
developed by Cheng and Goydish,’ in which 
mixed precipitates of lead molybdate, perrhen- 
ate and fluoride were formed. Later, Cheng and 
ChaoZ reported that an ion-selective electrode 
(BE) could be used in the potentiometric titra- 
tion of molybdate, tungstate, perrhenate and 
fluoride. Mixed lead compounds were shown 
to be co-precipitated and the composition of 
the mixed lead precipitates may be represented 
as 

xPbMoO,.yPb(ReO,),.zPbF,. tPb(OH), 

or, when an excess of fluoride is present, as 

xPbMoO,.yPb[ReO,(F, OH)] 

the lead then reacts with perrhenate in 1: 1 molar 
ratio. 

Usman and Dular? reported that a mem- 
brane electrode made with lead molybdate 
bound with paraffin wax was sensitive to molyb- 
date, arsenate, tungstate, and ferricyanide over 
a limited range of concentrations. The pres- 
ent paper reports our results for determining 
molybdate, tungstate, chromate, perrhenate, 
phosphate, fluoride and hydroxide with a mem- 
brane electrode made with a mixed precipitate 
of lead salts. Few ISEs are available for deter- 
mining these anions; in particular, the LaF, 
single-crystal fluoride electrode is the only one 
known for fluoride. The lead-molybdate 
mixture electrode is especially interesting for 
determining fluoride and phosphate. 

*Author for correspondence. 

EXPERIMENTAL 

Preparation of the precipitates 

A solution of 1.3 g of sodium molybdate 
dihydrate, 1.7 g of sodium tungstate dihydrate 
and 2.7 g of ammonium perrhenate in 100 ml of 
water was prepared and adjusted to pH 5-6 with 
ammonia or acetic acid, and a solution of 4.9 g 
of lead nitrate in 50 ml of water was slowly 
added, with stirring. The mixture was heated to 
boiling, then cooled to room temperature. The 
precipitate was then filtered off, washed with 
20 ml of O.lM acetic acid and 100 ml of water, 
and dried at 80” overnight. The product was 
ground and sieved (325 mesh) and the powder 
used to prepare silicone rubber or paraffin wax 
or PVC matrix membrane electrodes. A similar 
technique was used to prepare the individual 
precipitates (with equivalent amounts of the 
anion and lead). 

Membrane preparation 

The methods of membrane preparation and 
electrode construction were similar to those 
used by Craggs et aL4 The master mem- 
branes contained 0.4 g of the powdered pre- 
cipitate plus a solution of 0.17 g of PVC in 
6 ml of tetrahydrofuran. We also prepared 
membranes with silicone rubber and paraf- 
fin wax, but these had tiny holes in most 
cases, so only the PVC membrane type is 
recommended. 

The membrane electrode was conditioned 
before use by immersing it in water for at least 
24 hr and then for at least 1 hr in a solution 
containing O.lM of the ion to be sensed. 

901 
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EMF measurements 

The measurements were made at 22” against 
a calomel reference electrode, proceeding from 
low to high con~ntrations (from 10v6 to O.lM). 
If the measurements were made from high 
to low concentrations, erratic results were 
obtained owing to a “memory” effect and to the 
di~cuity of removing adsorbed ions from the 
surface of the electrode membrane. 

RESULTS AND DISCUSSION 

pH effect 

The various electrodes responded most satis- 
factorily near neutral pH, but the optimum pH 
ranges for different ions in different matrices 
and compositions were not the same. Electrodes 
containing lead molybdate (75%) and lead 
tungstate (25%) showed optimum pH ranges of 
5-6 for a wax matrix and 5-6.5 for the PVC 
matrix. For the PVC matrix electrode with lead 
mol,ybdate (34%), lead tungstate (33%) and 
lead perrhenate (33%), the optimum pH range 
was 4.5-7.0. Evidently, the EMF measurements 
depend on the lead salts and matrix used. 

Response time 

The response time is shorter at high concen- 
trations than at low concentrations and is 
shorter and more reproducible when the sol- 
ution is stirred. The greater the amount of lead 
precipitates contained in the membrane, the 
shorter the response time. 

Electrode calibration 

The lead molybdate membrane electrode 
responded linearly to both molybdate and 
tungstate in the range 10-5-0.11w, but the re- 
sponse time was long (around 2 min). The lead 
molybdate (75%) plus lead tungstate (25%) 
membrane electrode responded linearly to 
both molybdate and tungstate in the ranges 
10-5--0.1M MoOi- and 10-4-0.1M WOi-. Its 
linear concentration ranges were 10-4-0.1it4 
and 10-3-0.1M for phosphate and fluoride, 
respectively. 

The mixed precipitate electrode of lead 
molybdate (34%), lead tungstate (33%), and 
lead perrhenate (33%) showed a linear response 
for molybdate, tungstate, and phosphate from 
IOF to O.lM, and from 10e4 to O.lM for both 
perrhenate and fluoride (Figs, 1 and 2). The 

1 I I I I 
6 6 4 2 0 

pX (X-anion) 

Fig. 1. ~ibmtions curves for (1) mol~~ate, (2) tungstate 
and (3) perrhenate with PbMoO,, (34%)-PbWO, (33%b 

Pb(ReO,), (33%)-PVC membrane. 

improved ~nsitivity of mixed precipitates may 
be attributed to the fact that mixed precipitates 
are less soluble than their individual com- 
ponents. These electrodes did not respond well 
to varied con~ntrations of lead ions, especially 
when the lead concentration was higher than 
10w3M, forming a white turbidity due to pep- 
tization of the mixed lead precipitates. 

The chromate response was not useful, be- 
cause the composition of a chromate solution 
is a function of pH and concentration5 and 
the calibration curves were mostly non-linear 
(Fig. 3). A nearly linear calibration line was 
obtained at pH 8, with a low response slope 
(7 mV/decade); this suggests that the electrode 
responds to chromate in basic solution but that 
hydroxide ions then interfere. 

t I I I 

7 5 3 1 

pX (X - anion) 

Fig. 2. Calibration curves for (I) phosphate, (2) fluoride and 
(3) chromate with membrane as in Fig. 1. 
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I I I I 

7 5 3 1 

pX (X-chromate) 

Fig. 3. Effect of pH on measurement of chromate with 
membrane as in Fig. 1. 

Phosphate 

Linear responses to phosphate from 10v4 to 
0. 1M with various membrane matrices contain- 
ing phosphate have been reported,- but there 
is no commercial phosphate electrode, probably 
because of problems of selectivity, sensitivity 
and reliability. 

We have examined the mixed lead precipitate 
electrodes for possible response to phosphate 
and obtained linear calibrations with response 
times of about 1 min. A linear relationship from 
10m6 to O.lM phosphate was obtained at pH 6 
(Fig. 2) with the mixed precipitate electrode 
containing 34% PbMoO,, 33% PbW04, 33% 
Pb(Re04) and PVC. It is noteworthy that this 
electrode gives a good response slope of 28 mV 
per decade concentration. This is the first time 
that a phosphate electrode membrane con- 
taining no phosphate within the matrix has 
been developed. Its behavior can be explained 
by the capacitor theory.’ Its sensitivity down to 
lO-(‘M phosphate is better than any previously 
reported. 

Fluoride 

Fluoride had always been difficult to deter- 
mine, so the single-crystal LaF, electrode was a 
major breakthrough and has now become the 
only fluoride sensor known in the field of ion- 
selective electrodes. However, it is subject 
to indirect interference by various ions which 
can form fluoride complexes or precipitates, 
though some of these effects can be eliminated 
by use of suitable masking agents. It is necessary 
to adjust the pH to between 5 and 7 to avoid 
hydroxide interference or the formation of HF 

and HF;. The LaF, electrode gives a linear 
response in the range from low5 to O.lM F-. 

The capacitor theory9 emphasizes the import- 
ance of surface active sites and adsorption of 
ions. Consequently, an electrode having no 
fluoride may serve as a fluoride electrode if the 
electrode surface has active sites which can 
adsorb F- ions. Since lead molybdate, 
tungstate, phosphate, fluoride and hydroxide 
are only slightly soluble, an alternative to the 
capacitor theory would be that the response to 
these ions depends on the relative solubility 
products of the membrane and analyte lead 
salts, although the analyte ion may not itself 
be present in the membrane formulation. We 
prefer the capacitor theory. This is the first time 
a fluoride electrode containing no fluoride 
within its matrix has been developed. An ad- 
ditional advantage is that the mixed lead pre- 
cipitate membrane is made of inexpensive 
polycrystals. It is interesting to note that with 
the mixed-precipitate electrodes at fluoride con- 
centrations below 10e4M in acidic media the 
potential became more negative, suggesting that 
the species HF; may play a role (Fig. 4). 

Other anions 

Most cations and anions do not interfere 
with the responses for molybdate, phosphate, 
fluoride and tungstate, but large amounts of 
anions commonly associated with lead, such as 
halides and sulphate, will interfere. It is interest- 
ing to note that hydroxide ions are also co- 
precipitated with the lead salts and a linear 
response to OH- ions is obtained (Fig. 5). This 
suggests that the mixed lead precipitate adsorbs 

I 50 
OW 

I I I 

7 5 3 1 

PF 

Fig. 4. Effect of pH on measurement of fluoride with 
membrane as in Fig. 1. 
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I I I 

8 6 4 2 

p(OH1 

Fig. 5. Calibration curve for hydroxide with PbMoO, 
(75%)-PbW04 (25%)-graphite_paraffin wax membrane. 

the OH- ions, causing the electrode membrane 
to become negatively charged. The optimum pH 
range is between 7‘5 and 12. The tailing below 
pH 7.5 is probably due to dissociation. 

Cleaning the membrane 

As is common with solid membranes, it is 
necessary to clean the electrode surface before 
making measurements in a solution of lower 

concentration than its predecessor, in order to 
remove strongly adsorbed ions. The cleaning 
may be done mechanically or chemically. The 
electrode surface can be cleaned by gentle rub- 
bing with fine emery paper between measure- 
ments, but this is unnecessary when going from 
lower to higher concentrations. In the case 
of hydroxide determinations, the electrode is 
rinsed with an acid (such as hydrochloric), then 
water. Rinsing with water alone is insufficient. 
Cleaning with fine emery paper is recommended 
if memory effects are noticed. 
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Summary-A photochemical method for determining the oxygen concentration in air-saturated non- 
aqueous solvents has been developed. Solutions containing a sensitizer (Rose Bengal or Methylene Blue) 
and 1,3-diphenylisobenxofuran (DPIBF) as an oxygen acceptor are irradiated at 546 or 633 nm and the 
absorbance at 404 nm is monitored. The dissolved oxygen content is found from the change in absorbance 
and the known 1: 1 stoichiometry of addition of singlet oxygen to DPIBF. The solubilities found, accurate 
to +6%, for oxygen in air-equilibrated solvents, are (mM): acetone, 2.37; acetonitrile, 2.42; dimethyl- 
sulfoxide, 0.33; ethanol, 1.94; N-methylformamide, 1.3 1. Measurements on mixed acetone-N-methyl- 
formamide solvents showed that the solubility of oxygen does not vary with solvent composition in a 
predictable manner. 

The solubility of oxygen in non-aqueous sol- 
vent systems is of considerable interest both in 
photochemistry, where oxygen-quenching of 
excited states is one of the predominant bi- 
molecular processes, and in electrochemistry, 
where cathodic production of superoxide anions 
from dissolved oxygen is an important reduc- 
tion process. The values cited in compilations 
of oxygen solubility data’** and in a recent 
report of determinations based on a gas chro- 
matographic method3 show significant vari- 
ation. For dimethylsulfoxide (DMSO), for 
example, some values cited are nearly twice as 
large as others.’ 

Since we required accurate values for oxygen 
concentrations in solution for a study of oxygen 
quenching of luminescence,4 we have developed 
a rapid and straightforward photochemical 
method for measuring them. It relies on the 
clean photo-oxygenation reaction of a well- 
known singlet oxygen acceptor, 1,3-diphenyliso- 
benzofuran (DPIBF).5 Though Demas has 
exploited luminescence quenching reactions for 
determination of oxygen concentration6 and 
photo-oxygenation reactions for chemical acti- 
nometry,’ we believe that the use of photo-oxy- 
genation to determine oxygen concentrations 
has not previously been reported. 

*Author for correspondence. 

In the presence of a suitable sensitizer (S; in 
these determinations, both Rose Bengal and 
Methylene Blue were used), illumination of an 
oxygen-containing solution with light in the 
visible region results in generation of singlet 
oxygen: 

S+hv +s*d’s 

3S+O,+S+‘O* 

When DPIBF is also present in the sol- 
ution, the singlet oxygen photo-oxygenates the 
DPIBF (D), leading eventually to oxidation 
products: 

D + IO2 --+ DO2 + products 

Since DPIBF is the only component of 
the solution that absorbs radiation of wave- 
length 404 nm, the progress of this reaction 
sequence can be readily monitored by measur- 
ing the decrease in absorbance at 404 nm. 
As long as oxygen is present in the system, 
illumination will result in disappearance of 
DPIBF. When all the oxygen has been con- 
sumed, the reaction sequence stops. The net 
decrease in absorbance is quantitatively related 
to the loss of DPIBF and, since the reacting 
ratio of oxygen and DPIBF is 1: 1, the amount 
of oxygen originally present in the solution can 
be determined. 
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EXPERIMENTAL 

Reagents 

DPIBF (Aldrich), Rose Bengal (Eastman, 
82% certified dye content), and Methylene Blue 
(Aldrich, certified) were used as received. Spec- 
tral grade ~-methylfo~amide, dimethyl- 
sulfoxide and acetonitrile and HPLC-grade 
acetone were obtained from Aldrich and used 
without further purification. Absolute ethanol 
was obtained from Spectrum. 

Apparatus 

All absorbance 
with a Beckman 

measurements were made 
DU-7 spectrophotometer. 

When Rose Bengal was the sensitizer, an Illumi- 
nation Industries Model LH371Q medium- 
pressure mercury arc lamp was used as the 
light-source, with its output filtered through 
water, a Corning 3-73 yellow glass filter, and an 
Oriel 546~nm interference filter. For sensitiz- 
ation with Methylene Blue, the output from an 
LGK 7628 He-Ne laser operated at 6 mW was 
passed through a defocusing lens so that the 
light beam filled nearly the full face of the 
irradiation cell. 

Determination of the molar absorptivity of 
DPI%F 

Enough DPIBF to yield a 1.00 x 10V2&f sol- 
ution was weighed into a IO-ml standard flask, 
solvent was added up to the mark, a small 
magnetic stirrer bar was added and the solution 
was stirred, while protected from light, until 
all the solute had dissolved. At regular inter- 
vals during the stirring, IO-$ aliquots were 
removed, quantitatively diluted to 3.00 ml, and 
the absorbances at 404 nm measured. This was 
continued until complete dissolution of the 
solid was indicated by no further change in the 
absorbance, which was then used to compute 
the molar absorptivity of DPIBF in the solvent 
used. 

Procedure 

All measurements were made at room tem- 
perature (25 f 2”). All solvent samples were 
pre-eq~~brated with air by passage of an air 
stream through them for at least 20 min. A glass 
cuvette of known volume, fitted with a stop- 
cock, was charged with a weighed amount of 
DPfBF and a small magnetic stirrer bar (also of 
known volume). Sufficient stock solution in the 
test solvent sensitizer to give a final absorbance 
at 546 nm greater than 1.0 was added by 

syringe, then the cuvette was filled by syringe 
with the solvent of interest to a point well above 
the stopcock. The sealed cuvette was placed in 
a cell holder and the contents were mixed by 
magnetic stirring until the DPIBF was com- 
pletely dissolved, as indicated by constancy of 
the absorbance at 404 nm for a 10.0~~1 sample, 
withdrawn and mixed with 3.00 ml of solvent. 
The sealed cuvette was then repeatedly irradi- 
ated with 546~nm light for constant periods of 
time (t~ically 20 set), the absorbance at 404 nm 
being measured after each irradiation, 

To determine the oxygen concentration of the 
solution, absorbance vs. time plots were pre- 
pared (e.g., Fig. l), from which the total change 
of absorbance due to i~a~ation, A.4, could be 
found. By use of the molar absorptivity, AA was 
converted into amount of DPIBF consumed, 
which corresponded to the amount of oxygen 
present in the solution before the irradiation 
was started. 

RRSULTS AND DISCUSSION 

The results for five different solvents and a 
set of mixed ~-methylfo~amid~~tone sol- 
utions are presented in Table 1. Each value is 
the mean of 3-5 determinations. The absolute 
average deviations (AAD) indicate the repro- 
d~ibility of the dete~inations; the relative 
average deviations ranged from 2.5% (DMSO) 
to 8% (acetone) and were typically 6%. We 
can judge the accuracy of our method by 
the results for acetone, for which there is 

limo (se@ 

Fig. 1. Plot showing the change of absorbance of diphenyl- 
isobenzofuran (at 404 nm) with time of irradiation, for 
air-saturated acetone containing Rose Bengal as sensitizer. 

For this irradiation, AA = 0.132. 
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Table 1. Solubilities of oxygen in air-saturated solutions 
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This work 

Absolute 
average Literature 

Solubility, deviation, values, 
Solvent IO-3lU lo-‘A4 lo-‘M References 

Acetone 2.31 0.19 1.89-2.42 1 
2.40 2 
2.3 3 

Acetonitrile 2.42 0.14 1.70 3 
Dimethylsulfoxide 0.33 0.008 0.32-0.58 I 

0.44 3 
Ethanol 1.94 0.09 2.0 1, 8, 9 
N-methylformamamide 1.31 0.04 - 
3 : 1 NMF : acetone* 0.79 0.05 - 
1: 1 NMF : acetone* 0.82 0.05 - 
1: 3 NMF : acetone* 1.76 0.11 - 

*Mole ratio. 

agreement among four independent literature 
values that the solubility of oxygen in acetone 
saturated with air is 2.35 f 0.05 x 10e3M at 25”. 
Our value, 2.37 + 0.19 x 10d3M, is in excellent 
agreement with this consensus value. We ob- 
tained the same value with either Methylene 
Blue or Rose Bengal as sensitizer. 

Ethanol provides a second benchmark for 
judging our method. The consensus value as 
evaluated by Battino’ has been verified by 
Tokunaga’ and most recently by Ltihring and 
Schumpe,’ all of whom find a concentration 
of 2.0 + 0.05 x 10m3M in an air-saturated 
solution. Our measurements with Methylene 
Blue as sensitizer gave 1.94 + 0.09 x 10m3M. 
Measurements with Rose Bengal gave a value 
15% lower, but the stoichiometry of consump- 
tion of DPBIF by oxygen is not 1:l for this 
combination of sensitizer and solvent. It has 
been shown that Rose Bengal sensitizes produc- 
tion of superoxide anions as well as singlet 
oxygen,” and in a protic solvent such as 
ethanol, the superoxide is destroyed by proton 
abstraction from the solvent.” 

For dimethylsulfoxide, the reported values 
cover a relatively wide range (we have con- 
verted values for equilibrium with pure oxygen 
at 1 atm pressure into values for equilibrium 
with air, for purposes of comparison): 3.23 x 
10w4M,12 4.4 x 10-4M,3*‘3 4.64 x 10T4M,14 and 
5.80 x 10-4M.‘s Our result, 3.28 f 0.08 x 
10e4M, is in excellent agreement with the lowest 
of these values but is not compatible with the 
others. For this solvent, Methylene Blue is not 
a suitable sensitizer; irradiation causes decom- 
position of the sensitizer, accompanied by 
generation of a gaseous product, indicating 
complex photochemistry. 

In the case of acetonitrile, only one pre- 
vious determination seems to have been made, 
Achord and Hussey3 reported a value of 1.7 x 
lo-‘M, significantly lower than our value of 
2.42 k 0.14 x 10m3M. We also obtained a lower 
value than theirs for dimethylsulfoxide, indicat- 
ing that the discrepancy, which falls well outside 
the reported uncertainties in the experiments, is 
not due to a systematic error. As was the case 
for acetone, our solubility determinations for 
acetonitrile gave the same results with either 
sensitizer. 

Errors in our determinations could arise from 
incomplete saturation with air, incorrect molar 
absorptivities, oxygen desorbed from the cell 
walls, photodegradation of DPIBF by com- 
peting reactions, or competing photoreactions 
with oxygen. Since the solvent samples were 
likely to be air-saturated as received, and air 
was bubbled through them for 20 min, lack of 
saturation is unlikely. The molar absorptivities 
of DPIBF in each solvent were independently 
determined. Though they differed slightly from 
solvent to solvent, all values were about 2.2 x 
10“ 1. mole-’ . cm-‘, which is of the same order as 
that reported for DPIBF in dimethylformamide 
(2.8 x 10“ at I,,, = 415 nm).16 The initial ab- 
sorbances of the solutions prepared for irradia- 
tion were also found to be consistent with the 
independently determined molar absorptivities. 

We have found evidence for either desorp- 
tion of oxygen or a competing photoreaction 
in dimethylsulfoxide and N-methylformamide, 
where the plots of absorbance US. irradiation 
time showed a small but distinct downward 
slope after the consumption of oxygen was 
apparently complete. Irradiation of argon- 
saturated solutions under identical conditions 
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also yielded slowly decreasing absorbances, with 
the same slopes. Since this slow consumption 
of DPIBF occurs with only two of the four 
solvents we believe that it is due to a solvent- 
dependent competing photodegradation reac- 
tion rather than to desorption of oxygen from 
the cell walls, which should be the same for 
all the solvents tested. In any case, we have 
corrected our results for this slow process by 
extrapolating the final slope to zero time and 
measuring AA from the initial absorbance to the 
intercept. 

For two of the solvent-sensitizer combi- 
nations, our observations indicate that com- 
petitive reactions involving oxygen are involved: 
Methylene Blueedimethylsulfoxide and Rose 
Bengal-ethanol. Comparison measurements 
with different sensitizers provide a sensitive 
way of identifying the presence of such 
complications. 

Mixed solvent systems are frequently attrac- 
tive for studies of photophysical processes, as 
they afford an easy way to adjust solvent prop- 
erties (viscosity, dielectric constant) as well as 
substrate solubility. There are virtually no data 
available on the solubility of oxygen in mixed 
solvents other than water-alcohol mixtures. 
We have chosen to look at the N-methyl- 
formamide-acetone system, which yields an 
extremely wide range of dielectric constants. A 
consideration of the thermodynamics of ternary 
mixtures of a gas and two liquids shows that the 
Henry’s law constants (H) may be expected to 
follow a logarithmic equation:” 

lnH,i,=x,lnH,+x,lnH,-AG,/RT (1) 

where AG, is the molar excess Gibbs free energy 
of the solvent mixture containing the two sol- 
vents 1 and 3 in mole fractions x, and x3, and 
Hi is the Henry’s law constant for the ith solvent 
system, relating mole fraction of dissolved gas, 
x2, to gas pressure p2: 

~z=-G-fi 

Figure 2 shows the logarithms of the Henry’s 
law constants obtained from our measurements, 
vs. mole fraction of solvent. Also shown is the 
solubility curve calculated from the logarithmic 
equation by using excess Gibbs energies from 
the literature.18 It is clear that the oxygen solu- 
bility relationship is more complicated than the 

1 4 

I 

E 

4.5 . '. . -. 
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0 

Fig. 2. Variation of the Henry’s law constant H with sol- 
vent composition for oxygen in acetone-N-methylfor- 
mamide mixed solvent. Open squares are experimental 
data points (error bars indicate average absolute devi- 
ations), the solid line is computed from the thermody- 
namics [the solid squares were calculated by using 

equation (l)]. 

logarithmic equation predicts. The shape of the 
observed variations is similar to that computed 
from the excess free energies of mixing, but the 
magnitude of variation at high acetone concen- 
trations is much larger than predicted. While 
this behavior may appear anomalous, similar 
observations of solubilities that exhibit maxima 
or minima at intermediate solvent compositions 
have been reported, e.g., acetylene dissolved in 
acetone-hexane mixtures.” Our observation of 
such deviations from simple expectation empha- 
sizes the necessity of determining experimental 
solubilities for work associated with the oxygen 
contents of mixed solvent systems. 

The solubility of oxygen in an acetone-rich 
mixed solvent is sufficiently lower than the 
oxygen content of the pure solvents for bubble 
formation to be observed on mixing of the two 
components, if equilibration is rapid enough. 
For a 1: 1 mole ratio solution, 0.026 ml of 
gas should be liberated per ml of solvent. We 
have looked for evidence of bubble formation 
is freshly-mixed acetone-l\r-methylformamide 
solutions, both stirred and unstirred, with and 
without boiling chips present to provide 
nucleation centers. No bubbles were observed. 
As our solubility determinations are consis- 
tently reproducible, we attribute the lack of 
bubble formation to slow equilibration between 
the gas and liquid phases after mixing of these 
solvents. 
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SYNTHESIS AND RESPONSE OF NEW MICROSENSOR 
COATINGS-II* 

ACRIDINIUM BETAINES AND ANIONIC SURFACTANTS 
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Summary-Four acridinium betaines and two ionic surfactants were synthesized, and evaluated as 
chemical microsensor coatings by exposure to vapors of chloroethyl ethyl sulfide (CEES) and dimethyl 
methylphosphonate (DMMP). Two of the acridinium betaines showed selective and reversible responses 
(of 9.8 and 6.8 kHz) as SAW (surface acoustic wave) coatings in the detection of CEES vapor: there 
appears to be a connection between the long alkyl chain (C-12 and C-14) in the acridinium molecules and 
the response. Response times were generally less than 30 set but desorption was significantly slower. The 
ionic surfactant coatings show small SAW changes ( > 0.5 kHz) in response to DMMP vapor, and 
somewhat greater responses (20- and 68-fold), as chemiresiston, to CEES vapor. In each case the response 
occurred within 3 min, with return nearly to baseline levels within 6 min of cessation of exposure to the 
vapor. The responses were reproducible within +5%. 

Chemical microsensors are devices which utilize 
a thin coating of an organic or inorganic film to 
give a selective and sensitive response to an 
analyte. A number of such sensors exist, includ- 
ing surface acoustic wave (SAW), chemiresistor 
and optical waveguide devices.‘v2 Our interests 
lie in preparing novel organic compounds as 
coatings for SAW delay lines and chemiresistor 
devices. These compounds are screened for their 
potential as sensitive and selective coatings for 
the detection of a variety of vapors (for a review 
see Katritzky and Offermar?). 

Both chemiresistor and SAW devices are 
manufactured from piezoelectric quartz crystals 
and have an interdigitated electrode array litho- 
graphically fabricated on the crystal surface.4v5 
The response of a chemiresistor device is a 
change in the resistance of a thin film coating 
between the interdigitated electrodes on its 
surface (monitored by an electrometer) on expo- 
sure to a vapor. In an SAW device a frequency 
counter is used to monitor changes in the reso- 
nant frequency of the device when exposed to a 
vapor.a. This change is related to the mass 
uptake of the vapor by the coating. SAW 
devices are similar to piezoelectric quartz crystal 
sensors,93’o but are more sensitive (owing to their 

*Part I-A. R. Katritzky and R. J. Offerman, Langmuir, 
1989, 5, 1987. 

§Author for correspondence. 

higher operating frequencies), smaller, easier to 
coat and more rugged. Whereas for a chemi- 
resistor device only resistance measurements 
can be made, for an SAW device resistance 
and frequency measurements can be made 
simultaneously with the appropriate electron- 
ics.6 

Various compounds have been employed as 
coatings for SAW and other piezoelectric 
devices3T1 Many of these materials have not 
been adequately characterized in the literature, 
so it is difficult to use the literature to predict 
their selectivity. To date, no systematic ap- 
proach has been taken for identification or 
development of new microsensor coatings, and 
the selection of coatings for SAW devices 
appears to be based primarily on the solubility 
of the analyte in them.‘2-‘4 There are few reports 
on selective coatings for use in chemiresistor 
devices.5g6 

Currently we are interested in identifying film 
coatings for two types of chemical micro- 
sensors-chemiresistors and SAW devices-for 
the detection of dimethyl methylphosphonate 
(DMMP) and chloroethyl ethyl sulfide (CEES). 
Our interest in the detection of DMMP is its 
usefulness as a model compound (simulant) for 
work on other phosphonate esters. The phos- 
phonate ester group is found in a number of 
‘pesticides and its detection at low levels is 
an important industrial and environmental 
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problem. The examination of CEES reflects the 
importance of the detection of the sulfide group 
at low levels in the environment. In addition, 
DMMP is a non-toxic simulant for phos- 
phonate nerve-gas agents, and CEES, though 
toxic, is a relatively safe simulant for mustard- 
gas type agents. Water vapor was chosen for 
interference studies as (in the form of humidity) 
it could pose a problem in the detection of either 
DMMP or CEES in ambient air. 

Previous work” in our laboratory has shown 
that a number of pyridinium compounds 
(pyridine l-oxides, pyridinium salts and pyri- 
dinium betaines) show utility as coatings for 
microsensors in the detection of CEES and 
DMMP. We have therefore extended the in- 
vestigation to acridinium betaines as sensor 
coatings. These compounds are similar to the 
pyridinium betaines but with the quaternary 
nitrogen shielded by a bulkier hydrocarbon 
group. We envisaged that the additional hydro- 
carbon mass around the ionic site would reduce 
the interference of water vapor. 

A number of methods are available to apply 
coatings to microsensor devices and the selec- 
tion of a particular coating technique can 
greatly influence the choice of a coating, and 
vice versa. Coating techniques can include 
sublimation,‘5 spin coating,‘j spray coating6 and 
the Langmuir-Blodgett (L-B) technique.‘gt5-” 
By the L-B technique the coating can be applied 
in ordered monolayers,’ but sophisticated 
equipment is required. For this study we used 
spray coating, as this method is fast, versatile, 
and reproducible. 

Inadequate characterization of coating 
materials has been a problem which has plagued 
studies of microsensor coatings in the past. 
Each of the coatings used in this work was 
characterized by elemental analysis and ‘H and 
‘C NMR spectroscopy. 

EXPERIMENTAL 

Apparatus 

Melting points were uncorrected and were 
taken on a Thomas-Hoover melting point 
apparatus. The ‘H NMR spectra were recorded 
with a Varian EM 360 L (60 MHz) NMR 
spectrometer or a JEOL FX- 100 (100 MHz) 
NMR spectrometer with tetramethylsilane 
(TMS) as the internal standard. The 13C NMR 
spectra were recorded with a JEOL FX-100 
(25 MHz) NMR spectrometer or a Varian 
XL-200 (50 MHz) NMR spectrometer with 

CDCL, (6 77.0) as the internal reference. 
Reagent grade chemicals were used, without 
further purification. 

Synthesis of coating materials 

Schemes 1 and 2 show the synthetic routes 
used, for carbazoles and acridinium be- 
taines,‘s-20 respectively. 

Preparation of l-(4-aminophenyl)carbazole, 6. 
1 -(p -Nitrophenyl)carbazole, 4, was prepared by 
a literature procedure*’ by stirring 4.50 g 
(27 mmole) of carbazole and 0.80 g of sodium 
hydride (32 mmole) in 44 ml of nitrobenzene at 
60” for 7 hr, cooling, filtering off the precipitate 
and recrystallizing it from water, to obtain 2.76 
g (36%) yield: m.p. 210-212” (lit.*’ 210”); ‘H 
NMR (CDCl,) 6 8.60 (d, 2 H, J = 9 Hz), 
8.30-8.00 (m, 2 H), 7.85 (d, 2 H, J= 9 Hz), 
7.60-7.20 (m, 2 H); 13C NMR (CDCI,) 6 145.8, 
143.8, 139.8, 126.7, 126.4, 125.4, 124.1, 121.2, 
120.6, 109.6. 

The nitro compound 4 (0.93 g, 3 mmole) was 
reduced by heating under reflux with iron filings 
(3.7 g) and concentrated hydrochloric acid (2.3 
ml) in 23 ml of 95% ethanol for 4 hr. The 
mixture was filtered hot, with celite, the result- 
ing solid being washed with absolute ethanol 
and the washings added to the filtrate. The 
filtrate was alkalized with saturated aqueous 
sodium carbonate solution and the precipitate 
was collected and washed with absolute ethanol. 
The product was dried and partitioned between 
diethyl ether and water. The ether extract was 
dried with anhydrous magnesium sulfate and 
the solvent removed to yield 0.75 g (90%) of 6 
as a resin: ‘H NMR (CDCl,) 6 8.40-8.10 (m, 2 
H), 7.50-7.10 (m, 8 H), 6.70 (d, 2 H, J = 9 Hz), 
3.5 (br, NH,). 

Preparation of 2-carbazol- 1 -yl-5-aminopyri- 
dine, 7. This was prepared by a modification of 
the literature procedure.*’ Carbazole (5.5 g, 33 
mmole) was added to a stirred suspension 
of sodium hydride (0.98 g, 39 mmole) in dry 
dimethylformamide (DMF) at room tempera- 
ture. After the evolution of gas had ceased 
and the reaction mixture had cooled to room 
temperature, 2-chloro-5nitropyridine (5.23 g, 
33 mmole) was added in portions. The resulting 
dark solution was stirred at room temperature 
for 2 hr and then poured onto ice. The solid was 
collected by filtration, washed with water and 
diethyl ether and recrystallized from benzene to 
give 5.4 g (57%) of 5: m.p. 185-188”; ‘H NMR 
(CDC&) 6 9.50 (d, 1 H, J = 3 Hz), 8.55 (dd, 1 H, 
J = 9 Hz, J = 3 Hz), 8.30-7.20 (m, 9 H); 
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13C NMR (CDQ) 6 155.8, 145.4, 130.6, 133.3, resulting solid was removed by filtration. The 
128.3, 126.7, 125.3, 122.6, 120.3, 116.5, 112.1. products were n-(C,,H,,)N(CH,): .I- and n- 
C,,H,,N302 requires C, 70.58%; H, 3.80%; N, (C,,H,,)N(CH,): *p-CH3CsH,SO;, 13a and 
14.53%; found: C, 70.3%; H, 3.75%; N, 14.4%. 13b respectively. 

The nitro compound 5 (2.00 g, 7 mmole) was 
reduced as described for 4, with 8.0 g of iron 
filings, 5.0 ml of concentrated hydrochloric acid 
and 50 ml of 95% ethanol, with heating for 4 hr. 
This resulted in 1.80 g (100%) of the product, 
which was crystallized from a 1: 1% mixture of 
benzene and hexanes: m.p. 153-154”; ‘H NMR 
(CDC&) 6 8.40-8.00 (m, 3 H), 7.90-7.20 (m, 7 
H), 7.00 (dd, 1 H, J = 10 Hz, J = 3 Hz), 3.6 (br, 
NH,); 13C NMR (CDCl,) 6 142.1, 141.8, 140.1, 
136.2, 125.9, 123.8, 123.5, 120.1, 110.5. Anal. 
C,7H,3N3 requires C, 78.76; H, 5.01; N, 16.21; 
found: C, 78.44; H, 5.19; N, 15.84. 

Determination of coating response 

Preparation of acridinium betaines, 12.“-” 
Compounds 12a and 12b were prepared as 
follows. Triethylamine (3 eq.) and the amine 1 
eq.) were added to a suspension of the 
xanthylium perchlorate, 11 (1 eq.) in dichloro- 
methane. The mixture was stirred at room tem- 
perature for 3 hr. Glacial acetic acid (3 eq.) was 
added to the solution and the stirring 
was continued for 22 hr. The organic phase 
was separated, washed with saturated sodium 
chloride solution, and dried over anhydrous 
magnesium sulphate, and the solvent was 
evaporated. The residue was stirred with diethyl 
ether and the resulting solid collected by 
filtration. 

Simultaneous chemiresistor and SAW 
measurements were performed with a dual 52 
MHz surface acoustic wave device (Microsensor 
Systems, Inc., Part SD-52-B) as described in 
detail previously. 3,6 The 52 MHz SAW delay line 
was fabricated from ST-quartz (1.5 x 2 cm slab) 
with gold interdigitated electrodes (laid down by 
optical lithography). The electrodes each had 50 
fingers 15 pm in width and spaced 45 pm apart, 
giving a 15-pm gap between the intermeshed 
fingers of the electrode pair. The acoustic aper- 
ture was 4800 pm and the electrode thickness 
was 760 A. The center-to-center spacing of the 
SAW transmitter-receiver electrode pair was 1 
cm. The device is shown schematically in Fig. 1. 

Compounds 12c and 12d were prepared by 
the addition of 3 eq. of triethylamine and 1 eq. 
of the carbazoie to a suspension of 1 eq. of the 
xanthylium perchlorate 11 in ethanol. The 
mixture was heated under reflux for 21 hr and 
the solid collected after cooling. The solid was 
dissolved in the minimum of a dichloro- 
methane/trifluoroacetic acid mixture (1: 1) and 
the solution extracted three times with water. 
The organic phase was dried, the solvent 
removed in tracuo and the residue triturated with 
diethyl ether to yield the acridinium betaines 
12qd. 

For coating, the device was placed in a 
machined Teflon or Nylon housing in which 
provision had been made for pressure-clip 
connection to the interdigitated electrodes. The 
coating materials were spray-coated onto the 
device with an air brush, with nitrogen as 
propellent, the coating thickness being moni- 
tored by means of the frequency counter until 
the desired frequency shift of 50 kHz had been 
achieved (see reference 10 for more details). The 
test vapors were generated by passing a regu- 
lated flow of nitrogen through a vapor bubbler 
equipped with a gas dispersion tube, at 0”. The 
vapor pressures of CEES and DMMP can be 
calculated by using the equation:22 

log P = 2.8808 - 
@AT 

T-0.15AT 

Preparation of ionic surfactants, 13. To a 
mixture of the amine (1 eq.) and tributylamine 
(2 eq.) in DMF the alkylating agent (3 eq.) was 
added at room temperature (methyl iodide 
directly, methyl tosylate as a solution in 
DMF). An exothermic reaction occurred and 
the reaction mixture was stirred at room tem- 
perature for 7 hr (methyl tosylate) or 12 hr 
(methyl iodide). The reaction mixture was 
diluted with diethyl ether and stirred, and the 

where p = vapor pressure (mmHg) at absolute 
temperature T, @ = entropy of vaporization 
at 760 mmHg (estimated from graphs in 
reference 22), and AT = boiling point (at 
760 mmHg) - T. 

With this equation, and assuming the ideal 
gas law holds, the concentrations of DMMP 
and CEES can be calculated to be 5.2 and 30.7 
g/m3, respectively. The vapor pressure of water 
at 0” corresponds to a concentration of 4.8 g/m3. 
These concentrations were checked gravimetri- 
tally by sampling the exit vapors. The concen- 
trations were 3 g/m’ for DMMP, 23 g/m3 for 
CEES and 2 g/m3 for water, in each case a good 
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Pletoelectrio quartz 

\ 

[Digital output 1 

Fig. 1. Dual 52 MHz SAW device used for simultaneous mass and conductivity measurements with 
computer-controlled data acquisition. 

deal less than expected from the vapor pressure 
calculations. 

The resonant frequency was monitored with 
a Phillips Model PM 6674 universal frequency 
counter (550 MHz). The conductivity was 
measured by application of a 1-V bias to either 
of the two remaining electrodes and measure- 
ment of the current with a precision current-to- 
voltage converter consisting of an operational 
amplifier and a switch-selectable feedback resis- 
tor. A Keithley 617 programmable electrometer 
was used. 

Frequency and resistance measurements were 
taken at 3-5 set intervals in the region of the 
time when the vapor flow was turned on and off, 
and at 10 set intervals throughout the remainder 
of the run. The frequency and resistance 
measurements were collected and stored by an 
Apple IIe personal computer with an IEEE-488 
interface. 

RESULTS AND DISCUSSION 

Acridinium betaines 

The synthesis of the acridinium betaines (12) 
by reaction of the xanthylium salts (11) with the 
corresponding amine was performed as shown 
in Scheme 2. The carbazolamines employed 

were prepared as shown in Scheme 1 from the 
sodium salt of carbazole (1) and the correspond- 
ing nitro compound (2 and 3). The l-substituted 
carbazole (4 or 5) was then reduced with iron 
and hydrochloric acid to yield the correspond- 
ing amine (6 or 7). 2’ The pyridine derivatives 
were characterized by their ‘H NMR spectra 
and their compositions were confirmed by ele- 
mental analysis. The ‘H NMR spectrum of the 
nitro compound (5) displayed a doublet at 6 
9.50 (J = 3.0 Hz) and a doublet of doublets at 
6 8.55 (J = 9.0 Hz, J = 3.0 Hz) which could be 
assigned to the pyridine ring H-6 and H-4, 
respectively. In the corresponding amino com- 
pound (6) a doublet of doublets at 6 7.00 
(J = 10.0 Hz, J = 3.0 Hz) was assigned to H-4 of 
the pyridine ring. 

The xanthylium salt (11) was prepared by 
sulfonation of p-methoxybenzaldehyde and 
subsequent reaction of the sulfonate with a- 
tetralone (10). ‘O Reaction of the xanthylium 
salts with the amine resulted in formation of 
the acridinium betaines in yields ranging from 
30 to 80% (Table 1). 

The acridinium betaines (12a,b) wre prepared 
by reaction of the amine and the xanthylium salt 
at room temperature in methylene chloride 
according to a known procedure.2 The betaines 
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Scheme 1. Synthesis of N- substituted carbszoles 

Nat 

1 2. X=CH,Z=H 
3. X E N, 2 = Cl 

4.XuCH \ 
S.X=N NCz 

Fe , HCI I 

7.XmN 

Scheme 1. 

(12c,d) were prepared by heating equimolar in absolute ethanol. The betaine structures were 

amounts of the amine, the xanthylium salt and confirmed with the aid of ‘H and ‘%I NMR data 

three equivalents of triethylamine under reflux (with the exception of 12d, which was too 

CHO 

soa 
H2=4 

-I 

RNH2 

12. a. R=C,4H29C6H4 
b. R = C,2HI 
c. R = (Carbazol -1 -yl)phenyl 
d. R = P-(Carbazol-I-yl)-3-pyridyl 

Scheme 2. Synthesis of acridinium betaines 
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Table 1. Characteristics of acridinium betaines (12) and ionic surfactants (13) 

Required, % Found, % 
Yield, Crystal Crystallization m.p., 

Cpd. % form solvent “C Formula C H N C HN 

12a 80 
12b 19 

1zC 30 

12d 30 

13e 61 
13b 41 

Micro 
Yellow 
powder 
Yellow 
powder 
Yellow 
prisms 
Needles 
Plates 

EtOH/H,O 204-214 C,H,NSO,.ZH,O 14.03 7.71 1.80 14.2 7.48 2.27 
Diethyl 
ether 169-171 C,,,H,,NSO,~ZHrO 71.32 1.57 2.08 11.7 7.21 2.05 
EtOH/H,O 348(dec.) C,H~N2S0,~2.5H,0 73.99 5.26 3.71 73.2 4.85 3.67 

EtOH/H, 0 > 350(dec.) C,,H,,N,SO,.2HrO 12.27 4.67 5.90 12.4 4.69 5.54 

EtOH 238-241* C,, H,NJ 57.39 10.55 3.19 57.4 10.55 3.16 
EtOH 223-225 C,H,,NSO, 69.51 11.04 2.90 69.5 11.24 2.86 

*Literaturez4 melting point 237-238.5”. 

insoluble for useful spectra to be obtained) and 
by elemental analysis (Table 1). The ‘H NMR 
spectra of the betaines exhibited a broad singlet, 
6 3.94.1, corresponding to integration for the 
three protons and of the methoxy group. The 
remaining resonances in the aromatic or alkyl 
region showed the requisite integral signals and 
could be assigned to either the N-side-chain or 
to the acridinium group (Table 2). The 13C 
NMR spectra of the adducts (Table 3) were 
complex but the requisite number of carbon 
signals were seen for each compound. 

Ionic surfactants 

Two quaternary ammonium salts (13) were 
prepared from octadecylamine for use as micro- 
sensor coatings. Methylation of octadecylamine 
with methyl iodide in DMF in the presence of 
tributylamine gave the methiodide (13a); the 
melting point agreed with that reported in the 
literature.24 A similar method provided the p- 
toluenesulfonate (13b), characterized by ‘H and 
13C NMR data (Tables 2 and 3). Doublets at 6 
7.85 and 7.20, each giving integration for 2 H 
(J = 8 Hz), were attributed to the phenyl reso- 
nances. Multiplets at 6 3.4-3.3 and 1.60-0.80, 
with integration for 11 H and 35 H, and a singlet 
for 3 H were assignable to the quaternary 

ammonium group, the adjacent methylene 
group, and the remaining alkyl protons, respec- 
tively. 

Responses of coatings to vapors 

Each of the coatings was spray coated onto 
an SAW delay line until a 50 kHz shift in the 
resonant frequency of the device was achieved. 
This frequency shift was used simply to ensure 
that the coatings had comparable film thick- 
nesses, but could also be used to calculate the 
mass per unit area of the coating film.* Simulta- 
neous SAW and chemiresistor measurements 
were then made while the device was exposed to 
DMMP, CEES, and water vapors. The vapors 
were generated by using a gas dispersion tube, 
with nitrogen as carrier gas. Flow-rates over the 
device were monitored with a flowmeter and 
were nominally 5 ml/min. The system was first 
purged with nitrogen for 5 min to establish a 
baseline, then exposed to the vapor stream for 
40 min and finally purged with nitrogen for 
50-60 min. 

Table 4 summarizes the frequency shifts in the 
resonant frequency of the device and the factor 
by which the resistance of the coating changed. 
Each of the coatings gave baseline resistances in 
the 100-200 GS2 range. SAW responses were 

Table 2. ‘H NMR data for comoounds 12 and 13* 

Cpd. 

12a 

12b 

lkt 
12d 8 
13&l None 3.8-3.4 (m. 11 H), 2.0-0.9 (m, 35 H) 
13b 7.85 (d, 2 H, J = 8 Hz), 7.20 (d, 2 H, J = 8 Hz) 3.3 (m, 11 H), 2.3 (s, 3H), 1.6-0.8 (m, 35H) 

Aromatic region 

7.95-7.85 (bs, 6H), 7.76.5 (m, 14H) 

8.3-8.0 (bs, 1 H), 7.9-7.1 (m, 8 H), 

8.5-6.9 (m, 23 H) 

Aliphatic region 

4.9-4.3 (bs, 1 H), 3.99 (s, 3 H), 3.1-2.3 (m, 10 H) 
1.90-0.70 (m, 27 H) 
5.7-5.3 (m, 2H), 4.1 (s, 3H), 3.3-2.4 (m, 8H), 
1.6-0.7 (m. 23 H) 
3.9 (bs, 3 H), 2.7 (m, 8 H) 

*CDCl, as solvent, TMS as reference. 
tCDCl,/F,CCO,D as solvent, TMS as reference. 
§The NMR spectrum was not obtained, owing to the insolubility of this compound. 
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Table 3. 13C NMR data for compounds 12 and 13* 

917 

Cpd. 

12a 

12b 

IW 

1M 
130 

Aromatic region 

158.1, 155.6, 148.2, 146.5, 141.9, 139.3, 138.2, 
135.2, 130.6, 130.4, 130.3, 130.2, 130.1, 130.0, 
129.7, 129.6, 129.4, 129.3, 129.1, 128.9, 127.9, 
127.1, 126.0, 124.6, 112.1 
157.6, 155.0, 152.8, 140.5, 137.2, 135.0, 132.5, 
130.0, 128.3, 128.1, 128.0, 125.0, 112.5, 
159.2, 158.4, 155.5, 148.5, 142.2, 140.7, 140.0, 
138.4, 132.5, 131.7, 131.2, 130.7, 130.5, 129.4, 
130.2, 129.5, 129.4, 128.4, 126.2, 124.5, 124.0, 
120.3, 120.2, 112.7, 108.9 
§ 
None 

13b 144.5, 138.9, 128.5, 125.7 

Aliphatic region 

56.1, 35.5, 31.9, 31.2, 29.9, 29.7, 29.4, 29.4 
29.2, 29.2, 29.1, 28.9, 28.8, 28.4, 28.2, 22.7 
14.1 

64.2, 56.2, 40.0, 31.6, 29.5, 29.1, 28.9, 28.8, 
28.3, 28.1, 29.0, 26.1, 25.3, 22.4, 13.9 
55.9, 28.1, 28.0 

66.8, 53.5, 31.6, 29.4, 29.2, 29.1, 29.0, 28.9, 
25.8, 22.9, 22.4, 13.8 
66.5, 52.9, 31.7, 29.5, 29.1, 29.0, 26.1, 23.0, 
22.5, 21.0, 13.8 

*CDCI, as solvent, CDCl, (6 77.0) as reference. 
tCDCl,/F,CCO,D as solvent, CDCl, (6 77.0) as reference. 
§The NMR spectrum was not obtained, owing to the insolubility of this compound. 

calculated by subtracting the lowest frequency unfortunately not completely reversible. Fifty 
reached, from the baseline frequency (nominally minutes after the vapor had been removed 
52 MHz). Resistance responses were calculated the device still exhibited a 4 kHz shift. Com- 
by dividing the baseline resistance by the lowest pound 12d, which tended to be hygroscopic, 
resistance reached. Resistance changes are showed its greatest response to water vapor, 
therefore “factors” and a response close to unity with much smaller responses to CEES and 
denotes essentially no change. DMMP vapor. 

The ionic surfactant films showed very small 
responses for the frequency-based detection of 
DMMP, CEES or water vapor, but the chemi- 
resistor response was greatest for the detection 
of CEES with the iodide 13a, which gave a 
53-fold change in resistance. The tosylate salt 
13b also exhibited its largest chemiresistor re- 
sponse on exposure to CEES. Neither coating 
gave significant responses to DMMP vapor and 
the responses to water vapor were nearly as 
great as the responses for CEES vapor. 

The acridinium betaines 12 in general exhib- 
ited their largest response as SAW coatings in 
the detection of CEES vapor. As can be seen in 
Table 4 the largest frequency shifts were given 
by compounds 12a and 12b on exposure to 
CEES, 9.8 and 6.8 kHz, respectively (see Fig. 2). 
The response of 12a to CEES was rapid but 

In general it appears that a long alkyl 
chain is necessary in the acridinium betaines 
for SAW response to occur with CEES 
vapor. We have previously reportedlO that the 
presence of a sulfonate group in an organic 
coating enhances its interaction with CEES 
vapor, resulting in large changes in resistivity. 
At present we are uncertain why these phen- 
omena occur, but they appear to arise only with 
compounds in which the sulfonate group is 
attached to a large organic ring system such as 
the acridinium betaine and not to a smaller 
moiety, even with a long chain alkyl group, such 
as in 13b. 

14 

Table 4. Response of acridinium betaines (12) and ionic 
surfactants (13) to vapors of DMMP (512g/m3), CEES 

(30.7 g/m’) and water (4.8 g/m3) 

Resistance change Frequency shift, 
factors kHz 

Cpd. DMMP CEES H,O DMMP CEES H,O 

12n 2 16 13 1.7 9.8 2.4 
lfb 0 2 5 1.1 6.8 1.1 
12c 3 0 2 1.4 2.2 2.9 
12d 3 3 107 0.9 2.7 5.2 
13a 3 68 53 0.3 2.4 0.2 
13b 4 20 19 0.2 0.6 0.7 

-2?...,...,...,...,...,... 

0 20 40 60 80 100 1 

lime (mln) 

0 

Fig. 2. Frequency change us. time for response of com- 
pound 12a to CEES vapor. 
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Unfortunately, there are not yet complete 
theories to explain the vapor-coating inter- 
actions which result in frequency changes in 
SAW microsensor systems. Frequency changes 
can be explained, in part, as due to simple 
sorption (mass loading) of the analyte by 
the coating material, although a component of 
the frequency shift is related to the shear 
modulus of the film.* Thus, the simple solu- 
bility of the analyte in the coating, and the 
hydrogen-bond acceptor/donor natures of 
the analyte and coating seem to be the most 
important factors. Various equations defin- 
ing adsorbate/adsorbent interactions have 
been developed for the adsorption of organic 
compounds, by using linear solvation energy 
relationships (LSERs). ‘2-‘4 These LSERs are 
dependent on three indexes: z*, an index of 
solvent polarity/polarizability, the a-scale of 
hydrogen-bond donor acidities, and the b-scale 
of hydrogen-bond acceptor basicities.13 This 
approach, when applicable, has a great deal 
of potential for determining which features are 
desirable in a coating for it to interact with 
(adsorb) a given vapor. 

The effect of various vapors and gases (gener- 
ally N0,/N204) on the conductivity of thin 
films has been studied for some time.2593 In 
most of these cases the thin film was a metal 
oxide or a phthalocyanine metal complex. The 
latter, in the crystalline state, can exhibit 
pseudo one-dimensional metallic conductivity 
or semi-conductivity. 32 These conjugated or- 
ganic films (electron donors) form reversible 
charge-transfer complexes with NO2/N2O4 
(electron acceptor), which leads to chemi- 
sorption, with facile production of ionized 
states and charge carriers.28 

More recently, polypyrrole has been used as 
a chemiresistor coating for the detection of H2S 
and N0,/N204, 33 but it was remarked that the 
chemical composition and structural character- 
istics of such polymeric materials are not well 
defined. Indeed, coating materials are often 
poorly characterized and hence it is not surpris- 
ing to find that an understanding of the surface 
chemistry, particularly in terms of conductance 
mechanisms and gas absorption sites, is more or 
less non-existent.” 

We have recently examined a range of 
well characterized organic coatings to build 
a data-base of chemiresistor and SAW 
responses.3”36 These data will be used in a 
principal-components analysis to determine 

response), and hence shed some light on the 
mechanisms causing that response. 
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Summary-Phosphonic acids, phosphonate esters and cyclohexylammonium phosphonates, spray-coated 
onto surface acoustic wave (SAW) devices, were exposed to vapors of chloroethyl ethyl sulfide (CEES), 
dimethyl methylphosphonate (DMMP), and water. Changes in the resonance frequency of the device or 
the resistance of the coating were collected by computer-controlled data acquisition. Two of the esters 
showed major reversible and selective response to CEES, and one of the acids showed similar behavior 
with DMMP. 

In continuation of the work of this laboratory’-5 
in the relatively new field of chemical micro- 
sensors, we have used a surface acoustic wave 
(SAW) device equipped with the necessary elec- 
tronics for simultaneous resistance and fre- 
quency measurement,6 to explore the use of 
further novel organic compounds that may be 
suitable coatings for the sensitive and selective 
detection of chloroethyl ethyl sulfide (CEES, a 
simulant of mustard gas), and dimethyl methyl- 
phosphonate (DMMP, a nerve agent simulant). 
The investigation clearly has important impli- 
cations for industrial pesticide monitoring and 
military defense. 

Previous work in our laboratory on microsen- 
sor coatings was focused on utilizing pyridinium 
compounds (pyridine l-oxides,2 pyridinium 
salts,* and pyridinium’** and acridinium be- 
taines’), and met with some success. As men- 
tioned previously,’ the mass uptake on the 
surface of the device seems to be associated with 
the solubility of the test vapor in the coating 
material,‘-” so phosphonate esters and phos- 
phonic acids are promising candidates for such 
coatings, as the solubility of DMMP in such 
materials is expected to be high. For the same 
reason it was envisaged that such coatings 
would show good discrimination between 
DMMP and a given interferent (e.g., water). To 
that end we prepared a number of phenyl- 

*Part II-A. R. Katritzky, R. J. Offerman, J. M. 
Aurrecoechea and G. P. Savage, Talanta, 1990,37, 911. 

§Author to whom correspondence should be addressed. 

phosphonate esters, the corresponding acids (if 
stable), and their cyclohexylammonium salts, 
together with some diethyl benzylphosphonates 
and benzylphosphonic acids. These compounds, 
along with various commercially available 
benzyl- and phenylphosphonic acid derivatives 
which were also tested, are shown in Fig. 1. 

The methods routinely used to apply coatings 
to microsensor devices were reviewed in Part II 
of this series,’ and the spray coating method6 
was used in the present work, as described 
earlier. 

EXPERIMENTAL 

Simultaneous chemiresistor and SAW 
measurements were performed during exposure 
of the device to DMMP, CEES and water 
vapors, in turn. The dual 52 MHz surface 
acoustic wave apparatus used (Microsensor 
Systems, Inc.), has been described in detail 
previously. ‘J The experimental arrangements 
were the same as those described in Part II.’ Test 
vapors were generated as before, by passing a 
regulated flow of nitrogen through the pure test 
liquid at 0” in a vapor bubbler equipped with 
a gas dispersion tube. The flow-rate over the 
device was controlled by a flowmeter and was 
found to be 7.5 ml/min by use of a bubble meter. 
The absolute concentrations of the test vapor 
were not determined, but the conditions used 
were constant for successive runs.’ 

Initially the system was purged with nitrogen 
for 5 min to establish a baseline curve. The 
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\ 
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OH 

o==P-OH 

5 
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e. R = H. X = Et 

f. R-H, X-H 

g. R - Cl, X = H 

h. R-OMe. X-H 

i. R-‘Bu, X-H 

Fig. 1. The formulae of the compounds tested as coatings 
(for references and data see Table 1). 

device was then exposed to the vapor for 40 min, 
followed by a nitrogen purge for 50-60 min. If 
a response was irreversible, the SAW device was 
cleaned and recoated before exposure to the 
next test vapor. 

The SAW devices used were rinsed with 
acetone between runs, followed by ultrasonic 
cleaning for 10 min in spectroscopic grade 
2-propanol. 

All compounds, including those commercially 
obtained, were characterized by their ‘H-NMR 
and %NMR spectra, and by melting points 
for the solids. Correct elemental analyses 
were obtained for all the novel compounds 
synthesized. 

RESULTS AND DISCUSSION 

The responses are recorded in Table 1. The 
frequency shift was calculated as the difference 
between the lowest frequency recorded during 
exposure to a vapor and the initial (baseline) 
frequency. Resistance changes (resistances fac- 
tors) were the ratios of the initial (baseline) 
resistance to the lowest resistance recorded 
during exposure to a vapor. Thus, a resistance 
factor close to unity denotes essentially no 
change. Values marked with an asterisk indicate 
responses that were irreversible. Results were 
reproducible to within +5%. 

Table 1. Response of aryl phosphonic acids and aryl phosphonate esters on exposure to test vapor 

Compound characterization 

Coating Resistance change factor Frequency shift, kHz m.p. or b.p. Lit. 
mass, 

Cpd. kHz DMMP CEES H,O DMMP CEES H,O “C or TlmmHg Ref. Sour@ 

la 55 
lb 47 
lc 47 
Id 58 
le 49 
If 52 
kg 48 
lh 54 
2s 47 
2b 47 
3 51 
4 52 
5a 47 
I 54 
5e 
Sd :: 
Se 55 
Sf 53 
Sg 49 
Sh 52 
Si 54 

1.0 
1.0 
5.5 
1.0 
I.0 
2.7 
5.5 

32.5 
1.0 

40.5 
10.7 
3.9 
1.0 

3.0 
321* 

65.0 
1.0 

165* 
1.0 
0.4 

1.0 
1.8 

32.6 
1.0 
2.2 

10.5 
2.4 
3.8 

103* 
4.9 
6.1 
1.0 
1.0 
4.1 

::: 
144* 

1.6 
1.0 
3.3 

14.7 

142.3 
2.4 

3.5 x 10’ 
25.5 
67.0 

2.0 
12.8 
24.2 

1.2 
0 

3.3 
17.2 
1.0 
1.0 
3.7 

84.1 
9.1 
1.0 

31.7 
1.0 
3.6 

0.1 0.0 24.9 
0.0 15.1 2.9 
0.0 1.4 32.5 
0.0 2.9 0.0 
0.0 22.7 0.5 

21.1 77.5 13.7 
0.0 5.3 3.9 
1.1 2.6 1.5 
0.0 65.6 0.0 

16.2 2.8 40.7* 
33.2 3.9 3.4 
0.9 27 
0.0 2Y.i 1’5 

74.3 0:4 0:o 
0.0 24.5 1.6 

75.5* 0.0 3.9 
8.2 0.4 0.3 
0.0 7.0 0.1 
3.1 0.0 0.1 
1.3 0.5 0.3 
0.3 0.5 0.0 

162-164 162.5-163 
205-208/ 1 185-187/0.3 
264(dec) - 
99-100 99-101 

130-134/3 121-123/2 
201-205/4$ 

31-33 31-33 
>300 > 300 
136-139/4 106-l 10/0.2 
280 (dec)j - 

154-156 154.5-155 
254-2581 192-193 
142-14413 130-133/2 
185-187 185-186 
184-188/4 148-153/O. 1 
234-236 232-234 
162-166116 160-164115 
172-174 173-175 
165-166 302-306°F 
204-205 204206 
193-1943: 

11 
Aldrich 

- 
Alfa 
Alfa 
- 
12 
11 
12 
- 
13 
11 
14 
14 
15 
15 
15 
15 
16 
17 
- 

A 
A 
B 
C 
C 
B 
B 
B 
B 
B 
B 
B 
B 

: 
B 
B 
B 
B 
B 
B 

*Irreversible response. 
?A = Aldrich; B = preparation by A. R. Katritzky and B. Pilarski; C = Alfa. 
iCorrect G and H values obtained. 
SResistance went irreversibly to zero. 
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-lo!. . . , . . ., . . * I.. . ,. . . , . . . I 
0 20 40 60 60 100 120 

Time (mln) 

Fig. 2. Frequency response of diethyl 4dimethylamino- 
phenylphosphonate (If) as a function of time, for vapor 

exposure (vapor on at 5.4 min, off at 45.8 min). 

Diethyl 4-dimethyiaminophenylphosphonate 
(If) gave the largest frequency shift, of 77.5 kHz, 
on exposure to CEES, and showed satisfactory 
discrimination, with shifts of only 13.7 and 
21.1 kHz for water and DMMP, respectively. 
Diethyl 2-thienylphosphonate (2a) also showed 
a large response to CEES vapor (65.6 kHz), and 
excellent selectivity with negligible responses to 
either water or DMMP. 

Figure 2 shows the change in frequency 
response with time, for diethyl 4-dimethyl- 
aminophenylphosphonate (If) exposed to 
CEES, DMMP and water. The frequency 
change occurs rapidly on exposure to CEES 
vapor and even more rapidly returns to almost 
baseline level when the vapor flow is replaced 
by a CEES-free gas-stream. The response to 
DMMP or water vapor is slower. Repeated 
exposure of If to CEES vapor did not result 
in saturation, and return to baseline frequency 

-20-I...,...,...,...,.. * ,.J 

0 20 40 60 60 100 

lime (mln) 

Fig. 3. Frequency response of 4methylbenzylphosphonic 
acid (Sb) as a function of time, for vapor exposure (vapor 

on at 5.2 min, off at 45.6 min). 

106 

104 

a^ 
E. 103 

8 
c 
B 

102 

,A 
8 10' 
Le 

100 

lo-‘7 
llme (mln) 

0 

Fig. 4. Chemiresistor response of bis(cyclohexylammonium) 
4-dimethylaminophenylphosphonate (lc) as a function of 
time, for exposure to water vapor (vapor on at 5.6 min, off 

at 45.1 min). 

was practically complete on cessation of the 
exposure. 

The greatest reversible frequency response to 
DMMP vapor was obtained with 4-methyl- 
benzylphosphonic acid (5h) (74 kHz, Fig. 3). 
This coating also showed excellent discrimin- 
ation, with little or no response to water or 
CEES vapors. The styrylphosphonic acid 3 also 
gave a good response to DMMP vapor (33 kHz) 
with good discrimination against water (3 kHz) 
and CEES (4 kHz). 

None of the phenylphosphonic acids or esters 
gave exceptional responses as chemiresistors. 
Diethyl 2-thienylphosphonate (2a) gave a sig- 
nificant, though irreversible, chemiresistor re- 
sponse to CEES. The benzylphosphonic acids 
5h, %I, and 5g gave large but irreversible resist- 
ance responses to DMMP. Diethyl benzyl- 
phosphonate (5e) exhibited a large reversible 
chemiresistance response (65 fold) to DMMP, 
and a still larger but irreversible response to 
CEES. 

It was not surprising that with many of 
the salts there was a large irreversible increase 
in conductivity on exposure to water vapor, 
as these salts are somewhat hygroscopic. It is 
interesting that the bis(cyclohexylammonium) 
4-dimethylaminophenylphosphonate (lc) gave 
a large (from 200 GQ to 560 k&I) reversible 
response to water vapor (Fig. 4). This means 
that such a coating on a chemiresistor device 
essentially constitutes a chemical switch for 
the detection of water vapor. This has poten- 
tial application in such areas as humidity 
control. 

It is not feasible to test a given coating with 
all the possible interferents it may come in 
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contact with, and it is unlikely that a coating 
could be found that would be totally selective 
for a given vapor. Nevertheless, this is not a 
limiting factor for microsensors. An array of 
sensors with different selective coatings, coupled 
with a pattern-recognition algorithm, should be 
able to detect and quantify a given analyte in a 
mixture of several vapors. Crucial to this goal is 
the discovery of coatings that show at least some 
selectivity of response to different vapors. 

All the diethyl phosphonates tested in this 
work are non-volatile, photochemically stable 
compounds. Heating the esters under reflux 
in concentrated hydrochloric acid for 24 hr 
resulted in minimal hydrolysis. The acids are 
also stable and have an indefinite shelf-life 
under ambient conditions, but the salts are 
generally slightly hygroscopic. Thermal stability 
is indicated by the generally high melting or 
boiling points, without decomposition. Thus, 
as chemical microsensor coatings, diethyl 
4-dimethylaminophenylphosphonate (If) and 
diethyl 2-thienylphosphonate (2a) appear to be 
excellent candidates for CEES detection, as 
does 4-methylbenzylphosphonic acid (5b) for 
DMMP detection. 
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COLORIMETRIC DETERMINATION OF LIPID 
HYDROPEROXIDES IN OILS AND FATS 

WITH MICROPEROXIDASE 
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Summary-The use of the peroxidase-like activity of microperoxidase for the calorimetric determination 
of lipid hydroperoxides in oils and fats has been investigated. The principle of the determination is that 
4-aminoantipyrine and N,N-diethylaniline are coupled oxidatively by the hydroperoxides through the 
action of microperoxidase, yielding a violet colour with maximum absorbance at 554 nm. The response 
of the microperoxidase system is enhanced by the presence of acetonitrile. The method has been 
successfully applied to the determination of methyl linoleate hydroperoxide, tert-butyl hydroperoxide and 
the hydroperoxides in oil and fat samples (soybean oil, linseed oil, olive oil, salad oil, butter and lard). 
The results agreed closely with those obtained by the iodometric method. The proposed method permitted 
the determination of the hydroperoxides at 0.54.05 ymole levels, with the same sensitivity regardless of 
sample type tested, with satisfactory reproducibility compared with that obtained by the conventional 
assay methods. 

Recently, much attention has been paid to lipid 
peroxides in the food and clinical fields, because 
of their deleterious effects on humans. The 
oxidation of lipids proceeds by a free-radical 
chain mechanism to give lipid hydroperoxides 
as primary products, and these in turn produce 
many secondary products. Therefore, deter- 
mination of the hydroperoxides is important 
for obtaining information relating to the lipid 
oxidation. 

The peroxide value (PV) determined by iodo- 
metric titration’,’ or its extension3” the thio- 
barbituric acid method,7 and other methods,8-‘4 
is used for evaluating the extent of oxidation of 
lipids or for determination of fatty-acid, lipid 
and organic hydroperoxides. For specificity, the 
use of an enzyme or a substance having enzym- 
atic action is attractive, and a few enzymatic 
assays using cycle-oxygenase,” glutathione per- 
oxidase16 and horseradish peroxidase (HRP)17 
have been described for fatty-acid or lipid hydro- 
peroxides. Haeme compounds such as haemo- 
globin, haematin and cytochrome C, which bear 
a structural and catalytic resemblance to HRP, 
have also been used.‘O,‘azo Microperoxidase 
(MP), a homologue in the peroxidase series, has 
also been used.” 

Although many of these methods have par- 
ticular advantages, they also have limitations in 

*Author for correspondence. 

practical use for analysis of oils and fats. For 
example, because the reaction rate is measured, 
there are some difficulties with sensitivity and 
measurement of several samples at the same 
time. We have therefore aimed at establishing 
a calorimetric method which is generally 
applicable, accurate and adequately sensitive 
for determination of hydroperoxides in oils and 
fats, and have based it on the enzymatic activity 
of MP. MP is the pepsin digest of cytochrome 
C, acts as a peroxidase and has a molecular 
weight of only 1900.*’ MP has been used as a 
catalyst for the chemihuninescence determination 
of hydrogen peroxide** and of lipid hydro- 
peroxides,” and seems reasonably stable. It has 
nor hitherto been applied for the calorimetric 
determination of lipid hydroperoxides. The 
colour-producing system chosen was the oxida- 
tive coupling of NJV-diethylaniline (DEA) with 
4-aminoantipyrine (4-AA)23 as the hydrogen- 
donor. A novel aspect is the use of acetonitrile 
to enhance the performance of the method. 

EXPERIMENTAL 

Materials 

All chemicals used were of analytical grade or 
the purest grade available and used as received. 

Microperoxidase (MP- 11) was purchased 
from Sigma Chemical Co., Ltd. Horseradish 
peroxidase (E.C. 1 .l 1.1.7), methyl linoleate and 
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oil samples were obtained from Wako Pure 
Chemical Industries, Ltd. tert-Butyl hydro- 
peroxide was obtained from Kishida Chemical 
Co., Ltd. 

Preparation of hydroperoxide sample solutions 

Methyl linoleate hydroperoxide was prepared 
from autoxidized methyl linoleate and purified 
by column chromatography as described by 
Frankel et a1.24 A 1 .O-ml portion of this product 
was dissolved in n-hexane to give a concen- 
tration of 2.38mM. Solutions of tert-butyl 
hydroperoxide and hydrogen peroxide were pre- 
pared by diluting the commercial reagents with 
redistilled water to give concentrations of 4.50 
and 056mA4, respectively. The oil samples were 
dissolved in ethanol, to give concentrations not 
exceeding 1% (because of the low solubility of 
oils in ethanol). Butter and lard samples were 
analysed as such. 

Reagents 

MP. MP (2 mg) was dissolved in redistilled 
water and the solution diluted to 100 ml. 

HRP. HRP (20 mg) was dissolved in re- 
distilled water and the solution diluted to 100 ml. 

4-AA. A 0.5% solution in redistilled water. 
Tris-HCI bu&r (pH 7.2). Prepared by mix- 

ing 250 ml of 1.2M tris(hydroxymethyl)amino- 
methane solution with water, adjusting the pH 
with 0.2M hydrochloric acid, and diluting to 
1000 ml with redistilled water. 

Methanolic sodium hydroxide solution, 1%. 

Standardization of hydroperoxides and hydrogen 
peroxide 

The hydrogen peroxide solution was 
standardized by iodometric titration catalysed 
by ammonium molybdate25 and by titration 
with potassium permanganate.26 The tert-butyl 
hydroperoxide solution was standardized by 
Pobiner’s titanium complex method.* For other 
hydroperoxide samples, Wheeler’s iodometric 
method* was used. The peroxide values of the oil 
and fat samples slowly changed with time, but 
were of the order of 133 (soybean oil), 26 (olive 
oil), 399 (linseed oil), 116 (salad oil), 0.6 (fresh 
salad oil), 0.8 (butter) and 10 (lard). 

Procedure 

Place a known volume of hydroperoxide or 
oil sample solution or a known weight of fat 
sample in a lo-ml glass-stoppered centrifuge 
tube (l-cm diameter, graduated at O.l-ml inter- 
vals). The sample weight should preferably not 

exceed 0.01 g for an oil sample or 0.2 g for a fat. 
Make up to 1.0 ml with ethanol. If the hydro- 
peroxide was dissolved in n-hexane, add 1 ml 
of ethanol. Add 2 ml of methanolic sodium 
hydroxide solution and shake the tube vigor- 
ously for 5 min. Add 0.4 ml of 0.5iU sulphuric 
acid to neutralize the reaction mixture, then 1 
ml of Tris buffer, 2 ml of acetonitrile, 1 ml of 
4-AA solution, 0.2 ml of DEA and finally the 1 
ml of MP solution. Shake the reaction mixture 
vigorously for 1 min and then incubate it at 37”. 
After 10 min, measure the absorbance at I,, 
(554 nm). If the solution is turbid at this stage, 
centrifuge it or shake it with 1 ml of n-hexane 
to remove the turbidity. The total volume of 
the final aqueous phase for measurement of 
absorbance should be 8.6 ml. 

RESULTS AND DISCUSSION 

Validation of the determination method for 
hydroperoxides 

The procedure was applied to tert-butyl 
hydroperoxide, methyl linoleate hydroperoxide, 
lard, butter, soybean oil, olive oil, linseed oil, 
salad oil and hydrogen peroxide, at various 
concentrations. The absorbances measured at 
554 nm were found to be linearly related to ,ueq 
of active oxygen (calculated from the standard- 
ization of the hydroperoxide samples), Fig. 1. 
The values from the different hydroperoxide 
samples all fall more or less on the same line, 
so the same calibration plot can be used for all 
samples. Alternatively a regression equation can 

0 a25 a50 0.75 1.00 
Active oxygen 1 )leq/ tube) 

0 0.125 a25 0.375 0.50 
Hydroperoxide (pmoleltube) 

Fig. 1. Relationships between absorbances obtained with 
different hydroperoxide samples and amounts of active 
oxygen. Active oxygen &eq) was converted into hydroper- 
oxide @mole) in the lower scale: 8 = hydrogen peroxide; 
V = rerr-butyl hydroperoxide; A = methyl linoleate hydro- 
peroxide; 0 = soybean oil; A = olive oil; n = linseed oil; 

V = salad oil; 0 = butter; 0 = lard. 
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be used. When methyl linoleate hydroperoxide 
was used as the standard, the standard deviation 
of the absorbance, calculated from the deviation 
of the experimental values from the regression 
line, was 0.036. Differences in response among 
various hydroperoxides have sometimes been 
observed to occur for other methods, where the 
results were expressed as slopes,g relative ratesI 
and relative sensitivities.” The close similarity of 
the behaviour of the various hydroperoxide 
samples in our method makes it very useful 
for practical analysis. The slope for hydrogen 
peroxide was about twice that for the hydro- 
peroxides, but the results obtained by the two 
standardization methods were in agreement, 
so the difference in slope may be attributable 
to steric hindrance. Table 1 lists the results 
obtained by this method and shows the excellent 
agreement with those obtained by the iodo- 
metric method. 

Treatment of sample and stability of the coloured 
product 

The lipid sample and the DEA are in the 
organic phase, while the MP, the buffer solution 

Table 1. Determination of hydroperoxides 

Hydroperoxide amount, peq/tube 

Iodometric proposed* 
Sample method method 

Methyl linoleate 0.16, 0.16, 
hydroperoxide 0.49, 0.50, 

0.82, 0.82, 

rerf-Butyl 0.45,t 0.44, 
hydroperoxide 0.75,t 0.75, 

Soybean oil 0.19, 0.19, 
0.33, 0.32, 
o.532 0.54, 

Olive oil 0.039 0.039 
0.06, 0.06, 
0.10, 0.10, 

Linseed oil 0.25, 0.25, 
0.51, 0.51, 
0.77, 0.77, 

Salad oil 0.17, 0.20, 
0.29, 0.29, 
0.47, 0.46, 

Butter 0.14, 0.12, 

Lard 0.60, 0.60, 
0.70, 0.69, 
1 .OO, 1.00, 

*Oil samples of less than 0.01 g were used in every case. 
tThe hydroperoxide was determined by the titanium 

complex method. 

Time (min) 
Fig. 2. The colour development and stability of the coloured 
product: A = methyl linoleate hydroperoxide (active oxy- 
gen, 1.94 peq/tube); l = soybean oil (active oxygen, 0.86 

peq/tube). 

and the 4-AA are in the aqueous phase. To 
avoid the inherent difficulties of using a two- 
layer reaction system, it was necessary to select 
a suitable solvent system. In view of the subse- 
quent treatment and the stability of the colour 
developed, ethanol (which is relatively polar) 
was chosen as the solvent for the lipid sample. 
Since it has been reported that methanolic 
sodium hydroxide solution extracts hydroper- 
oxides from hydrocarbons,’ and is also used 
for esterification of oils and fats, treatment with 
this reagent was introduced into the procedure, 
resulting in either a clear homogeneous layer, or 
an emulsified layer in the case of larger lipid 
samples with a low level of hydroperoxide. In 
either case the reaction was facilitated, so the 
mixture needed to be shaken for only about 1 
min, and the rate of the reaction was improved. 
Figure 2 shows the results obtained in this 
manner. A constant absorbance at 554 nm is 
reached after about 5 min and remains stable for 
at least 100 min at room temperature and under 
room illumination. 

Effect of pH and buffer 

The effect of pH and the choice of buffer 
on the absorbance was studied with methyl 
linoleate hydroperoxide and the Tris-HCl 
and phosphate buffers, which have maximum 
capacity near pH 7, which is commonly em- 
ployed for enzymes. The optimal choice was 
Tris-HCl buffer at a pH of about 7.0. 

Determination of low level hydroperoxide in oil 
samples and the effect of antioxidants 

Various amounts (up to 0.40 g) of the fresh 
salad-oil sample were placed in the centrifuge 
tube directly, and not as a solution in ethanol. 
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The entire reaction proceeded in the emulsified 
mixture and the turbidity was finally removed 
by shaking with n-hexane. A good proportion- 
ality between the absorbance and the sample 
weight was observed. The peroxide value of this 
salad oil was found to be 0.675. Any antioxidant 
present, such as the tocopherol usually existing 
in oil samples, may interfere in any analytical 
method based on redox reactions for the hydro- 
peroxide, unless separated beforehand, e.g., by 
high-pressure liquid chromatography.‘0-‘4 The 
influence of antioxidants in the present method 
was studied with methyl linoleate hydroper- 
oxide and the standard-addition method by use 
of autoxidized soybean oil and fresh salad oil. 
The influence on the slope of the calibration line 
was negligible if the amount of oil sample was 
restricted to that given in the basic procedure, as 
shown by lines 1,2 and 3 in Fig. 3, but the slope 
was decreased if a relatively large amount of 
fresh oil (N 0.2 g) was used (line 4), probably 
because the antioxidant competes with the 
hydrogen-donor (the colour-producing reagent) 
for the active species produced in the enzyme 
reaction. It is therefore preferable to determine 
low hydroperoxide contents in oil samples 
by the standard-addition method, but with 
small sample volumes to minimize possible 
interferences. 

E 1.0 
C 
x 
In 

s 
g 0.5 

E 
u) 

$0 

Methyl linoleate hydropertxide 

‘P 
mole/tube) 

Fig. 3. Influence of antagonistic constituents in oil 
samples. (1) Calibration line constructed with methyl 
linoleate hydroperoxide. (2) Fresh salad oil solution in 
ethanol was added to (1). The oil-ethanol solution 
(1 .OO g/l00 ml) was prepared from fresh salad oil (PV 0.780). 
An aliquot of 1 .O ml of this solution was added to each tube. 
(3) Autoxidized soybean-ethanol solution was added to (1). 
The oil-ethanol solution (1.00 g/l00 ml) was prepared from 
soybean oil (PV 133). An aliquot (0.2 ml) of this solution 
was added to each tube. (4) Fresh salad oil (0.20 g) was 

added to (1). 

Mcroperoxiakve and horseradish peroxidase 

The behaviour of the MP in the reaction 
system was compared with that of the enzyme 
HRP in the same system in order to examine the 
similarity of the mechanism of their action. The 
concentration of HRP used in the experiments 
was that reported as optimum in other papers. 
Its enzyme activity was estimated by the guaiacol 
methodz7 and found to be 500 units/ml MP 
resembled HRP in behaviour but gave higher 
sensitivity. MP seems to give a peroxidase-type 
reaction. 

Stimulation of the MP system acetonitrile 

It was found that the formation of colour in 
the MP reaction system was enhanced by the 
presence of acetonitrile, which increased both 
the rate of the reaction and the absorbance. 
A few spectra were recorded in the range from 
340 to 700 nm with hydrogen peroxide and 
methyl linoleate hydroperoxide, to explore the 
behaviour of acetonitrile in the MP-catalysed 
reaction. The spectrum of MP showed an 
absorption maximum at about 400 nm, but 
developed an absorption peak at about 470 nm 
in the presence of hydrogen peroxide. This 
change was similar to that reported in the case 
of the enzyme HRP. 28 The presence of aceto- 
nitrile in the reaction system decreased the 
absorbance at 470 nm for the complex, simul- 
taneously increasing the absorbance at 400 nm 
for the free MP. These changes become progres- 
sively greater with increasing concentration of 
acetonitrile, with an isosbestic point. 

The effect of acetonitrile in the presence of 
the hydrogen-donor (the colour-producing 
reagent) and MP, was examined with hydro- 
gen peroxide and methyl linoleate hydro- 
peroxide. In both cases, the absorbance of the 
reaction product at 554 nm increased with 
acetonitrile concentration, in parallel with the 
increase in absorbance observed at 400 nm in 
the hydrogen peroxide-acetonitrile-MP system 
(in the absence of the hydrogen donor) de- 
scribed above. However, the enhancement of 
the absorbance at 554 nm was not observed 
when the MP solution was added before the 
acetonitrile. Similar effects were obtained with 
HRP instead of the MP. 

Even though the phenomenon is still not 
fully elucidated, according to the literature28”2 
the role of acetonitrile is probably as follows. 
The hydroperoxides are known to react with 
hydrogen-donors to produce superoxide free- 
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radicals, and these can form relatively inactive 
complexes with peroxidases. Presumably the 
acetonitrile, if added first, solvates either the 
superoxide radicals or the MP, in either case 
preventing inactivation of the latter. It is 
reported28 that some other nitrogen compounds, 
such as ammonia, pyridine, and imidazole, also 
have a protective action on peroxidases, by 
preferential occupation of active sites. Further 
investigation seems needed, however. 

CONCLUSION 

A new calorimetric method with MP is pro- 
posed for the determination of hydroperoxides 
in oils and fats. The method permits the analysis 
of oil and fat samples with satisfactory sensi- 
tivity and reproducibility. The reactivity of MP 
seems to be the same towards different hydro- 
peroxides. The performance of the reaction 
system is enhanced by acetonitrile. This effect 
may be applicable to other analytical systems 
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Sunnnary-The spectrophotometric method for Se(W) determination based on its catalytic effect in the 
reduction of Methylene Blue (MB) by sulphide is modified. The variables that affect the decolorization 
of MB were taken into account: reagent concentrations, order of addition, mixing and standing times, 
pH, ionic strength, temperature, solution volume, wavelength, etc. The results of this study allowed a 
decrease of the determination limit and, by selection of the appropriate analytical conditions, choice of 
optimum linear range according to the selenium content in the sample. The lower limit range is 15-75 
pg/l., with 3% relative standard deviation and no systematic errors. Procedures for overcoming several 
potential interferences were studied. The proposed method was applied to several environmental samples 
and the results were compared with those obtained by other standard methods. 

Increasing interest in environmental and solution, particularly at very low selenium con- 
pollution control has promoted development centrations. Later, Mesman and Doppehnayr,‘j 
of analytical techniques and methods for the in an assessment of alternatives to the 3,3’- 
submicrogram range. In this context, one diaminobenzidine (DAB) methods,‘-I6 reported 
of the most interesting problems is determina- that if polychromatic radiation was used instead 
tion of selenium in water and other natural of monochromatic, a photometric MB method 
samples. would give good results. 

Selenium is an essential element for animals,’ 
and is usually present in very low concentrations 
in vegetables. Therefore, its addition to fodder 
is often required, but the necessary quantities lie 
within a very narrow range, above which the 
element is very toxic. Hence much effort has 
been devoted to the development of new meth- 
ods or modification of old ones for its determi- 
nation and speciation, as shown in the paper 
of Robberecht and Van Grieken on selenium 
determination in waters2 

The aim of the present work was to make a 
thorough study of the parameters involved in 
the Methylene Blue reaction, in order to find an 
alternative to the piazselenol method, which is 
slow, and very pH-dependent. The modified MB 
method developed as a result allows the use of 
a spectrophotometer and has been applied to 
analysis of a fodder corrector and different 
kinds of waters. 

EXPERIMENTAL 
West and Ramakrishna3 and Goto et aL4 have 

proposed a visual method for selenium determi- 
nation based on its catalytic effect on the reduc- 
tion of Methylene Blue (MB) by sulphide,5 and 
stated that this catalysed reaction cannot be 
spectrophotometrically monitored owing to the 
poor reproducibility of decolorization of the 

Reagents 

*Author for correspondence. 

All reagents were of analytical grade and 
dissolved in demineralized distilled water. 

Selenium(lV) solution (1 mgll.). Prepared 
from anhydrous sodium selenite.s 

Methylene Blue solution, 0.01%. 
Sulphide solution. Prepared by dissolving 

2.4 g of sodium sulphide g-hydrate, 2.40 g of 
anhydrous sodium sulphite and 4 g of sodium 
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hydroxide in 100 ml of distilled water, and kept 
in a dark bottle in the refrigerator. 

Disodium EDTA solution (0.25M). 
Disodium EDTA-triethanolamine solution. 

Prepared by dissolving 25.0 g of EDTA in 
water, adding 50 ml of triethanolamine, and 
water to give a final volume of 1 litre. The 
EDTA concentration is 0.067M. 

Procedures 

Kinetic Methylene Blue method. To a 5-ml 
standard spectrophotometric cell, 1.5 ml of 
formaldehyde solution, 0.4 ml of triethanol- 
amine-EDTA solution, 0.6 ml of O.OlM 
sulphide solution, V ml (V < 1.5) of selenite 
solution (up to 5 mg/l. Se), (1.5 - V) ml of water 
and 1 .O ml of 0.001% MB solution were added 
in that order. The cell was then kept in a 
thermostat at 15” for 1 min, after which the 
absorbance was measured at 645 nm against a 
similar mixture in which the MB was replaced 
by water. 

To maximize the reproducibility, it is strongly 
recommended to follow the times proposed in 
Table 1, and run the calibration along with the 
samples. 

3,3’-Diaminobenzidine (DAB) method. The 
procedure recommended by Hostel5 was used. 

Determination of Se in a fodder corrector. One 
gram of finely powdered sample was placed in 
a 250-ml beaker and 10 ml of a 1: 1 v/v mixture 
of concentrated sulphuric and nitric acids were 
added. This solution was heated, with replace- 
ment of acid evaporated, until the mixture was 
clear. This solution was concentrated to 3 ml, 
cooled and diluted to 50 ml with demineralized 
water. The pH was adjusted to 10 with sodium 
hydroxide and the solution was filtered, and 
finally diluted accurately to 100 ml with water. 
The recommended kinetic procedure was 
applied to 1 ml of this solution. 

RESULTS AND DISCUSSION 

Methylene Blue is reduced by sulphide ac- 
cording to the reaction: 

2MB + S2- + 2H20+2HMB + 20H- + S 

When an excess of sulphide is present, the 
sulphur obtained is dissolved to give poly- 
sulphides: 

s + s-+[S. . . sp- 

which in the presence of selenium give selenosul- 
phides [S . . . Se12- and the reaction 

2MB + [S . . . Se12- + 2H,O 

-+ZHMB + 20H- + S + Se 

takes place. The elemental sulphur and selenium 
produced dissolve again to give polysulphides or 
selenosulphides. 

The [S . . . Se]‘- ion reacts more quickly than 
the S2- ion, and since it is regenerated owing to 
the excess of sulphide ions in the medium, the 
catalytic effect of selenium in the reaction is 
evident. As this effect is caused by elemental 
selenium, the following reaction is required: 

SeO:- + 2S2- + 3H,O+Se + 2s + 60H- 

In order to avoid polysulphide formation it is 
recommended to add sodium sulphite, which is 
transformed into thiosulphate and does not 
interfere in the reaction. 

From a related paper,” several recommenda- 
tions can be made for use of this reaction, as 
follows. 

The pH should be in the range 8.5-12. 
As Fe(II1) accelerates the reaction, tri- 

ethanolamine should be added to avoid this 
undesirable effect, by masking the Fe(III), 
which is a very common species in real samples. 

Formaldehyde should be added to stabilize 
the blank. 

Table 1. Timetable for the MB method 

Startinn time Ooeration Final time 

- Take 1.5 ml of 36% HCHO - 
O’OO”* Add 0.4 ml of 0.067M EDTA 0’30” 
0’30” Add 0.6 ml of O.OlM S*- 2’00” 
2’00” Add V ml of SeO:- (5 pg/ml Se) 3’30” 
3’30” Add (1.5 - V) ml of H,O 5’00” 
5’00” Add 1.0 ml of 0.001% MB 6’00” 
6’00” Stir the mixture 7’00” 
7’00” Let the mixture settle 8’00” 
8’00” Start the recorder - 

Total volume 5 ml; wavelength 645 nm; band-width 10 nm; temperature 
IS”; pH 10.15 

*Start stopwatch. 
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The large number of interferences, above all 
copper, should be taken into account. 

Absorption spectra 

To obtain the absorption spectra of MB 
under different conditions, much more dilute 
solutions were used than those proposed in 
the literature, and a 0.001% MB solution was 
considered the best. 

The absorption spectra obtained at different 
times have a common maximum at 645 nm 
(Fig. 1), and this is con~~ed by the second 
derivative curve. 

The kinetic curves, Fig. 2, show an induction 
period before the initial decolorization of the 
Methylene Blue. The slopes of these curves are 
independent of the Se concentration, making 
the induction period and the completion of 
d~olo~zation equivalent parameters from the 
analytical point of view, but also making it 
impossible to use the classic kinetic methods 

0.35 

0.30 

0.25 

0.20 

A 

0.15 

r 

nm 

Fig. 1. Absorption spectra of 0.001% Methylene Blue taken 
at IO-min intervals. 

Time, min 

Fig. 2. Kinetic curves of the Methylene Blue reduction. 

of analysis (initial slope, fixed time and fixed 
absorption methods). 

Reaction parishes 

Figure 3 shows the great effect of pH on the 
kinetics of the reaction, the induction period 
increasing at pH > 9, especially at pH > 11. The 
r~ommended pH of 10.5 can be fixed by use of 
the proper reagents (EDTA and sulphide solu- 
tions), avoiding the need for any additional 
reagents. As could be expected, the temperature 
also greatly affects the reaction kinetics (Fig. 3). 
A room temperature of 20” was selected for 
further experiments. 

30 - 

c 25- 

E 
20 - 

* .= 15- 

ZL 
g 10 - 

‘J 
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E o- 

I I I I I I I I 
15 20 25 30 35 40 45 50 

Tomperatun, V 
I I I I I I I f 

8.0 a5 9.0 9.5 10.0 10.5 11.0 11.8 12.0 

PH 

Fig. 3. Effects of pH and temperature (pH 10.5) on the 
induction period of the MB reduction: 1.5 ml of 36% 
HCHO f 0.4 ml of O&PM EDTA in triethanolamine + 0.6 
ml of O.OlM S*- + 1 ml of S-rg/ml Se + 1 ml of 0.001% 
MB + up to 0.5 ml of pH modifier (dilute HCi or 
NaOH) -I- water to a total volume of 5 ml; wavelength 645 

nm. 
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Formaldehyde not only increases the stability 
of the blank, as stated elsewhere,3 but also 
modifies the induction period, which decreases 
with an increase in formaldehyde content. We 
selected use of 1.5 ml of 36% formaldehyde 
solution for a final volume of 5 ml, since this 
gave the highest sensitivity. 

The effect of the EDTA concentration is 
interesting, the induction period increasing to 
a maximum and then declining again with 
increased amount of EDTA. 

The amount of sulphide is also of great 
importance in the kinetics of the reaction; with 
0.1 ml of O.OlM sulphide, the induction period 
is about an hour, whereas with 1.0 ml or more 
the reaction is almost immediate. 

As stated above, the concentration of MB 
was dramatically decreased, since this modifies 
not only the induction period, but the shapes 
and slopes of the kinetic curves as well. 

The influence of the concentrations of the 
reagents (varied one at a time) on the induc- 
tion period are all represented in Fig. 4. It is 
clear that there is a complicated interplay of 
effects. 

Different combinations of the order of addi- 
tion of the reagents were systematically tested. 
The best results for reproducibility were ob- 
tained with HCHO first, then EDTA, S*-, 
Se(IV), and MB last. 

Calibration graph 

Two very important aspects of the calibration 
plot have to be taken into account. (1) There is 
an exponential influence of the selenium concen- 
tration on the induction period, and therefore 
a semi-logarithmic calibration plot has to be 
used. (2) By an appropriate selection of the 
analytical parameters, the calibration can cover 
any desired range from pg/l. to mg/l. We 
selected for a typical application (analysis of 
fodder corrector), a 0.2-1.5 ,ug/ml range. 

If a lower pH (9) and a higher HCHO concen- 
tration (2 ml of 36% HCHO) are used, a linear 
relation is achieved over the 0.015-0.075 pg/ml 
range. 

The relative standard deviation (r.s.d.) for 1 
pg/ml of Se was 2.8% (n = 16). 

Foreign ion efects 

An exhaustive study of potential interferences 
was made, with l-g/l. solutions of the ions. 
When an interference was evident (induction 
period >5% different from that for the same 
solution without the interferent present), the 
concentration was decreased until the effect 
was no longer observed. Table 2 gives the 
results. 

A lot of these interferences can be obviated in 
analysis of “real” samples by adjusting the 

A HCHO 
0 s2- 
q EDTA 
l MB 

0 0.2 0.4 0.6 0.6 1.0 1.2 1.4 1.6 1.6 2.0 

Volume added, ml 

Fig. 4. Influence of formaldehyde, EDTA, sulphide and MB contents on the induction period of the MB 
reduction, measured at 645 nm. 

0.067M EDTA 
36% HCHO, in triethanolamine, O.OlM S2-, 5qg/ml Se, 0.001% MB, Water, 

Variable ml ml ml ml ml ml 

HCHO V 0.4 0.6 1.0 1.0 2-v 
EDTA 1.5 V 0.6 1.0 1.0 0.9 - v 
s*- 1.5 0.4 V 1.0 1.0 1.1 - v 
MB 1.5 0.4 0.6 1.0 V 1.5-v 
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Table 2. Interferences in determination of 1 &ml Se(IV) Table 4. Determination of Se in waters 

Tolerance ratio 
Influence to Se, w/w 

Positive effect (increased reaction rate) 
Mn(II), Fe(II,III) 1O:l 
Negative effect 
As(III,V), Sb(III,V), Sn(II,IV), Zn(II) 1O:l 
Turbidity effect 
Cu(II), Cd(H), Cr(III), Bi(II1) IO:1 
A&I), Hg(I,II), Pb(II), H(I) 1:l 
Inhibitory effect 
CN- IO:1 
10; 5:l 
NH: 1:l 

Sample 

Fontvella (mineral water) 
San Narciso (gasified mineral water) 
Palma de Mallorca (tap water) 

Se, nglml 

DAB MB 

1.6 1.6 
< 1 c 1 

1.3 1.3 

3,3’-diaminobenzidine method for a complex 
matrix, and there is the advantage of saving time 
and reagents. The best results were obtained 
with mixed-acid decomposition, with an r.s.d. 
of 3.8%. 

pH beforehand to about 10. For example, am- 
monium ions can be eliminated by heating the 
sample with sodium hydroxide solution. There- 
fore, the MB method promises to have adequate 
selectivity for most likely applications. 

Determination of selenium in waters 

APPLICATIONS 

Selenium determination in a birdfodder corrector 

To confirm its utility, the method was applied 
to determination of Se(W) in a bird fodder 
corrector, the certified mineral composition 
(pug/g) of which was: Se 106, Fe 155, Mn 454, 
Cu 57.6, Ni 53.0, Co 250 and Zn 122.3. 

The proposed method was also applied to 
determination of selenium in a number of differ- 
ent waters. Direct application of both the MB 
and the 3,3’-diaminobenzidine methods gave 
negative results, and evaporation was required 
to preconcentrate the sample. The results are 
shown in Table 4. 

Acknowledgemenr-Thanks are due to the DGICyT 
(Spanish Council for Research in Science and Technology) 
for financial support (PA 86-0033). 
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Summary-In O.lM NH,-NH,Cl buffer (pH 9.2) a sensitive 2-electron reduction wave of estazolam is 
obtained by single-sweep oscillopolarography. The peak potential is - 1.08 V (us. SCE). The peak height 
is proportional to the concentration of estazolam over the range 1.0 x lo-‘-9.0 x 10e6M. The detection 
limit is 5.0 x lo-*M. The behaviour of the reduction wave has been studied and applied to the 
determination of estazolam. The reduction process is irreversible and the wave shows adsorptive 
characteristics, the behaviour obeying the Frumkin adsorption isotherm. The adsorption coefficient g is 
1.16 x lo6 I./mole and the interaction factor a is - 1.06. The mechanism of the electrode reaction is 
discussed. 

Estazolam [S-chloro-6-phenyl-4H-s-triazol- 
(4,3-a)-( 1,4)-benzodiazepine] is a tranquillizer 
and has hypnotic properties. Its determination 
by gas chromatography and mass spectrometry 
has been reported.’ JimCnez et al. have studied 
the behaviour of estazolam in sampled d.c. and 
differential pulse polarography.’ A linear re- 
lationship between current and estazolam con- 
centration in the range 3.4 x 10-7-1.0 x 10M4M 
was reported, and a detection limit of 
1.7 x 10e7M, but these methods have not yet 
been routinely applied to pharmaceutical analy- 
sis. In this work the polarographic behaviour of 
the drug has been further examined, and its 
determination is described. The present method 
is simple, convenient and more sensitive, with a 
detection limit of 5.0 x lo-*M. 

EXPERIMENTAL 

Reagents 

A stock solution of estazolam (1.0 x lo-*M) 
in methanol was prepared, and kept in the dark 
and under refrigeration, and was diluted with 
methanol as required, to give concentrations of 
lo-’ and 10e6A4. A lit4 NH,-NH,Cl stock 
buffer solution (pH 9.2) was prepared. All 
reagents were of analytical grade. Water dis- 
tilled in a fused-silica still was used throughout. 

Apparatus 

A model Jp- 1 A single-sweep oscillopolaro- 
graph (Chendu Instrumental Factory, China) 
was used. The conditions for derivative polar- 

ography were: drop-time 7 set; scan rate 250 
mV/sec; potential-scan range from -0.80 to 
- 1.30 V. A three-electrode system was used 
with a dropping mercury working electrode 
(DME), platinum counter-electrode and a satu- 
rated calomel reference electrode. A model 370- 
8 Electrochemistry System (EG&G, U.S.A.) 
was used for cyclic voltammetry, with a three- 
electrode system consisting of a hanging 
mercury drop electrode (HMDE) as working 
electrode, an Ag/AgCl (satd. KCl) reference 
electrode and the platinum counter-electrode. 
A model 25 pH-meter (Leici Instrumental 
Factory, Shanghai, China) was used for pH 
determinations. The electrolytic cell was a lo-ml 
beaker. All experiments were performed at 
room temperature, and dissolved oxygen was 
removed from the solutions. 

Procedure 

Weigh one tablet and transfer it into a 25-ml 
standard flask and add 10 ml of methanol, 
shake the flask for 2 min, and dilute the solution 
to the mark with distilled water. Transfer 
0.24.5 ml of the suspension by means of a 
pipette into a lo-ml standard flask, add 1.0 ml 
of 1M ammonia/ammonium chloride buffer 
(pH 9.2) and make up to volume with distilled 
water. Transfer the solution into the polaro- 
graphic cell, and remove dissolved oxygen by 
passage of pure nitrogen. Record the derivative 
oscillographic polarogram from -0.8 to - 1.5 
V vs. SCE, without accumulation, and measure 
the peak height at - 1.08 V vs. SCE. 

937 



938 Lr QI-LONG and JI GANG 

RESULTS AND DISCUSSION 

Selection of experimental conditions 

Various supporting electrolytes, such as sul- 
phuric acid, sodium hydroxide solution, pot- 
assium nitrate solution, and pH-9.2 borax, 
ammonia/ammonium chloride and Britton- 
Robinson buffers were tested for use, by single- 
sweep oscillopolarography; the ammonia buffer 
system was found to be best, the polarogram of 
estazolam being well defined and the sensitivity 
reasonably high. In 0. lit4 ammonia/ammonium 
chloride (pH 9.2) buffer the peak potential was 
- 1.08 V us. SCE. The relationship between 
peak current and concentration of estazolam 
was linear from 1.0 x lo-’ to 9.0 x 10P6M. The 
detection limit was 5.0 x 10e8M. 

Study of polarographic behaviour 

Effect of accumulation time. If a process is 
diffusion-controlled, with no adsorptive accu- 
mulation, the peak current will be independent 
of the accumulation time before scanning. If 
adsorption occurs, the peak current increases 
with increasing accumulation time. Figure 1 
shows that the peak current for estazolam in- 
creased with accumulation time, but limiting 
current values were reached in 300 and 200 set 
for solution of 5 x lo-’ and 1 x 10W6M estazo- 
lam respectively, indicating that adsorption 
took place.3g4 

Effect of scan rate. According to the Randles- 
SevEik equation for a diffusion-controlled pro- 
cess, the peak current (I,) is directly propor- 
tional to the square root of the scan rate (A). 
For adsorption, however, Z, is proportional to v. 

0.6 

I I I I 1 
0 1 2 3 4 s 

t, min 

Fig. 1. Effect of accumulation time at -0.80 V: O.lM NH,- 
NH,Cl, pH 9.2; estazolam concentration, (1) 1.0 x 10e6M; 

(2) 5.0 x to-“44. 

-0.8 -1.0 -1.2 

V 

Fig. 2. Repetitive cyclic voltamperograms: O.IM NH, 
NH,Cl, pH 9.2; 1.0 x 10e6M estazolam. Accumulation for 

3 min at -0.80 V. Scan rate 100 mV/sec. 

The peak potential for estazolam became more 
negative with increasing v, and I,, was a linear 
function of v for both 5 x lo-’ and 1 x 10P6M 
estazolam, again indicating an adsorption pro- 
cess.5*6 

Further evidence of an adsorption process 
was that the presence of a low concen- 
tration (0.005%) of gelatin or polyvinyl alcohol 
strongly depressed the peak current, and that 
the peak current decreased with temperature 
increase above 17”. 

Repetitive cyclic voltamperograms. The repeti- 
tive cyclic voltammetry of the system was inves- 
tigated with a model 370-8 Electrochemistry 
System with an HMDE. Typical cyclic voltam- 
metric curves are shown in Fig. 2. Estazolam 
gives a cathodic peak at about - 1.04 V (vs. 
Ag/AgCl, satd. KCl). No peak was observed on 
the anodic branch, indicating irreversibility of 
the reduction. The reduction peak in the first 
scan after an accumulation time of 3 min was 
much higher than that in the second scan. 
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0 2 4 6 

C e* , 10-6M 

Fig. 3. Plot of nFT vs. C,. 

Electron numbers involved in the electro- 
reduction. Laviron’ has proposed that for an 
irreversible process with adsorption 

W,,2 = 2.44 gF = g mV (at 25”) 

where W,,z is the width at half-height, n is the 
number of electrons involved in the reduction 
and a is the transfer coefficient. Duplicate linear 
sweep polarograms of estazolam gave W,,2 
values of 47 and 48 mV at 25”, which gives 
an = 1.3. The number of electrons was deter- 
mined by constant-potential coulometry. Two 
40.0-ml portions of 0.M ammonia/ammonium 
chloride buffer, one 1.0 x 10W3M in estazolam 
and the other 8.0 x 10e4M, were electrolysed for 

90 min at - 1.10 V (us, SCE), with consumption 
of 7.38 and 6.34 C, respectively. The values of 
n thus obtained were 1.9 and 2.05, hence n = 2, 
and a is 0.65. 

Determination of the amount ahorbed. After 
the peak in the linear sweep polarogram, the 
current decreased to background level, and 
the area under the peak was determined and the 
quantity of charge (Q) transferred by reduction 
was calculated. The amount of estazolam 
adsorbed per unit area (r) was then obtained’ 
from 

r = Q/nFA 

where A is the electrode area. A plot of nFr as 
a function of estazolam concentration (C,) is 
shown in Fig. 3. A linear relationship of 
ln[C_(l - 6)/e] to 0 was found (0 = r/r,,, 
where rrnax is the maximum surface coverage), 
showing that estazolam adsorption satisfies the 
Frumkin isotherm:* 

PC,, = 8 exp[ae/(l -e)l 

with adsorption coefficient fi = 1.16 x lo6 
l./mole and the interaction factor a = - 1.06. 

Like the other triazolobenzodiazepines, esta- 
zolam has only one electroactive group. The 
number of electrons found to be involved in the 
electrode reaction suggests that the azomethine 
group is reduced. 2 The following reduction 
mechanism for estazolam might be proposed: 

= 

CL 

+2e-+2H' 

Cl 
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Table 1. Analytical results for estazolam in 
tablets (mean f standard deviation for 6 

determinations) 

Estazolam found, mg/tublet 

Sample This method Comparison method 

1 1.09 f 0.02 1.09 
2 0.95 + 0.03 1.06 
3 0.97 + 0.01 1.07 

Table 2. Recovery experiments 

Recovery of 
Initial estazolam, Total found, added estazolam, 

&? ng % 

4.48 7.35 97.3 
4.72 7.59 97.3 
8.96 11.79 96.0 
8.96 11.81 96.6 

Analysis of tablets 

The determination was performed by the 
standard-addition method. The excipients in the 
tablets (starch, talc, etc.) did not affect the 
polarogram. The results of a few analyses of 
tablets are given in Table 1. The relative stan- 
dard deviations were about l-3%. These results 

confirm the utility of this proposed method in 
the determination of estazolam. 

In addition, some recovery experiments were 
done, with addition of 2.95 pg of estazolam to 
solutions already analysed for the drug. The 
results are shown in Table 2. 

Acknowledgement-Grateful thanks are due to Dr. Yun 
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Summary-A versatile method for the determination of Ag is described. It is based on controlled-potential 
electrolysis with a tantalum cathode in the presence of lactic acid at pH 2-6. An SCE of double-junction 
type with sodium formate bridge electrolyte is used as the reference electrode. The role of washing after 
electrolysis is studied and a novel technique suggested. The standard deviation of the determination is 
0.13 mg. A preliminary separation is needed only if W is present. The proposed method has been 
satisfactorily applied to the analysis of a large number of silver alloys with different compositions. 

The most reliable method for the determination 
of silver in macro amounts is probably 
controlled-potential electrolysis. A platinum 
cathode is usually used but has some draw- 
backs, such as the need for precoating with 
copper, and the use of tantalum as the cathode 
material has recently been recommended.’ It has 
been satisfactorily used in determination of 
copper in white-metal bearing alloys.2 Here its 
use is proposed for the determination of silver 
in alloys of various compositions. Lactic acid is 
recommended as the complexing agent instead 
of cyanide. 

EXPERIMENTAL 

Apparatus 

Controlled-potential electroanalyser, type 
DJS-52 with rotating anode, Rex Instruments, 
Shanghai. The tantalum cathode was made and 
pretreated as described earlier.2 

Reagents 

Analytical-reagent grade chemicals were used 
unless otherwise specified. Demineralized water 
should be used throughout. 

Nitric acid, chloride-free. Concentrated, and 
diluted 1 + 3 with water. 

*Author for correspondence and requests for reprints. 
Present address: 99 Handan Lu, 200433, Shanghai, 
People’s Republic of China. 

Lactic acid, I + 1. 
Hydrojkoric acid, 40%. 
Saturated sodium bicarbonate solution. 
Ethanol, 95%. 
2,4-Dinitrophenol indicator, saturated aqueous 

solution. 
Methyl Orange indicator solution, 0.1%. 

Procedures 

General procedure. Transfer a 0.5-g sample 
(1.0-g for silver metal), weighed to the nearest 
0.1 mg, to a 250-ml beaker. Add 10 ml of nitric 
acid (1 + 3), warm to dissolve the alloy and 
evaporate the solution nearly to dryness, Cool 
to room temperature. Add 1 ml of lactic acid 
(1 + 1) and 10 ml of water, then 1 or 2 drops of 
2,4-dinitrophenol indicator and saturated 
sodium bicarbonate solution dropwise till the 
appearance of a yellow colour. Dilute to ca. 
90 ml and add 5 ml of ethanol. Immediately 
electrolyse with a Ta gauze cathode and SCE 
reference electrode of double-junction type with 
5M sodium formate as salt bridge solution. 
Gradually adjust the cathode potential to 
+0.09 V vs. SCE, while keeping the electrolysis 
current at not more than 0.1 A. Wash the split 
cover glass, the rotating anode and the inner 
wall of the beaker with a little water. Continue 
to electrolyse for 10 min. Quickly withdraw the 
beaker and replace it with another (containing 
ca. 120 ml of water and 1 drop of Methyl 
Orange indicator) so that the deposited silver is 
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exposed for the minimum of time. Wash for clear. Cool to room temperature, filter off on 
30-60 sec. Repeat the washing operation if the a close-texture filter paper and wash the precipi- 
wash solution does not turn yellow. Remove the tate with 2% sodium sulphide solution. Re- 
cathode and dip it into ethanol for 30 sec. Dry dissolve the precipitate in a few ml of a 
it in an electric oven at 105” to constant weight. mixture of hydrogen peroxide and nitric acid, 
Reweigh it after dissolving the Ag deposit with and evaporate the resultant solution nearly 
hot nitric acid (1 + 3) and drying. The difference to dryness. Then continue as in the general 
in weight is the amount of Ag deposited. procedure. 

Determination of Ag in samples containing 
graphite. Dissolve the sample by warming with 
7 ml of water and 8 ml of concentrated nitric 
acid. Add 60 ml of water and boil gently for 5 
min. Filter off the insoluble material on a close- 
texture 9-cm filter paper and wash it with hot 
nitric acid (1 + 3). Evaporate the combined 
filtrate and washings nearly to dryness, then 
proceed as in the general procedure above. 

RESULTS AND DISCUSSION 

Determination of Ag in Ag-A4n alloys. Dis- 
solve the sample by warming with 5 ml of 
water and 3 ml of concentrated nitric acid. Add 
4 or 5 drops of hydrogen peroxide and boil 
gently to decompose the excess of peroxide. 
Cool, add lactic acid and follow the general 
procedure. 

Determination of Ag in alloys containing Sn. 
Transfer the weighed sample to a 250-ml 
polyethylene beaker, add 2 ml of hydrofluoric 
acid and nitric acid dropwise to dissolve the 
sample, with warming in a water-bath if neces- 
sary. Cool, add lactic acid and apply the general 
procedure. 

Our preliminary experiments showed that 
electrolysis of silver in an ammoniacal medium 
is likely to give low results. To dispense with the 
use of toxic cyanide in an alkaline medium, 
some acid media were tested. Perchloric acid 
medium3 is not always absolutely chloride-free, 
even after fuming. Nitrous acid4 is unsuitable 
since it catalyses redissolution of deposited 
silver.5 Silver acetate and sulphate are not very 
soluble in aqueous solutions, and in electrolysis 
of the sulphate, heavy deposits of silver are 
likely to be powdery6 and Pb(I1) and Sn(IV) 
should be absent. Hence use of sulphuric acid 
cannot be adopted in a general procedure. 
Nitric acid is the only choice. 

The amount of hydrofluoric acid added may 
be altered according to the content of Sn in the 
sample. For samples containing Sn and 2 0.8% 
of Pb, sodium acetate should be used instead 
of sodium bicarbonate for pH adjustment, to 
prevent the precipitation of PbFz. 

The problem with this medium is the strong 
tendency for the deposit of silver to be loose. To 
prevent this a complexing agent may be added. 
Amines are of little use, however, since they 
would accelerate the deposition.’ Citrate, ox- 
alate and tartrate were found to be unsuitable, 
but we strongly recommend lactate, though the 
formation constants of its silver complexes are 
still lacking. Its special features are that it is 
readily oxidized after the electrolysis and prob- 
ably during it as well (at least in part): 

In special cases, e.g., in samples containing 
both Sn and Zr, transfer the weighed sample to 
a glass beaker, add 3 ml of concentrated nitric 
acid and 4 ml of sulphuric acid (1 + 1) and heat 
until white fumes appear. Cool to room tem- 
perature, transfer with water to the polyethylene 
beaker and treat as above. 

CH,OHCH, COOH + CH,CHO + CO, + H,O 

(1) 

and is also readily decomposable: 

CH20HCH,COOH ---* CH,CHO + HCOOH 

Determination of Ag in Ag- W alloys. Transfer 
the sample into a small platinum dish, add 2-3 
ml of hydrofluoric acid and 5 ml of concentrated 
nitric acid. Warm to dissolve the sample and 
evaporate the solution to dryness on a steam- 
bath. Add 5 ml of ammonia solution and 10 ml 
of 10% sodium hydroxide solution and stir 
vigorously to redissolve the silver tungstate. 
Dilute to 200 ml, add 20 ml of 25% sodium 
sulphide solution and mix thoroughly. Digest 
on a steam-bath till the supernatant liquid is 

(2) 

These oxidation and decomposition products 
are not harmful in the deposition of silver or the 
subsequent determinations of the concomitant 
cations in the analyte solution. Silver lactate is 
very soluble in water (7.7 g in 100 ml).’ 

The cathode potential at which the electro- 
deposition of Ag begins depends on the initial 
concentration, We can only fix that at *which 
it ends. This was determined experimentally. 
Deposition of 99.4 mg of silver on a Ta (or Pt) 
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cathode was complete if the final cathode 
potential was set at +0.09 (or +0.06) V 0~. 
SCE. 

The optimum pH for Ag electrolysis was 
found to be 2-6. The more weakly acidic, the 
better. To make the background electrolysis 
current negligible, it is preferable to add just 
enough acid to dissolve the sample (or to evap- 
orate the excess). In the presence of lactic acid, 
a clear electrolyte can be obtained at the opti- 
mum pH. In the presence of phosphate, e.g., in 
the analysis of AgCuP brazing alloys, the pH of 
the electrolyte should be lowered somewhat to 
avoid precipitation of silver phosphate. 

By repeated experiments it was confirmed 
that at the optimum pH, with lactic acid 
present, a smooth adherent deposit can be 
obtained by maintaining the electrolysis current 
at ~0.1 A. 

A general study on controlled-potential elec- 
trolysis revealed that some of the analyte ion 
may be found in the washings (mainly in the first 
rinse), but not in the electrolysed solution. 
Hence this residual analyte is not due to incom- 
plete electrolysis, but arises in the washing, 
which is commonly done by lowering the beaker 
with the current still on, while rinsing with a 
stream of water from a wash-bottle.g-” In prac- 
tice it is hardly possible to wash off immediately 
all the electrolyte (which is usually acidic) 
adhering to the cathode, and there is enough 
time for a small amount of the fresh deposit to 
be redissolved. Another approachI is to siphon 
off the electrolyte while adding water to main- 
tain the original level of liquid. This is theoreti- 
cally sound and free from the shortcomings 
mentioned above, but is time-consuming. We 
therefore propose rapid withdrawal of the 
electrolysis beaker with one hand and its 
prompt replacement with a beaker of wash 
liquid by the other hand. The thoroughness of 
the washing is indicated by the colour change of 
a pH indicator. In this way the amount of the 
analyte ion in the washings may generally be 
kept below the level detectable by weighing 
with an ordinary “fourth-place” balance. It 
was found that very often no residual silver 
ion could be detected by AAS at 328.1 nm 
or spectrophotometrically with 5-[p-(dimethyl- 
amino)-benzylidene]rhodanine.‘3 

It should be noted that ethanol, which is 
added to prevent the anodic deposition of 
AgO may itself slowly reduce silver(I) to form 
a colloidal solution. Therefore the electrolysis 
should be started immediately at room tem- 

perature after addition of the ethanol. Elec- 
trolysis at elevated temperatures would be 
unfavourable since chemical reduction of the 
silver(I) by both ethanol and lactic acid would 
be promoted. 

For analysis of silver alloys containing tin, 
hydrofluoric and nitric acids should be added 
successively for dissolution, to prevent for- 
mation of colloidal metastannic acid; 1.2 ml of 
concentrated hydrofluoric acid suffices to com- 
plex 450 mg of tin(N). Fluoroboric acid was 
also tried for this purpose as it does not interfere 
in the electrolysis of silver solutions (Table l), 
but it was found that the following reactions 
take place when tin(N) is present: 

2Sn4+ + 3HBF, + 6Hz0 

--+ 2SnFi- + 3HB02 + 12H+ (3) 

Ag+ + BO, + AgBO, 1 (4) 

The metaboric acid produced causes trouble 
by forming insoluble silver metaborate. If 
both lactic and hydrofluoric acids are present, 
tin(N) can be kept in solution at the optimum 

PH. 
A special case is the presence of W(V1). 

Erratic results were obtained by the general 
procedure. It was found that the residue from 
the dissolution and evaporation can only be 
redissolved with appropriate amounts of 
ammonia and sodium hydroxide in combination 
(either alone is of no use, as Ag,W04 is very 
insoluble in water14). Electra-deposition of 
silver in this medium was found to be possible, 
but co-deposition of tungsten was still signifi- 
cant, presumably owing to adsorption. Hence 
a preliminary separation of silver from the 
tungsten (100400 mg) is indispensable. Preci- 
pitation of Ag,S with sodium sulphide is used 
for this purpose (Table 1) as Ag,S is not soluble 
in alkali-metal sulphide nor polysulphide solu- 
tions.ls Thiourea16 was also tried as the source 
of sulphide but unsatisfactory results were 
obtained. 

The effects of diverse ligands and cations 
are summarized in Table 1. It should be noted 
that in contrast to electrolysis in nitric or phos- 
phoric acid medium, I7 the presence of nitric, 
lactic and hydrofluoric acids in a weakly acidic 
medium makes considerable amounts of Sn(IV) 
tolerable. This increases the versatility of the 
proposed method and is of practical signifi- 
cance, for the present trend in industry is the 
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Table 1. Effects of diverse ligands and cations 

Added AgU), mg 

Ligand or cation ml Added Found 

Lactic acid (1 + 1) 

40% HF 

40% HBF, solution 
Cu(II) 
Sb(II1, V) 
Sn(IV) 
W(VI) 

Pb(II)/Sn(IV) 
Sn(IV)/In(III) 
Sn(IV)/Sb(III, V) 
Sn(IV)/Zn(II) 
gn(IV)/Cu(II)/Ni(II)/Zn(II) 

1 
2 
1.2 
3 

10 
424 

5* 
450* 
249t 
4OOt 
45017.29 
445/U’ 
419/2.5* 
333/165* 
441/100 
25/4.1* 

200.0 200.0 
200.0 200.1 

65.3 65.4 
65.3 65.2 
73.13 73.09 
93.4 93.4 

137.4 137.4 
100.2 100.2 
251.0 251.0 
100.0 100.1 
103.0 103.0 
17.7 77.6 
86.6 86.7 
85.5 85.3 

99.4 99.3 

*Plus 1.2 ml of 40% HF. 
tAfter preliminary separation by precipitation with sodium sulphide. 
§Plus 10.05 ml of 40% HF and pH adjusted with sodium acetate. 

increasing use of Ag-Sn alloys to replace the 
corresponding traditional ones containing Cd, 
which is a highly toxic pollutant. 

In this determination the cations of gold 
and the platinum-group metals are the only 
interferents. Potassium cyanide is used for 
controlled-potential electrolysis of silver in the 
presence of Pd(I1);” attempts to dispense with it 
were unsuccessful. Separation by precipitation 
of silver chloride was also unsatisfactory, 
because of adsorption of the palladium [like 
thati of gold(I)]. No clean-cut separation has 
yet been found. 

Under the specified conditions, silver can be 
determined with a standard deviation of 0.13 mg 
(n = lo), i.e., with the same precision as with a 
platinum cathode. 

Applications 

The proposed method has been successfully 
applied to the determination of silver in various 
alloys. Some typical results are shown in 
Table 2. 

The precision and accuracy attained meet 
the requirements of ordinary routine analysis. 
Only for referee analysis or standardization of 
certified reference materials is it necessary to 
incorporate an AAS or spectrophotometric’3 
finish to determine the residual silver. As 
already noted, the reagents added in the 
electrolysis procedure can be readily expelled 
or decomposed. Hence the solution that has 
been electrolysed can be analysed for other 
components in the sample. Thus sequential 

Table 2. Determination of Ag in some industrial samples by the proposed method. 

Sample 

Silver wire 
Silver graphite alloy 
AgCd alloy 
Ag-Cu alloy 
Ag-Fe alloy 
Ag-In alloy 
Ag-Mg alloy 
Ag-Mn alloy 
Ag-Ni alloy 
Ag-Pb alloy 
Ag-Sn alloy 
Ag-W alloy 
Ag-Zn alloy 
Ag-Cu-In alloy 
Ag-Cu-P alloy 
AgCu-Zn alloy 
Ag-CuCd-Zn alloy 
Ag-Cu-Zn-Sn-Ni alloy 
A&u-Zn-Ni-Mn-allby 

Ag found, % Total analysis, % 

99.95 Known to be 299.9 
94.50 c 4.45 
90.36 Cd 9.58 
76.40 Cu 23.54 
92.83 Fe 7.13 
72.03 In 27.90 
93.75 Mg 6.21 
83.62 Mn 17.30 
59.53 Ni 40.19; Cu 0.20 
2.88 Pb 97.02; Sb 0.03 

90.81 Sn 9.10 
33.99 W 65.87; Co 0.06 
70.76 Zn 29.18 
64.35 Cu 20.66; In 14.92 
15.59 Cu 76.98; P 6.38 
50.06 Cu 39.57; Zn 10.21 
51.88 Cu 21.44; Cd 17.63; Zn 8.98 
49.78 Cu 18.88; Zn 20.93; Sn 7.77; Ni 2.58 
48.40 Cu 18.68; Zn 19.90, Ni 5.36; Mn 7.66 
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analysis of a single sample is feasible in many 
cases. 1. 

2. 

CONCLUSIONS 

A versatile method is proposed for determina- 
tion of Ag by controlled-potential electrolysis 
with a Ta cathode and SCE reference electrode 
of double-junction type with sodium formate as 
bridge salt, at pH 2-6 in the presence of nitric, 
lactic and hydrofluoric acids. It is applicable to 
determination of Ag in alloys, except those 
containing Au and platinum group elements. 
The presence of residual Ag in the electrolysed 
solution is not due to incompleteness of deposi- 
tion but to inefficient washing. Its amount can 
be made negligible by using the washing opera- 
tions suggested, and electrolytes of as low an 
acidity as possible. 
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SURFACTANTS 
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Summary-The effect of surfactants on the Ruorescence of the beryllium-morin system has been studied. 
Non-ionic surfactants strongly enhance the fluorescence intensity of the beryllium complex. The addition 
of Triton X-100 makes possible the fluorimetric determination of submicrogram quantities of beryllium 
in feebly acidic media (pH 5.8-6.2, hexamine buffer). The fluorescence is excited at 440 nm and measured 
at 530 nm. The calibration graph is linear up to 10 ng/ml Re and the detection limit is 0.04 ng/ml. The 
relative standard deviation is 2.2% for beryllium at 0.5 ng/ml concentration and 0.7% for 5.0 ng/ml. The 
effects of 25 ions commonly found in water have also been studied, Zn*+ and F- give the main interference. 
The method has been applied to the determination of beryllium in water pollution quality-control samples 
with satisfactory results. 

The reaction with morin’ has been extensively 
used for determining submicrogram quantities 
of beryllium in air,*s3 sea-water,4 rocks’ and 
other samples, but must be applied in alkaline 
medium. 

In recent years, surfactants have been success- 
fully used for improving existing analytical 
methods and in developing new ones. In 
micellar media, the sensitivity and selectivity of 
numerous reactions are improved and metal 
complexes are generally more stable than when 
formed in the absence of surfactants. Although 
most of the analytical work done with surfac- 
tants deals with their application to spectro- 
photometric methods,6 they are now also 
being applied successfully to fluorimetric 
methods. Their first application in this area was 
the determination of aluminium with lumo- 
gallion in the presence of the non-ionic surfac- 
tant poly(ethylene glycol) monolauryl ether.’ 
Enhancement of the fluorescence of the metal- 
morin complexes in the presence of surfactants 
has been extensively studied. It has been found 
that the fluorescence of the morin complexes of 
Al 8.g Nb,‘O-12 Ta,” Pb,13 Zn,14 Zr, Hf, Ga, In and 
Sb&)’ is enhanced by the use of surfactants. 
Cationic surfactants strongly enhance the 
fluorescence of the Nb(V)“*” and Tao” com- 
plexes, e.g., cetyltrimethylammonium bromide 
(CTAB) gives an 80-fold increase for the 
Nb-morin complex. The anionic surfactant 
sodium lauryl sulphate (SLS) strongly enhances 

the fluorescence of the Zr, Hf, Al, Ga, In and 
Sb complexes (by a factor of 3-13).’ The non- 
ionic surfactant Genpol PF-20 (ethylene oxide 
propylene oxide condensate) strongly increases 
the fluorescence of the Al,* Pb13 and Zn14 com- 
plexes (by factors of 8, 9 and 75, respectively). 

In this paper the influences of various 
surfactants (non-ionic, cationic, anionic and 
zwitterionic) on the fluorescence intensity of 
the beryllium-morin complex are studied and 
the characteristics of the determination of beryl- 
lium with morin in feebly acidic media are 
discussed. 

EXPERIMENTAL 

Apparatus 

A Hitachi 850 fluorescence spectropho- 
tometer was used with l-cm silica cells and 
a 5-nm bandpass for both excitation and 
emission. 

Reagents 

All reagents used were of analytical grade. 
Morin solution, 0.04% in absolute ethanol. 
Hexamine buffer @H 6.2). Dissolve 70 g of 

hexamine in 250 ml of water, and adjust the pH 
to 6.2 with 1M hydrochloric acid. 

Beryllium stock solution, 100 pg/ml. Dissolve 
0.0416 g of Be0 in 5 ml of sulphuric acid (1 + 1) 
and dilute to the mark with water in a 150-ml 
standard flask. Dilute this appropriately with 
water to obtain a 0.01 pgg/ml working solution. 

947 
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General procedure 0.6 

To a solution containing 20 ng of beryllium, 
add 2.0 ml of buffer, 0.5 ml of ethanolic morin 
solution and 3.0 ml of aqueous 5% Triton 
X-100 solution. Dilute to volume in a 25-ml 
standard flask with water and measure the 
fluorescence intensity at 530 nm, with excitation 
at 440 nm. 

0.4 

Ah 

0.2 

L 0 . 1.6 

CSurfactants 1 t%) 

RESULTS AND DISCUSSION 

E#ect of dtrerent surfactants 

Fig. 2. Effect of non-ionic surfactant concentration: 
(1) Triton X-100; (2) Tween 80; (3) OP; Be concentration 

0.8 ng/ml, morin 0.0008%, pH 6.0, room temperature. 

Figure 1 shows the excitation and emission 
spectra of the beryllium-morin and beryllium- 
morin-Triton X-100 systems. The fluorescence 
intensity of the beryllium complex was greatly 
increased by adding Triton X-100, and the 
excitation and emission maxima occurred at 426 
and 550 nm, respectively. In this study, opti- 
mum linearity and sensitivity were achieved 
with 440 and 530 nm as the excitation and 
emission wavelengths, respectively. The fluor- 
escence spectra of the beryllium complexes in 
the presence of other surfactants were also 
studied. The results show that the addition of 
0.6% of non-ionic surfactant (Triton X-100, 
Tween 80 and/or the emulsifier OP) increases 
the fluorescence intensity of the beryllium com- 
plexes (by at least 5-fold, 4.5-fold and 4-fold, 
respectively), whereas the presence of gelatin or 
the anionic surfactant SLS causes little increase. 
In the presence of the zwitterionic surfactant 
dodecyldimethylaminoacetic acid (DDMAA) or 
the cationic surfactant CTAB there is again little 
increase. 

The red-shifts of &,, in the presence of 
non-ionic surfactants show that the interaction 
between the beryllium complex and non-ionic 
surfactants causes the excited state of the com- 
plex molecules to change. The beryllium com- 
plex molecules may be fixed by the non-ionic 
micelles, and thus made more rigid and hence 
the fluorescence quantum yield is raised. 

EfSect of concentration of non-ionic surfactants 

The effect of non-ionic surfactants (Triton 
X-100, Tween 80 and OP) on the fluorescence 
intensity of the beryllium complexes is shown in 
Fig. 2. It was observed that between 0.4% and 
1.2% Triton X-100 concentration there was 
little change in the fluorescence intensity of the 
beryllium complex. The optimum surfactant 
concentration was therefore selected as 0.6%. 

E#ect of pH 

Red-shifts (of about 25 nm) were observed in 
the fluorescence spectra of the beryllium com- 
plexes in the presence of Triton X-100, Tween 
80, emulsifier OP, CTAB and DDMAA, but not 
in the presence of gelatin and SLS. 

In the absence of surfactants the fluorescence 
of the complex was very weak over the pH range 
4.5-9.0. Maximum fluorescence occurred at pH 
11.5-12.5, which agrees with the literature.3 

The fluorescence intensity of the beryllium 
complex was strongly enhanced in feebly acidic 
medium by addition of Triton X-100, but in 

3 

2 

If 

1 

Xtnm) 

Fig. 1. Excitation (I) and emission (II) spectra: (1) 
Be-morin-Triton X-100; (2) morin-Triton X-100; (3) 
Be-morin; (4) morin. Be concentration 1 ng/ml, morin 
0.0008%, Triton X-100 0.6%, pH 6.0, room temperature. 

0.6 r 

0.4 

AL 

0.2 I 
0 I I I I 
4 6 6 10 12 14 

PH 

Fig. 3. Effect of pH. Be concentration 0.8 ng/ml, morin 
0.0008%, Triton X-100 0.6%, room temperature. (Note: 
when the pH was less than 8.0, it was adju’sted with 
hexamine buffer; when it was more than 8.0, it was adjusted 

with borax buffer and 1M NaOH). 
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Fig. 4. Effect of ethanol. (I) Fk-morin-Triton X- 
100-ethanol; (2) Re-morin-ethanol; (3) morin-Triton X- 
100-ethanol; (4) morin-ethanol. J3e concentration 0.8 
ng/ml, morin 0.0008%, Triton X-100 0.6%, pH 6.0, room 

temperature. 

alkaline medium the fluorescence was practi- 
cally unaffected by the surfactant. 

Eflect of mot-in concentration 

When the morin concentration was increased, 
the fluorescence intensities of the beryllium 
complex and the morin blank were also in- 
creased, but the difference between the two 
intensities was practically constant over the 
morin concentration range from 0.00032 to 
0.0016%, and 0.0~8% was selected as the 
optimum. 

Table 1. Effect of co-existing ions on the dete~nation of 
20 ng of beryllium in 25 ml of aqueous solution 

Co-existing ions Re found, ng Relative error, % 

10 mg K+ 

10 jJg co2+ 

10 mg Na+ 

10 N?+ pg 

10 mg NO, 

5 V(v) 

10 mg Cl- 

pg 

10 mg HCO; 

5 La’+ 

10 mg SOi- 

jfg 

5 mg As(III) 

5 MnZ+ 

0.5 mg Ca*+ 

pg 

0.5 mg Mg*+ 
0.1 mg H, PO; 

1 CW’ jig 

10 Icg CrW) 
10 L(R Cdz+ 

1 A13+ pg 
1 Pb2+ pg 
1 Fe3+ pg 
1 Fe2+ pg 
0.5 zp+ pg 
0.1 Zn*+ pg 
0.1 F- pg 
1 F- cg 

+2 
0 

+3 
-4 
Cl.5 
+1.5 
-3 

7; 
-8.5 
-3 
+2.5 

20.4 

18.8 

20.0 

18.8 

20.6 
19.2 

18.7 -6.5 

20.3 
20.3 

19.5 -2.5 

19.4 
18.2 

19.7 ., 

19.8 

-1.5 

18.3 

18.5 

19.4 

-7.5 

20.5 

21.2 +6 
19.5 -2.5 
19.5 -2.5 
21.8 +9 
18.1 -9.5 
21.0 +5 
18.8 -6 
16.6 -I7 

Table 2. Determination of beryllium in WFCS* 

Certified 
Result obtained, r.s.d., value, 

Sample nxlml % nxlml 

WPCS 4 18.9,17.8,19.9,18.4,18.9,19.4 3.9 16.1-24.9 
WFCS 6 856,875,888,894,850,831 2.8 810-978 

*WPCS 6 was diluted RIO-fold with water. 

Eflecf of ethanol 

Figure 4 shows that in the absence of Triton 
X-100, ethanol enhances the fluorescence of the 
beryllium complex, by its solvation effect.“~ls 
When Triton X-100 is also present the ethanol 
may destroy the micelles. The fluorescence in- 
tensity of the beryllium complex first decreases 
as the ethanol concentration increases, but when 
the ethanol concentration is more than 30% v/v, 
the solvation effect comes into operation and 
the intensity increases again. 

Eflect of tem~rature 

The fluorescence intensities of the beryllium 
complex and morin increase with decrease in 
temperature, but the change is small in the 
temperature range 16-20”. At room tempera- 
ture, the fluorescence of the beryllium complex 
and of morin remains almost constant for at 
least 2 hr. 

Analytical characteristics 

The calibration graphs obtained in the pres- 
ence and absence of Triton X-100 were linear up 
to 10 ng/ml Be in the final solution, but the slope 
for the reaction in presence of the surfactant was 
about 5 times that in its absence. 

The detection limits found were 0.04 and 0.08 
ng/ml in the presence and absence of Triton 
X-100, respectively, as calculated from 3s/S 
(where s is the standard deviation of the blank 
and S is the slope of the calibration graph) 
(n = 12). 

The precision was studied at two beryllium 
con~ntrations, and relative standard deviations 
(r.s.d.) of 2.2 and 0.7% (11 replicates) 
were obtained for 0.5 and 5.0 ng/ml Be, 
respectively. 

Interferences 

The effects of 25 ions commonly found in 
water, on the dete~ination of 0.8 ngjml 
beryllium were studied. The results are 
summarized in Table 1. Most do not interfere 
and only Zn*+ and F- have a serious effect; 
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Zn2+ increases the fluorescence because of for- 
mation of the Zn-morin complex and F- de- 
creases the fluorescence of the beryllium 
complex because of the formation of beryllium 
fluoride. 

Application 

The method has been applied to the 
determination of beryllium in water pollution 
control samples (WPCS) (supplied by the 
U.S. Environmental Protection Agency) with- 
out prior separation from the matrix, with 
satisfactory results. The results are shown in 
Table 2. 
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Summary-The antimonial drug (antimony potassium tartrate, antimony piperazine tartrate or antimony 
lithium thiomaleate) in aqueous solution or biological fluid is treated with sodium diethyldithiocarbamate 
in the presence of a suitable masking reagent, the pH is adjusted to 9 & 0.5. and the antimony complex 
extracted with n-hexane and determined by reversed-phase HPLC with an ODS column and detection at 
254nm. The limits of detection are 20 ng (for antimony potassium tartrate and antimony lithium 
thiomaleate) and 16 ng (for antimony piperazine tartrate). 

A number of workers have reported the use of 
dithiocarbamates for the precolumn derivatiza- 
tion of lead, mercury(II), cadmium, copper( 
zinc, iron( manganese(II), nickel, chrom- 
ium(III), cobalt(I1) and bismuth prior to liquid 
chromatography.‘-’ Antimony(II1) dithiocarba- 
mates have been determined by thin-layer 
chromatography,6 gas chromatography’ and 
atomic-absorption spectrometry,8-10 These AAS 
methods suffer from interference by copper( 
cadmium, iron(II1) and nitrate, which renders 
them unsuitable for analysis of biological fluids. 

The present paper describes the determi- 
nation of three antibilharzial antimonial drugs 
(antimony potassium tartrate, antimony piper- 
azine tartrate and antimony lithium thiomaleate) 
by derivatization with sodium diethyldithiocar- 
bamate (DDTC) and extraction, followed by 
liquid chromatography. The method offers 
two main advantages: first, higher sensitivity 
than AAS&” or spectrophotometry, which is 
especially important when dealing with bio- 
logical fluids; secondly, no interference from 
copper(I1) and iron(III), which are present 
in biological fluids. However, the method does 
not differentiate between different forms of 
antimony or different antimonial drugs. The 
antimonials investigated are an important class 
of antibilharzial drugs.“q’2 

EXPERIMENTAL 

Apparatus 

A Beckman 112 Solvent Delivery Module 
connected to a column (25 cm x 4 mm) 
packed with Bio-Sip ODS, 5 pm (Bio-Rad 

Laboratories), an LDC Model 1203 UV detec- 
tor operating at 254 nm, and a Fisher Recordall 
Series 5000 recorder, were used. 

Reagents 

Drugs. Pharmaceutical grade antimony 
potassium tartrate and antimony piperazine tar- 
&ate were obtained as gifts from CID Lab- 
oratories, Cairo, Egypt. Pharmaceutical grade 
antimony lithium thiomaleate was obtained as a 
gift from May & Baker Ltd. (Dagenham, U.K.). 
DDTC was purchased from Aldrich, and recrys- 
tallized from ethanol before use. All other chem- 
icals used were of analytical grade, and all 
organic solvents were of liquid chromatographic 
grade (Fisher). 

DDTC solution. A freshly prepared 8 mg/ml 
aqueous solution was used. It was found to be 
stable for at least 6 hr at 20” and for 24 hr at 4”. 

Bufired masking reagent. This solution was 
0.5M dipotassium hydrogen phosphate, 0.04M 
potassium cyanide and 0.02M EDTA disodium 
salt (adjusted to pH 9.0 + 0.5). 

Stock solutions of drugs. Prepared by dissolv- 
ing the compounds in distilled demineralized 
water. 

Eluent. An 85 : 15 v/v mixture of methanol 
and a buffer solution of 0.05M dipotassium 
hydrogen phosphate and 0.005M potassium 
dihydrogen phosphate (pH 8.0-8.5). 

Procedure 

To 0.5 ml of sample solution add 2.0 ml of the 
buffered masking reagent and 0.5 ml of DDTC 
solution, mix well and leave for about 5 min. 
Add 4 ml of n-hexane and equilibrate the 
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mixture with the aid of a vortex shaker for 1 min 
or by shaking it manually for 3 min. Leave the 
mixture for 5-10 min for complete separation of 
the phases. Inject 20 ~1 of the organic layer into 
the chromatographic system and determine the 
response as the peak-height for the compound 
eluted 6 min after injection. 

RESULTS AND DISCUSSION 

The antimonial drugs investigated have no 
absorption in the ultraviolet, so cannot be mon- 
itored in a chromatographic system equipped 
with an ultraviolet detector. 

Bode” reported that the antimony(II1) 
DDTC chelate can be quantitatively extracted 
at pH 8.0-9.5 in the presence of EDTA and 
cyanide as masking reagents. Under these con- 
ditions only the bismuth, tellurium and thallium 
chelates are extracted simultaneously with the 
antimony(II1) chelate. These species should not 
be present in the bulk drugs or dosage forms 
examined here, so this system was made the 
basis of the proposed method. 

Optimum conditions for precolumn chelate for- 
mation 

The pH of the aqueous phase is critical for 
avoiding the extraction of free diethyldithiocar- 
bamic acid together with the antimony(II1) 
chelate into the organic layer. The free acid 
has a very similar retention time and molar 
absorptivity to the chelate under the proposed 
chromatographic conditions. At pH higher than 
8.0, however, the reagent will be almost entirely 
in the anionic form and hence remain in the 
aqueous phase. 

It was found necessary to recrystallize the 
DDTC if a steady baseline was to be obtained, 
since traces of impurities in the commercial 
product caused a detectable noise. The optimum 
amount of DDTC for quantitative chelate for- 
mation under the chosen conditions was 4 mg 
(Fig. 1). 

To make the method specific for anti- 
mony(III), EDTA and potassium cyanide were 
added to eliminate interferences by other heavy 
metals or metal parts of the analytical system. 
The optimum concentrations of EDTA and 
cyanide were 0.04 and 0.02M respectively. 

The chelate is formed almost instantly after 
mixing of the reaction components and is 
stable for at least 24 hr at the pH of the buffered 
masking reagent. Various organic solvents (n- 
hexane, carbon tetrachloride, chloroform, 

DDTC concentration, mg /ml 

Fig. 1. Effect of DDTC reagent concentration on chelate 
formation. Concentration of antimony potassium tartrate 
in the final solution, 12pg/ml. Detector sensitivity, 0.064 

absorbance for full-scale deflection. 

dichloroethane, ethyl acetate and diethyl ether) 
were tested for the extraction. Quantitative 
and very rapid extraction was obtained with 
n-hexane (Table 1). 

Optimum chromatographic conditions 

Mixtures containing different proportions of 
methanol and aqueous buffer were tried for the 
chromatography. Table 2 shows the results; a 
mobile phase of 85% v/v methanol and 15% 
buffer was chosen as giving the best compromise 
between speed and capacity factor. When 
methanol was replaced by acetonitrile, a dis- 
torted chromatogram was obtained. On the 
other hand, with a mobile phase of 85% 
methanol in water, strong tailing and irrepro- 
ducible results were obtained. The optimum pH 
of the buffer was found to be 8.0-8.5. As an 
alternative to the phosphate buffer, 0.05M 
sodium acetate can be used. 

Biological applications 

Antimonial drugs are usually used parenter- 
ally as 3-6% solutions in saline, either daily 

Table 1. Effect of extracting solvent and extraction time on 
Sb chelate extraction (40 pg of antimony potassium tartrate; 
detector sensitivity 0.032 absorbance for full-scale deflec- 

tion) 

Height of the chelate peak, cm 

Solvent lO* 20* 30* 50* 80* 120* 

n-Hexane 6.3 8.5 9.7 10.1 10.1 10.1 
Carbon 4.1 7.1 8.6 9.3 9.8 9.8 

tetrachloride 
Chloroform 3.9 6.5 8.3 9.0 9.7 9.7 
Dichloroethane 3.6 6.3 8.1 9.0 9.6 9.7 
Ethyl acetate 3.0 5.9 7.4 8.6 9.3 9.5 
Dieihyl ether 2.7 

*Extraction time, sec. 

5.7 7.3 8.6 9.2 9.4 
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Table 2. Effect of mobile phase composition on Sb 
chelate retention 

Mobile phase composition, % u/u 

Methanol Aqueous buffer R$, ml K't 

100 0 6.0 0.00 
90 10 1.3 0.22 
85 15 9.0 0.33 
80 20 11.4 0.90 
75 25 14.9 1.48 
70 30 18.7 2.11 
65 35 23.9 2.96 

*R, = retention volume for chelate peak. 
tR’ (capacity ratio) = (R, - RJR, where I& = void 

volume. 

or on alternate days on 5 occasions, or once 
weekly for 5 weeks. There are no data for the 
distribution of tervalent antimony compounds 
in different human organs,” probably owing to 
lack of specific methods. Therefore, authentic 
samples of the antibilharzial antimonial drugs 

investigated were added in appropriate concen- 
tration (25 rg/ml) to human plasma, blood, and 
urine as well as to liver and brain homogenates 
from male 6-8 week old hamsters. Results 
for the bulk drugs and the spiked biological 
materials are presented in Table 3. The cali- 
bration graphs are linear. The range over which 
the method can be applied with reasonable 
precision and accuracy is 5-10 pg/ml in either 
aqueous solutions or biological specimens. The 
absence of interference by biological back- 
grounds is illustrated in Fig. 2. The relative 
standard deviation did not exceed 1.6%. 
The limits of detection in aqueous solution or 
biological fluids are 1 pg/ml for antimony 
potassium tartrate and antimony lithium 
thiomaleate, and 0.8 ,ug/ml for antimony 
piperazine tartrate in the sample solution 
(i.e., 20 and 16 ng respectively, in the 20 ,~l 
injected). 

Table 3. Determination of some antibilharxial antimonials in bulk powder form 
and in spiked biological materials 

Linear range,* Recovery,7 
Compound Sample pglml % 

Antimony potassium Powder 1.0-12.0 100.0 
tartrate Plasma 2.0-20.0 102.1 

Blood 1.5-16.0 103.1 
Urine 2.0-20.0 104.4 
Liver homogenate 1.5-25.0 102.9 
Brain homogenate 1.5-25.0 103.1 

Antimony piperaxine Powder 0.8-15.0 100.0 
tartrate Plasma 1.0-12s 100.5 

Antimony lithium Powder l&18.0 100.0 
thiomaleate Plasma 3.0-18.0 102.6 

*Concentrations in the final solution injected. 
tThese values are the means of 6 determinations for a 7.5 pg/ml solution. The 

standard deviation was 1.6%. 

(A) cw yJ+y ;-A-;--;- 
0 4 8 0 4 0 

lime, min 

L_iL 
0 4 a 0 4 8 

lime, min 

(3) (4) 

Fig. 2. Chromatograms of Sb(III)-DDTC chelate obtained from the following samples: (1) aqueous 
solution, (2) plasma, (3) blood, (4) urine, (5) liver homogenate, (6) brain homogenate. (A) Original sample 
material. (B) Material spiked with antimony potassium tartrate (concentration 10 yg/ml in the final 

extract). Detector sensitivity, 0.064 absorbance for full-scale deflection. 
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Individual calibration graphs can be prepared 5. 
for the compounds assayed, or a single cali- 
bration plot can be made for antimony(III), the ” 
concentration of which can then be multiplied 7. 
by an appropriate factor to give the amount 
of compound assayed. The method is more 8. 
suitable for analysis of biological samples than ~ 
of 

1. 
2. 
3. 

4. 

formulations. 
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Sumn~ary-A continuous byd~de-generation atomic-abso~tion spectrometric method for dete~ining 
-0.02 yg/g or more of antimony in ores, concentrates, rocks, soils and sediments is described. The method 
involves the reduction of antimony(V) to antimony(II1) by heating with hypophosphorous acid in a 4.SM 
hydrochloric acid-tartaric acid medium and its separation by filtration, if necessary, from any elemental 
arsenic, selenium and tellurium produced during the reduction step. Antimony is subsequently separated 
from iron, lead, zinc, tin and various other elements by a single cyclohexane extraction of its xanthate 
complex from -4SM hydrochloric acid/O.2M sulphuric acid in the presence of ascorbic acid as a 
reductant for iron(II1). After the extract is washed, if necessary, with 10% hydr~hlo~c acid-2% thiourea 
solution to remove co-extracted copper, followed by 4.W hydrochloric acid to remove residual iron and 
other elements, antimony(II1) in the extract is oxidized to antimony(V) with bromine solution in carbon 
tetrachloride and stripped into dilute sulphuric acid containing tartar& acid. Following the removal of 
bromine by evaporation of the solution, antimony(V) is reduced to antimony(II1) with potassium iodide 
in 5 3M hydr~~o~c acid and finally determined by hyd~de-generation atomic-abso~t~on spectrometry 
at 217.8 nm with sodium borohydride as reductant. Interference from platinum and palladium, which are 
partly co-extracted as xanthates under the proposed conditions, is eliminated by complex@ them with 
thiosemicarbazide during the iodide reduction step. Interference from gold is avoided by using a 3M 
hydrochloric acid medium for the hydride-generation step. Under these conditions gold forms a stable 
iodide complex. 

Because of the increasing demand for reference 
ores and related materials with certified trace 
element contents, the accurate determination of 
small amounts of antimony in these materials is 
of importance in CANMET’s Canadian Cer- 
tified Reference Materials Project (CCRMP), 
Reliable results for antimony are also essential 
in other CANMET in-house projects. For these 
reasons, and to aid in the possible certification 
of antimony, at the -K 1 @g/g-level, in a recent 
candidate reference tailings sample, UMT- 1, the 
development of a relatively simple and sensitive 
method for the determination of ng and pg 
amounts of antimony was undertaken in which 
the antimony would ultimately be determined 
by either graphite-furnace (GFAAS) or hydride- 
generation atomic-absorption spectrometry 
(HGAAS). Because moderate amounts of 
hydride-forming elements (arsenic, bismuth and 

*Crown copyright reserved. 

tin), and those that form insoluble iodides (lead 
and copper) with the potassium iodide used as 
reductant, interfere in the hydride method for 
antimony, and because large amounts of tran- 
sition-metal and other matrix elements interfere 
in both methods,‘-’ the preliminary separation 
of antimony by a reasonably selective solvent 
extraction procedure was considered necessary, 
particularly for very small amounts. Recently, 
in this laboratory a flame AAS method involv- 
ing the separation of antimony from matrix 
elements by a single methyl isobutyl ketone 
extraction as the iodide from 2iI4 sulphuric acid 
was developed for the determination of N 5 pgfg 
or more of antimony in ores and related 
materials.* However, this extraction procedure 
cannot be used directly for samples containing 
lead, because of the occlusion of antimony by 
lead sulphate, and it is not very selective, be- 
cause copper, bismuth, silver and various other 
elements are completely co-extracted as iodides 

95s 
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under the same conditions. In earlier work,’ a 
spectrophotometric method was developed for 
the determination of 2 1 pg/g of antimony in 
ores and in copper, molybdenum, nickel, zinc 
and lead concentrates. This method was based 
on the measurement of the absorbance of the 
iodide complex at 33 1 nm, after the preliminary 
separation of antimony from copper, zinc, 
nickel, molybdenum and other elements by 
collection with an iron-lan~anum mixture 
from ammoniacal medium, followed by its 
separation from the iron and lanthanum and 
from lead, tin, aluminium and other elements 
by a triple chloroform extraction of the 
antimony(II1) ethyl xanthate complex from 
N 5M hydrochloric acid containing tartaric acid 
as an auxiliary complexing agent for antimony. 
Owing to the relatively high selectivity of this 
extraction procedure, it was considered that 
xanthate extraction might be very useful in the 
rapid and direct separation of small amounts of 
antimony before its determination by GFAAS 
or HGAAS, particularly if, as found recently for 
arsenic” and tellurium,” quantitative extraction 
could be achieved in one extraction step into a 
solvent of specific gravity < 1. As shown in these 
methods,“*” this simplifies and shortens the 
extraction procedure and facilitates washing of 
the extract to remove entrained salts and reduce 
the concentration of some co-extracted el- 
ements. 

The proposed method involves the reduction 
of antimony(V), produced during the decompo- 
sition step, to antimony(II1) by heating with 
hypophosphorous acid in a 4.5M hydrochloric 
acid-tartaric acid medium, followed by its sep- 
aration, if necessary, from any elemental ar- 
senic, selenium and/or tellurium formed during 
the reduction step, by filtration. Antimony is 
then separated from iron, lead and other matrix 
elements by a single cyclohexane extraction of 
its xanthate complex from 4.5&f hydrochloric 
acid/0.2M sulphuric acid containing ascorbic 
acid as a reductant for iron(II1). After washing 
to remove co-extracted copper and residual iron 
and other elements, antimony(II1) in the extract 
is oxidized with bromine solution in carbon 
tetrachloride and stripped into dilute sulphuric 
acid-tartaric acid solution. The resultant anti- 
mony(V) is ultimately reduced to the tervalent 
state with potassium iodide in -3M hydro- 
chloric acid, in the presence of thiosemicar- 
bazide as a complexing agent for platinum and 
palladium, and determined by HGAAS with 
sodium borohydride as reductant. A graphite- 

furnace finish, which involved the use of 16M 
nitric acid for stripping purposes and both 
palladium and thiourea as matrix modifiers, as 
described earlier for arsenic,i” was investigated 
initially, but this work was discontinued because 
of the low and erratic results obtained for 
antimony. These were caused by the high 
sulphate content of the strip solution, resulting 
from the nitric acid oxidation of the co- 
extracted excess of xanthate. An advantage of 
the proposed method over many other HGAAS 
methods for antimony is that the element is 
separated from selenium, tellurium and the 
other hydride-forming elements mentioned 
above. 

Apparatus 

A Perkin-Elmer model 5000 atomic-absorp- 
tion spectrometer, equipped with a single-slot 
IO-cm air-acetylene burner and an antimony 
hollow-cathode lamp, was used in this work in 
conjunction with a Varian model VGA-76 auto- 
mated continuous vapour-generation acces- 
sory.i2 These were used under the following 
conditions and measurements were made 
in the absorbance mode with deuterium-arc 
background correction. 

Wavelength: 217.8 nm 
Lamp current: 20 mA 
Spectral band-width: 0.2 nm 
Air flowmeter reading: 40 (N 13 ljmin) 
Acetylene flowmeter reading: 15 (1.5 

l./min) 
Integration period for absorbance 

measurement: 2 set after -40 set delay 
time 

Hydrochloric acid (IOM) uptake rate: w 1 
ml/min 

Sodium borohydride solution uptake rate: 
N 1 ml/min 

Sample solution uptake rate: -8 ml/min 
Nitrogen flow-rate: N 90 ml/min 

Reagents 

Standard antimony solution, 100 pglml. Dis- 
solve 0.2669 g of pure potassium antimony 
tartrate (dried at 105” for 1 hr) in water, add 
10 ml of 20% tartaric acid solution and dilute 
to 1 litre with water. Prepare a 1-pg/ml solution 
by diluting 5 ml of this stock solution plus 5 ml 
of 20% tartaric acid solution to 500 ml with 
water. Prepare this diluted solution fresh as 
required. 



divination of antimony in ores and related materials 957 

Sodium borohydride solution, 0.6% containing Doubly demineralized water was used 
N 0.5% sodium hydroxide. Prepare fresh as throughout and all acids employed were analyti- 
required and store in a plastic bottle. cal-reagent grade. 

Sulphuric acid (3%)-tartaric acid (0.5%) 
soiu?ion. Dissolve 5 g of tartaric acid in 
-900 ml of water, add 30 ml of concentrated 
sulphuric acid, cool and dilute to - 1 litre with 
water. 

Calibration solutions 

Thiosemicarbazide solution, 2.5% in 4% v/v 
hydrochloric acid. Dissolve 2.5 g of the 
reagent (by stirring vigorously) in - 100 ml of 
water containing 4 ml of concentrated hydro- 
chloric acid, then filter the solution through a 
Whatman No. 541 filter paper and store it in a 
plastic bottle. Prepare a fresh solution weekly. 

Pot~sium iodide (lO%~~scorbic acid (2%) 
soiution. Store in a plastic bottle. 

Hydrochloric acid, 1 OM. 
Hypophosphorous acid, 20% v/v. Add 40 ml 

of concentrated hypophosphorous acid, 10 ml 
of 20% tartaric acid solution, 60 ml of concen- 
trated hydrochloric acid and 4 ml of 50% v/v 
sulphuric acid to a 250-ml beaker and dilute to 
-200 ml with water. Cover the beaker, heat the 
solution to boiling, and boil it vigorously for 
- 10 min to reduce any antimony(V) present to 
antimony(III). Cool the resulting solution to 
room temperature, transfer it to a 250-ml 
separating funnel, then add I5 ml of chloroform 
and -2.5 ml of 20% potassium ethyl xanthate 
solution and shake the funnel vigorously for 
-2 min. Allow the layers to separate, then 
drain off and discard the chloroform phase. 
Repeat the extraction, then wash the aqueous 
phase twice by shaking it with - 10 ml of 
chloroform each time. Drain off the chloroform 
and store the aqueous layer in a 250-ml plastic 
bottle. 

Prepare S-, lo-, 15- and 20-ng/ml antimony 
solutions by adding 0.5, 1, 1 S and 2 ml, respect- 
ively, of l-pgg/ml standard antimony solution to 
loo-ml standard flasks, followed by 40 ml of 3% 
sulphuric acid-O.5% tartaric acid solution, 25 
ml of concentrated hy~~hlo~c acid, 4 ml of 
2.5% thiosemicarbazide solution and 10 ml 
of 10% potassium iodide-2% ascorbic acid 
solution, diluting to volume with water and 
mixing thoroughly. Prepare a blank calibration 
solution in a similar manner. These solutions 
are stable for - 3 days when stored in the dark. 

Procedure 

Tartaric acid solution, 20%. 
Hydroeh~ori~ acid, 12M, containing N I % v/v 

formic acid. Add 5 ml of concentrated formic 
acid to -500 ml of concentrated hydrochloric 
acid. 

Hydrochloric acid, 4.5M, containing N I % v/v 
formic acid. Dilute 385 ml of concentrated hy- 
drochloric acid and 4 ml of concentrated formic 
acid to 1 litre with water. 

Bromine, 20% v/v solution in carbon tetra- 
chloride. 

Transfer up to 2 g of powdered sample, 
containing up to -40 pg of antimony and not 
more than - 10 mg of arsenic and - 800 mg of 
lead, to a 250-ml Teflon beaker, then cover the 
beaker with a Teflon cover and add - 5 ml of 
water, 15 ml of concentrated nitric acid and 10 
ml of concentrated perchloric acid. Heat the 
solution until the evolution of oxides of nitrogen 
ceases, then allow it to cool to room tem- 
perature. Remove the cover, wash down the 
sides of the beaker with water, add 10 ml of 
concentrated hydrofluoric acid and carefully 
evaporate the solution to fumes of perchloric 
acid. Cool, cover the beaker with a Teflon cover 
(Note l), add 5 ml of aqua regia (Note 2), heat 
until the evolution of oxides of nitrogen ceases, 
then remove the cover, wash down the sides of 
the beaker with water and carefully evaporate 
the solution to -3 ml. Cool, add 5 ml each of 
20% tartaric acid solution and purified 20% 
hypophosphorous acid solution, 18 ml of con- 
centrated hydrochloric acid containing 1% 
formic acid, and 20 ml of water. Cover the 
beaker with a Teflon cover, heat the solution to 
boiling and boil it gently for - 10 min (Note 3) 
to reduce antimony(V) to antimony(II1) and to 
reduce any arsenic, selenium and tellu~um pre- 
sent to their elemental states. Run a blank 
through the whole procedure. 

Sut’phuric acid, 50% v/v. 
Pot~sium ethyi xanthate solutions 20%. Pre- 

pare fresh as required. 
Hydrochloric acid (IO%)-thiourea (2%) wash 

solution. Dissolve 2 g of thiourea in 100 ml of 
10% v/v hydrochloric acid. 

If elemental arsenic, selenium and tellurium 
are absent, as indicated by the absence of a 
black precipitate, cool the solution to room 
temperature (Note 4), then transfer it to a 
loo-ml plastic standard flask, using 4SM 
hydrochloric acid-l % formic acid solution 
contained in a squeeze-type wash-bottle to wash 
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the beaker. Dilute to volume with the same 
solution. 

If elemental arsenic, selenium or tellurium is 
present, filter the solution (Whatman No. 40 
paper) (Note 5) into a loo-ml plastic standard 
flask, using 4.5M hydrochloric acid-l % formic 
acid solution to wash the beaker, paper and 
precipitate and to dilute the filtrate to volume. 

Transfer a 4-50-ml portion of the resulting 
solution, containing not more than 2 pg of 
antimony and - 5 mg of copper, to a 125-ml 
separating funnel marked at 50 ml and contain- 
ing 1 ml of 50% v/v sulphuric acid (Note 6). 
Depending on the size of the aliquot taken, add 
0.5-1.5 g of ascorbic acid (Note 7), dilute the 
solution to the mark with 4.5M hydrochloric 
acid-l% formic acid solution, stopper and mix 
thoroughly to dissolve the ascorbic acid, then 
allow the solution to stand for - 15 min to 
ensure the reduction of most of the iron. Add 
15 ml of cyclohexane and 1 ml of freshly 
prepared 20% potassium ethyl xanthate sol- 
ution (Note 8) and shake the solution for 2 min. 
Allow the layers to separate, then drain off and 
discard the aqueous phase. If copper xanthate is 
present, as indicated by a yellow precipitate in 
the aqueous and organic phases, wash the ex- 
tract by shaking it with 10 ml of 10% hydro- 
chloric acid-2% thiourea solution until the 
precipitate dissolves, then drain off the acid 
phase. Wash the extract by shaking it for 
-30 set with 5 ml of 4.5M hydrochloric 
acid-l% formic acid solution to remove re- 
sidual iron. Drain off the acid phase (Note 9), 
then add 2 ml of 20% bromine solution in 
carbon tetrachloride to the extract, stopper the 
funnel and mix thoroughly. Allow the solution 
to stand for - 5 min to ensure the complete 
oxidation of antimony(II1) to antimony(V), 
then add 5 ml of 3% sulphuric acid-O.5% 
tartaric acid solution and shake the funnel for 
-30 sec. Allow the layers to separate, then 
drain the aqueous phase into a lOO-ml Teflon 
beaker. Wash the stem of the funnel with water 
and collect the washings in the beaker. Repeat 
the stripping step once more, then wash the 
extract with 5 ml of water. Wash the stem of the 
funnel with water each time and collect these 
washings in the beaker. 

Evaporate the resulting blank and sample 
solutions until they are colourless, then add 
500 ~1 of concentrated formic acid to destroy 
any traces of bromine remaining and evaporate 
the solutions to -3-5 ml (Note 10). Transfer 
the blank solution to a 25-ml standard flask 

containing 1 ml of 2.5% thiosemicarbazide sol- 
ution, 6 ml of concentrated hydrochloric acid 
and 2.5 ml of 10% potassium iodide2% 
ascorbic acid solution. Transfer the sample sol- 
ution to a standard flask of appropriate size 
(25-100 ml) containing corresponding amounts 
of the reagents above and of the 3% sulphuric 
acid-O.5% tartaric acid solution (Note 11). 
Dilute both solutions to volume with water, mix 
and let stand for -20 min to ensure the com- 
plete reduction of antimony. 

Using the blank calibration solution to zero 
the spectrometer, measure the absorbance gen- 
erated by the calibration solutions, followed by 
the blank and sample solution (Note 12), under 
the conditions described under “Apparatus”. 
Determine the antimony concentration of both 
solutions by reference to the absorbance values 
obtained concurrently for the calibration sol- 
utions. Calculate the antimony content of the 
solutions (in ng or pg) and correct the result 
obtained for the sample solution by subtracting 
that obtained for the blank solution. 

Notes 

(1) A watch-glass should not be used, because 
any hydrofluoric acid not removed in the pre- 
ceding step will etch the glass and contaminate 
the solution with antimony from it. 

(2) Aqua regia is added to ensure that all the 
antimony is present as antimony(V).9 

(3) During the reduction step the boiling 
period should not be prolonged unduly because 
if the volume of the solution decreases to 
-45 ml the final hydrochloric acid concen- 
tration of the solution, after it is diluted to 100 
ml with 4.5M hydrochloric acid, may be too 
high. This can cause incomplete extraction of 
antimony. 

(4) Any white insoluble material (barium and 
strontium sulphates or lead chloride) does not 
need to be removed by filtration. The final 
solution can either be allowed to stand until this 
material has settled, or it can be removed more 
quickly, if desired, by centrifuging a suitable 
portion of the solution. The solution is stable 
for at least 10 days. 

(5) Filtration is not usually necessary if only 
a small amount of black precipitate is present. 
As mentioned in Note 4, this can be allowed to 
settle out or can be removed by centrifugation. 

(6) Depending on the amount of antimony 
present, none or < 10% will be extracted if the 
sulphuric acid is omitted. To avoid this source 
of error it is recommended that a habit be made 
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of adding the sulphuric acid to the separating 
funnel before the addition of the sample 
solution. 

(7) About 1.5, 0.75 and 0.5 g of ascorbic acid 
are recommended for 50-, 25- and <20-ml 
aliquots, respectively, of the sample solution. 

(8) Because of the rapid decomposition of 
xanthate in acidic solutions, xanthate solution 
should be added to only two solutions at a time, 
followed by immediate extraction of the 
complex. For health reasons, all operations 
involving xanthate should be performed in a 
fume-hood, and an automatic pipette or one 
equipped with a suction bulb should be used for 
dispensing the solution. The aqueous phase 
after extraction and any remaining xanthate 
solution should be treated with concentrated 
nitric acid and boiled to destroy the xanthate 
before disposal of the solution.‘3 

(9) If any salts are still present in the aqueous 
phase, wash the extract by shaking it with 3 or 
4 ml of water, then drain off the aqueous phase. 

(10) The solution should not be evaporated to 
dryness or near dryness, because of the organic 
material (tartaric acid) present. 

(11) For practical reasons, it is recommended 
that the hydrochloric acid and the thiosemicarb- 
azide (TSC) and potassium iodide solutions 
required be added to the standard flasks before 
the addition of the sample solution. The vol- 
umes of these solutions and of the additional 
sulphuri-tartaric acid (H, SO,-HTA) solution 
required for final sample solution volumes of 25, 
50 and 100 ml are as follows: 

Final 
Volume required, ml 

volume, H,SO,-HTA TSC KI HCI 
ml solution solution solution concentrated 

25 0 1 2.5 6 
50 10 2 5 12.5 

100 30 4 10 25 

(12) If dilution of the sample solution is 
necessary, dilute a suitable aliquot with the 
blank calibration solution. 

RESULTS AND DISCUSSION 

Separation of antimony by extraction as the 
xanthate 

Previously,g*‘4 it was found that up to at least 
500 pg of antimony(II1) can be completely 
extracted as the xanthate in three extractions 
into chloroform from <5M hydrochloric acid 
containing tartaric acid as an auxiliary complex- 
ing agent for antimony. However, in prelimi- 

nary tests to determine whether pg quantities 
could be quantitatively extracted into cyclohex- 
ane in one extraction, as described recently for 
arseniclo and tellurium,” the extraction of anti- 
mony was incomplete and decreased rapidly 
with an increase in the hydrochloric acid con- 
centration from m 2 to 5M, presumably because 
of the increased complexing action of chloride. 
Under these conditions, and at the 5-pg level, 
< 10% of the antimony present was extracted 
from 4 to 5M hydrochloric acid. Subsequent 
work showed that considerably more antimony 
was extracted if a second extraction was per- 
formed and, although the reason for this be- 
haviour is not clear, it was thought that it might 
be caused by the presence of sulphur com- 
pounds produced, during the extraction step, by 
the decomposition of xanthate. This was 
suggested by further work in which complete 
extraction of antimony was obtained in one step 
when some sulphuric acid was present. Tests 
showed that up to at least 5 pg of antimony can 
be quantitatively extracted into 15 ml of cyclo- 
hexane from 50 to 60 ml of solution <5M in 
hydrochloric acid and -0.2-0.5M in sulphuric 
acid. At hydrochloric acid concentrations > 5M 
the extraction of antimony is incomplete under 
these conditions. Consequently, to ensure com- 
plete extraction, and to prevent the co-extrac- 
tion of lead and minimize that of bismuth and 
tinI a hydrochloric acid concentration of 
-4.5M was chosen for further work. Some 
additional tests indicated that toluene can also 
be used as the solvent but this was not pursued 
in the present work. 

In initial work involving the extraction of 
antimony under the recommended experimental 
conditions (4.5M hydrochloric acid-O.2M sul- 
phuric acid), complete extraction was obtained 
from solutions of various reference materials 
prepared essentially as described in the pro- 
posed method. However, in later work low and 
erratic results were obtained which were ulti- 
mately attributed to the use of a different brand 
of hydrochloric acid, containing chlorine. This 
caused the partial oxidation of antimony(II1) to 
antimony(V) when the sample solutions were 
diluted to 100 ml with 4.5M hydrochloric acid 
after the reduction step. This, in turn, resulted 
in incomplete extraction of antimony as the 
xanthate because it is not appreciably extracted 
in the quinquevalent state.14 Tests showed that 
this source of error could be eliminated by 
dissolving a reductant such as ascorbic acid in 
the sample solution just before its dilution to 
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volume with 4.5M hydrochloric acid, or by 
adding formic acid to the 4.5M hydrochloric 
acid to destroy the chlorine present. The use of 
formic acid is preferable because the solutions 
obtained are stable for at least 3 weeks. Sol- 
utions containing ascorbic acid can only be used 
for -2 days because they become progressively 
brown to black on standing, owing to the 
decomposition of the reductant. The presence of 
more than -2 ml of concentrated perchloric 
acid during the extraction step is not recom- 
mended, because it may interfere with the ex- 
traction of antimony. For this reason, the 
concentration of this acid is regulated in the 
proposed method by evaporating the sample 
solution to - 3 ml to remove most of the added 
perchloric acid, followed by dilution to 100 ml 
and the use of < 50 ml of the resultant solution 
for the extraction step. 

Stripping and HGAAS determination of anti- 
mony 

In recent work involving the determination of 
arsenic by HGAAS after its separation from 
matrix elements by extraction as the xanthate,” 
arsenic(II1) xanthate in the cyclohexane extract 
was oxidized with bromine solution in carbon 
tetrachloride and arsenide) was then stripped 
into water. This was followed by the removal of 
bromine by heating and evaporation of the 
solution before the reduction of arsenic(V) with 
potassium iodide and its ultimate HGAAS 
measurement. This method was also advan- 
tageous for antimony except that dilute sul- 
phuric acid containing tartaric acid was used for 
stripping to prevent the hydrolysis of antimo- 
ny(V). The addition of a small amount of 
concentrated formic acid to the strip solution, 
after the removal of most of the bromine by 
evaporation, was also found to be beneficial for 
eliminating any traces of bromine remaining. 
Formic acid could probably also be used to 
advantage for the same purpose in the arsenic 
method. Similarly to arsenic,15 the antimony(V) 
formed during the stripping step is readily re- 
duced to the tervalent state required for the 
hydride-generation step, by acidifying the sol- 
ution with hydrochloric acid, and then adding 
potassium iodide and allowing the solution to 
stand for -20 min to ensure complete re- 
duction.$ A potassium iodide concentration of 
- 1% was found to be adequate for the re- 
duction of antimony, and as recommended by 
other investigators’2*‘6 using the same hydride- 
generation accessory, 1OM hydrochloric acid 

and 0.6% sodium borohydride solutions were 
used in the acid and borohydride channels of the 
hydride-generator (a borohydride concentration 
of 1% was also investigated but this only in- 
creased the absorbance by - 6% at the 20 ngjml 
antimony level). Under these conditions, the 
final hydrochloric acid concentration of the 
sample solution can vary from - 1 to 5M 
without affecting the sensitivity for antimony. 
At the pumping rates specified, this corresponds 
to hydrochlo~c acid concentrations in the range 
N 1.8-5M during the stibine generation step. A 
final hydrochloric acid concentration of -3M 
was ultimately chosen for the sample and cali- 
bration solutions to eliminate interference from 
co-extracted gold. At this acidity, moderate 
amounts of gold do not interfere, because 
it forms a stable iodide complex. Deuterium- 
arc background correction is recommended to 
eliminate positive error from photochemical de- 
composition products such as iodine, which is 
formed in the presence of aerial oxygen in the 
highly acidic sample and calibration solutions 
on standing. Probably this is carried into the 
absorption cell and absorbs at the wavelength 
employed, causing an increase in the signal for 
antimony. The calibration solutions can be used 
for up to 3 days if stored in the dark to minimize 
the formation of iodine. 

Reduction of antimony and its separation from 
arsenic 

Previous work involving a study of extraction 
of ethyl xanthate complexes from hydr~hloric 
acid medial4 showed that antimony must be in 
the tervalent state for the extraction step, and in 
the spectrophotometric iodide method men- 
tioned earlier, this reduction was accomplished 
with sodium metabisulphite in hot 6M hydro- 
chloric acid before the separation of antimony 
by collection with iron-lanthanum mixture and 
xanthate extraction. Although arsenic is also 
reduced to arsenic(II1) under these conditions 
and completely co-extracted as the xanthate at 
the hydrochloric acid concentration (5M) used 
in this earlier work, it does not interfere in the 
spectrophotometric determination of antimony 
as the iodide. However, in the case of an 
HGAAS finish, the large amounts of arsenic 
present in some ores and concentrates, relative 
to autimony, could interfere in this method 
because of depressive gas phase reactions during 
the atomization stage. I6 Consequently, it was 
considered that a reductant such as hypophos- 
phorous acid,“*‘* which reduces antimony to the 
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tervalent state and arsenic to the elemental state 
in hot hydrochloric acid media, might be very 
useful both for the reduction of antimony and 
for the separation of arsenic from antimony. 
Tests showed that up to at least 5 mg of arsenic 
can be readily reduced to the element by boiling 
for - 10 min with 1 ml of concentrated (- 50%) 
hypophosphorous acid under the acid conditions 
(4X4 hydrochloric acid) used for the reduction 
and extraction of antimony. It can then be 
separated from ng and pg amounts of antimony 
by filtration. Selenium and tellurium, which are 
also completely co-extracted as xanthates from 
4.5M hydrochloric acid, are also reduced to their 
elemental states and separated from antimony 
by this procedure. Purification of the hypophos- 
phorous acid by xanthate extraction under 
essentially the same conditions (hydro- 
chloric-sulphuric acid medium) used for the 
extraction of antimony was necessary because of 
its high antimony content (- 280 ng/ml). Boiling 
of the hypophosphorous acid-hydrochloric 
acid-sulphuric acid solution was also necessary 
to reduce the antimony, present in the quinque- 
valent state in hypophosphorous acid. 

Eflect of diverse ions 

Elements other than arsenic, selenium and 
tellurium that are completely or almost com- 
pletely extracted as xanthate under the con- 
ditions (4.5M hydrochloric acid) used for the 
extraction of antimony are gold and palladium. 
Copper, platinum, molybdenum, bismuth and 
thallium(II1) are partly extracted.14 Copper can 
readily be removed from the extract by washing 
it with 10% v/v hydrochloric acid containing 
2% thiourea. The use of 4.5M hydrochloric acid 
containing thiourea is ineffective because copper 
forms a strong xanthate complex under these 
conditions. Thiourea complexes copper more 
effectively in dilute hydrochloric acid media. 
Washing with 10% hydrochloric acid contain- 
ing thiourea, rather than 10M hydrochloric 
acid-thiourea solution, would also be advan- 
tageous for the removal of co-extracted copper 
in the previously reported GFAAS’O and 
HGAAS” methods for arsenic. However, as 
mentioned in those methods, the presence of 
more than - 5 mg of copper during the extrac- 
tion step is not recommended because the insol- 
uble yellow cuprous xanthate formed may 
interfere mechanically with the extraction or 
with the separation of the layers. Thiosemicarb- 
azide, which was used as a complexing agent for 
small amounts of copper in recent work involv- 

ing the separation of tellurium by xanthate 
extraction from -9.5iU hydrochloric acid,” 
was ineffective under the extraction conditions 
used in this work. Thallium is not co-extracted 
in the proposed method because it is reduced to 
thallium(I) with hypophosphorous acid. This is 
essentially not extracted from 20.5M hydro- 
chloric acid.14 

Interference from up to at least 4 pg/ml of 
gold during the hydride-generation step is 
avoided, as mentioned earlier, by adjusting the 
hydrochloric acid concentration of the final 
solution to -3M to allow the formation of a 
stable gold iodide complex. Interference from 
up to 2 pg/ml of platinum and palladium is 
eliminated by complexation with thiosemicar- 
bazide as described in the HGAAS method for 
arsenic.” Up to 1 pg/ml of gold, platinum and 
palladium can be present collectively in the final 
solution without causing significant error in the 
result. Up to at least 3 mg of molybdenum, 
which is - 25% co-extracted as a reddish-purple 
complex, does not interfere in the extraction of 
antimony, and relatively large amounts (10 mg) 
do not interfere in its determination by 
HGAAS. Similarly, up to at least 5 mg of 
bismuth and 400 mg of lead do not interfere 
during the extraction step. At these levels, only 
- 5 p g of bismuth and - 160 pg of lead were 
found in the final solution used for the determi- 
nation of antimony. Some lead may precipitate 
as the chloride and settle out in the initial 
solution on standing but this does not cause 
error in the antimony result. 

Iron(II1) is partly reduced with hypophos- 
phorous acidI under the conditions used for the 
reduction of antimony, and that remaining must 
be largely reduced with ascorbic acid before the 
extraction step or a low result will be obtained 
for antimony. Residual iron, lead and other 
elements that may be mechanically entrained in 
the extract, and small amounts of co-extracted 
elements are removed or reduced in concen- 
tration by washing the extract with 4.5M hydro- 
chloric acid. Under these conditions, and at the 
300-mg level, only - 10-30 pg of iron were 
found in the final solution. Tin is not signifi- 
cantly extracted as the xanthate from 4.5M 
hydrochloric acid and up to at least 50 mg can 
be present during the extraction step without 
causing error in the result. 

Applications 

Table 1 shows that the mean result obtained 
for the industrial zinc concentrate is in good 
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Table 1. Determination of antimonv in CCRMP and other reference ores and related materials 

Antimony, pg/g 

Sample* 

UMT-1 Tailings 

Certified value 

Industrial zinc-concentrate-732 
SO-l Regosolic soil 
SO-2 Podzolic soil 
SO-3 Calcareous C Horizon soil 
SO-4 Chemozemic A Horizon soil 
SY-2 Syenite rock 
SY-3 Syenite rock 
MRG-I Gabbro 
FER-1 Iron formation rock 
FER-2 Iron formation rock 
FER-3 Iron formation rock 
FER-4 Iron formation rock 
NRCC MESS-l Marine sediment 
NRCC BCSS-1 Marine sediment 
NRCC PACS-1 Marine sediment 

- 

OJlj 
O.lY 
0.311 
0.7q 
0.28 
0.3” 
0.4” 

5b 
0.7b 

:: 

0.73 k 0.08 
0.59 + 0.06 
171+ 14 

- Consensus Other reported 
This work? value 1989$ values post-1979 

0.12 f 0.01 (6) - 
9.1 IO.4(4)’ - 

0.26 f 0.02 0.30 
0.13 *0.02 0.11 
0.25 f 0.01 0.32 
0.56 f 0.03 0.71 
0.35 * 0.04 0.25 
0.39 * 0.00 0.31 
0.50 &- 0.04 0.86 

5.1 *0.1 - 
0.73 f 0.02 
0.96 k 0.01 - 

1.4 * 0.0 
0.78 + 0.08 - 
0.63 k 0.07 - 
201 &S(5) - 
203 k 9’ 
4.5 * 0.2 4.3 

9.2$, 8.811- 
0.27,m 0.2: 0.1 l*’ 
0.13.m 0.1.2 0.082’ 
0.33;20 0.32 0.232’ 
0.69,20 0.4; 0.552’ 
0.3: 0.392’ 
0.4: 0.442’ 
0.68,20 0.422’ 

- 
- 

0 71 22 0.672’ 
0:6+ 0.4723 
195, 20624 

USGS AGV-I Andesite - 

USGS PCC-1 Peridotite 
USGS DTS-1 Dunite 
NBS 1633a Coal fly ash 

NBS 1645 River sediment 

- 
- 
6.9 f OSd 

31 +6d 

NBS 1646 Estuarine sediment 
NBS 2704 River sediment 

0.79 + 0.16d 
3.79 f 0.15 

1.5 kO.1 1.28 
0.66 + 0.03 0.5 

6.2kO.l 

29.8 + 2.2 (4) - 

0.53 + 0.09 - 
3.8 f 0.2 (4) - 

4 8 25 3.96 2b 3.3 2 . , 
4.49 27 4.382’ ’ 
1.5 2: 1.1 2 0.9927 
0.4; ’ 
6.95 ” 7.3 ‘a 6.5 = 
7.72; ’ ’ 

40” 33.2 36’s 
33:6,26 ’ ’ 
32 5 ” 31z9 
0 36’22 0 429 f,. 

*CCRMP reference materials except where indicated otherwise. Except for UMT-1 nominal compositions are 
given in references 8, 10 and 30. The approximate percentage chemical composition of UMT-1 is 10 Fe, 
15 Mg, 4 Ca, 23 Si and 2 Al. 

tMean and standard deviation for 3 values except where indicated otherwise in parentheses. 
SFrom 1989 compilation of data.)’ 
iMean value obtained by the author by the iron-lanthanum collection/xanthate extraction/spectro- 

photometric iodide method.9 
TCCRMP value given for information only (not certified). 
lIMean value obtained by the author by the iodide extraction/flame AAS method.* 
“Usable value.” 
bUsable value.‘2 
‘Mean result obtained by direct method (no extraction). 
dMost recent consensus value.-” 

agreement with previous results obtained in this 
laboratory by the iron-lanthanum collection/ 
xanthate extraction/spectrophotometric iodide9 
and the iodide extraction/flame AAS’ methods 
mentioned previously. Except for FER-4, 
PACS-1 and NBS 1633a, the results obtained 
for the CCRMP soils and rocks, for some 
United States Geological Survey (USGS) rocks 
and for the National Research Council of 
Canada (NRCC) and the National Bureau of 
Standards (NBS) marine and river sediments are 
also, in most cases, in good agreement with the 
certified and usable or information-only values 
and, where applicable, with the 1987 NBS con- 
sensus values.33 They also agree reasonably well 
with other values obtained within the last 
decade by a variety of instrumental methods. 

Although the result obtained for FER4 is only 
about half the reported “usable value”,32 it is 
considered to be much more representative of 
the true antimony content of this material. The 
usable value is probably much too high because 
it is the approximate mean of only 5 results 
ranging from 1.3 to 7, uiz. 1.3, 1.4, 3, 4 and 7. 
The first two of these values were obtained 
by HGAAS and the last three by neutron 
activation, direct flame AAS without prior 
separation of antimony, and X-ray fluorescence, 
respectively. Of these methods, the last two 
would not yield accurate results for antimony at 
the level present in FER-4. Conversely, the 
certified value for the NRCC marine sediment 
PACS-1 is probably too low because the results 
obtained in this work by the proposed method 
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and by direct HGAAS, without prior separation 
of the antimony, are in excellent agreement with 
recent values obtained in the NRCC laboratory 
by inductively-couple plasma mass spec- 
trometry with both external calibration and 
isotope dilution. 24 The result obtained for the 
NBS coal fly ash 1633a is slightly lower than the 
most recent consensus value but still within the 
wide range of values (4.2-10.1) reported by 
other workers.33 The result obtained for UMT- 
1, which is currently undergoing certification in 
the CCRMP, is included for information pur- 
poses for other analysts. Each of the individual 
results obtained for all the reference materials 
was the mean of 3 or 4 HGAAS runs involving 
duplicate measurements each time. The anti- 
mony concentration was calculated by the linear 
regression least-squares method from ab- 
sorbance data obtained for each run with anti- 
mony calibration solutions covering the linear 
response range of O-20 ng/ml. 

The proposed extraction procedure has some 
definite advantages over various other extrac- 
tion procedures recently employed for the separ- 
ation of antimony from matrix elements before 
its determination by graphite-furnace, flame or 
hyd~de-generation AAS. It is considerably 
more selective than procedures involving the 
extraction of the ammonium pyrrolidinedithio- 
carbamateW and chloro complexes,” or the 
extraction of the antimony(II1) iodide complex 
from hydrochloric acid media with methyl 
isobutyl ketone containing both Alamine 336 
(tricaprylyl tertiary amine) and Aliquat 336 
(tricaprylyl methyl ammonium chloride)6 or tri- 
octylphosphine oxide.’ This is because lead, 
iron, tin, manganese, chromium, cadmium, 
cobalt, nickel, bismuth, gallium, indium, silver 
and zinc are not extracted, or are not signifi- 
cantly extracted, under the conditions used in 
this work. Contrary to most of these methods, 
large amounts of iron and lead and moderate 
amounts of copper do not interfere. A further 
advantage over methods involving the 
extraction of the antimony(V) chloro-complex 
is that it involves the extraction of anti- 
mony(I~I), which is stable in strong hydro- 
chloric acid media. Antimony(V) is notoriously 
unstable under these conditions and rapidly 
hydrolyses. 36 Although the xanthate extraction 
step is not necessary for samples of very high 
antimony content such as PACS-1, it is recom- 
mended for most rocks, ores, soils and sedi- 
ments because high results were obtained 
for several samples containing from - 1 to 

10 @g/g of antimony, when the extraction step 
was omitted. 

In the proposed method, the detection limit, 
calculated as three times the standard deviation 
of the reagent blank, based on a l-g sample 
taken through the extraction step and a final 
volume of 25 ml, is -20 ng of antimony per g 
of sample. The sensitivity or characteristic con- 
centration is - 0.15 ng of antimony per ml for 
0.0044 absorbance. In this work the reagent 
blank for a 50-ml aliquot of sample solution 
varied in the range -40-50 ng of antimony, but 
this couid probably be reduced by using ultra- 
pure acids. The method is directly applicable to 
lead concentrates but not to copper or molyb- 
denum concentrates unless antimony is first 
separated from most of the copper and molyb- 
denum by co-precipitation with iron and lan- 
thanum as described earlier.’ The method has 
been applied to the determination of Z 1 p&/l. 
quantities of antimony in zinc electrolytes after 
treatment of a suitable portion of the solution 
with nitric and perchloric acids. This is followed 
by evaporation of the solution to - l-2 ml and 
the subsequent reduction, extraction and deter- 
mination of antimony. 
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Summar-Theophylline was determined in a mixture with caffeine by room-temperature luminescence. 
The excitation energy absorbed by the theophylline was transferred to europium(III), which then emitted 
its characteristic luminescence. The enhanced luminescence emission intensity was quantitatively related 
to theophylline concentration without interference from caffeine or emission from the sample matrix. A 
mechanism explaining the observed selectivity is presented. Possible analytical use of the energy-transfer 
approach for the determination of similarly structured compounds is discussed. 

Theophylline (1,3_dimethylxanthine) and caffeine 
(1,3,7_trimethylxanthine) are two naturally 
occurring alkaloids of significant interest in 
biological and medicinal chemistry.’ Caffeine is 
a major constituent (1.2%) of coffee beans and 
is not only a major natural constituent of the 
American diet, but is also utilized in the pro- 
duction of beverages and pharmaceuticals.* 
Theophylline, on the other hand, is a minor 
constituent of plant leaves and is synthesized for 
use in drugs and pharmaceutical formulations.3 
Caffeine and theophylline share several pharma- 
cological actions of therapeutic interest.‘** Both 
stimulate cardiac muscle and the central 
nervous system. One of their most important 
applications is the relaxation of smooth muscle, 
notably bronchial muscle. Theophylline is the 
principal drug used for treating acute asthma 
and most lung disorders. Despite the similar- 
ities between these two alkaloids, a significant 
difference exists in their therapeutic index.‘J*4 
Caffeine appears to exhibit no obvious toxicity, 
whereas theophylline at plasma concentrations 
of 50 pg/ml has been reported to induce severe 
toxic symptoms and even death. The therapeutic 
plasma concentration range is 1 O-20 ,U g/ml. The 
toxicity of theophylline and its widespread use 
in medical treatment have prompted numerous 
investigations for its determination, especially 
for therapeutic drug monitoring.’ Because 
caffeine is normally present as a metabolite of 

*Author for correspondence. Research supported by 
NIH-ROl-GM 11373-26. 

theophylline in addition to its ingestion from the 
diet, both compounds are usually present in 
human samples. 

Caffeine and theophylline possess very similar 
structures and give nearly the same absorption 
spectra and luminescence spectra.>’ Since both 
are generally present in biological samples, 
their individual determination requires time- 
consuming separation procedures before 
analysis and immunoassay techniques can 
be applied. ‘v9 Spectroscopic determination of 
theophylline in a mixture has been primarily 
limited by lack of selectivity. 

Earlier, we developed a method for the 
determination of theophylline by room- 
temperature luminescence in buffered aqueous 
solution by energy transfer to tervalent 
europium. ‘O Excitation energy is absorbed by 
the theophylline and transferred to a europium 
ion, which then gives luminescence in a spectral 
region distant from possible matrix interference. 
The present investigation deals with the appli- 
cation of this methodology to a mixture of 
theophylline and caffeine, and assessment of 
the selectivity of the method. The selective 
association of Eu(II1) with theophylline in a 
mixture of the two alkaloids results in transfer 
of excitation energy from theophylline to the 
metal ion, and enhanced luminescence emission 
from the Eu(II1). This approach provides 
a simple method for trace detection of 
theophylline in a mixture, without interference 
for caffeine. A possible mechanism is postulated 
to explain the observed selectivity of the 
method. 

965 
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EXPERIMENTAL solving the appropriate weight of europium(II1) 

Apparatus 
nitrate pentahydrate in the buffer solution and 
dilution to volume with the buffer in 500 or 1000 

A Perkin-Elmer LS-5 luminescence spectro- ml standard flasks. For the titration studies, 
fluorimeter (Perkin-Elmer, Norwalk, CT) inter- 
faced to a model CLS-3600 data station was 

all analyte solutions, as well as the europium 
nitrate solution, were 0.00 1 M. 

used in the fluorescence mode for the collection 
of all room-temperature luminescence spectra 

Standard solutions were prepared by dilution 

and intensity measurements. The excitation and 
of the theophylline stock solutions; the final 
solutions all contained 7.5 x 10w4M Ed+. 

emission slits were both set at 10 nm band pass 
for all measurements. A 360 nm cut-off filter 

Blank solutions were prepared in standard 

was placed in front of the emission mono- 
flasks and consisted of equal volumes of buffer 

chromator in order to minimize second-order 
and europium(II1) solution. 

scatter. Scanning of the excitation and emission Procedures 

spectra at 120 nm/min and of the resulting Standard solutions were allowed to 
peak intensity and wavelength were processor- 
controlled by the Perkin-Elmer PECLS appli- 

equilibrate for specific time periods, before 
absorbance and fluorescence measurements 

cation program. All measurements for analytical 
calibration curves and titration experiments 

were made in separate experiments. To ensure 

involving energy transfer were made by use 
equilibration in the titration and fluorescence 

of the peak excitation wavelengths of the 
experiments; after each addition of titrant, the 

analytes and the peak emission wavelength of 
solution was stirred for 2 min (magnetic stirrer) 
before the luminescence was recorded. The 4-ml 

europium(II1). volume taken for measurement was returned to 
Fused-silica cuvettes with a l-cm path-length the titration beaker, so that no substantial loss 

were used. The highest precision was obtained 
by using the same cuvette in the same position 

of reagents occurred. The emission intensity for 

in the sample holder in the spectrofluorimeter. 
each analyte was recorded with the appropriate 

The same cuvettes were used in the absorption 
peak excitation wavelength (300 nm) for the 
analyte and the peak emission wavelength 

spectrometer. 
A model 8450A diode array spectro- 

(615 nm) of europium(II1). Rigorous cleaning of 

photometer (Hewlett Packard, San Diego, CA) 
the sample cuvette was required before all 

was used from the absorption studies; a Perkin- 
measurements, except for the titration studies, 

Elmer Metrion IV pH-meter was used in the 
because of contamination by the analytes and 

preparation of the buffer solutions. 
memory effects with europium(II1). For clean- 
ing, the cuvette was rinsed once with distilled 
water, once with 1M nitric acid, thrice with 

Reagents buffer solution, and finally three small portions 
Europium(II1) nitrate pentahydrate and of the solution to be measured. It was necessary 

1,3_dimethylxanthine (theophylline) (Aldrich to measure at least two blanks before each 
Chemical Co., Milwaukee, WI), 1,3,7-trimethyl- analyte measurement to ensure that the sample 
xanthine (caffeine) (Sigma Chemical Co., St. cuvette was clean. All analyte measurements, 
Louis, MO), tris(hydroxymethyl)aminomethane except for the luminescence titration exper- 
(THAM) and nitric acid (Fisher Scientific Co., iments, were corrected for the background emis- 
Fair Lawn, NJ) were reagent grade and used as sion of the blank. Each analyte measurement 
received. The buffer solution was prepared with was made in triplicate, and a minimum of 16 
“Nanopure” demineralized water (Barnstead blanks was measured for each analytical curve. 
System, Sybron Corp., Boston, MA). 

The buffer was prepared by dissolving 2.42 g 
of THAM in 2 litres of demineralized water and RESULTS AND DISCUSSION 
adjusting the pH to 7.5 with 1M nitric acid. 
Stock solutions (O.OOlM) of theophylline and The excitation and emission luminescence 

caffeine were prepared by dissolution of the spectra of theophylline showed prominent 
analyte and dilution to volume with buffer bands at 308 and 320 nm, the latter being the 
solution in 100 or 250 ml standard flasks. A Raman band of water. The luminescence of 
europium nitrate solution of twice the final theophylline occurred at 365 nm, which unfor- 
concentration desired was prepared by dis- tunately is in a spectral region where serious 
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spectral interferences would occur in appli- 
cations. The optimum Eu(III) concentration 
was found to be 7.5 x 10m4M for theophylline 
concentrations between 0 and 100 ,ugg/ml. Of the 
luminescence excitation peaks (250, 300, 
321 and 395 nm) and emission peaks (590 and 
615 nm) of these solutions, the combination of 
excitation at 300 nm and measurement of the 
emission at 615 nm gave the best analytical 
figures of merit. 

Figure 1 shows the luminescence intensities 
obtained when successive additions of O.OOlM 
theophylline or caffeine solution or of buffer 
were made to 10 ml of O.OOlM Eu(II1) solution. 
Figure 1 shows that the maximum luminescence 
signal for theophylline occurs when approxi- 
mately 1.8 ml of 0.00144 theophylline has been 
added to the titration beaker. This corresponds 
to a europium(II1) concentration of approxi- 
mately 8.5 x 10m4M when corrected for dilution, 
and a europium(III)/theophylline molar ratio of 
5.5. This procedure provided a working range 
for the optimum Eu(II1) concentration for the 
determination of theophylline. The lumines- 
cence titration curve for caffeine under the same 
conditions shows only a very small increase in 
luminescence intensity over a broad region, 
compared to the blank luminescence emission 
intensity. The maximum luminescence signal 
occurs at a europium(III)/caffeitie molar ratio of 
approximately 1. This means that the optimum 
Eu(II1) concentration for determination of this 
compound should be somewhere around 
3.8 x 10m4M, which is less than half that 
required for the sensitized Eu(III)-theophylline 
system. A lo-ml aliquot of O.OOlM Eu(II1) was 
titrated with the buffer solution in order to 
determine any changes that might be caused 
by the buffer (blank); a slight decrease in the 
emission intensity was observed and attributed 
to dilution of the europium. The results of these 
experiments suggest that caffeine sensitized 
the europium luminescence at much lower con- 
centrations of Eu(II1) than theophylline does, 
and with significantly less intensity. Therefore, 
for a mixture of these two alkaloids in a 
europium(II1) solution of the appropriate 
concentration, theophylline would be primarily 
responsible for the observed sensitized emission. 

To ascertain the optimum Eu(II1) concen- 
tration for the determination of theophylline, 
six series of standard solutions of theophylline 
were prepared, with Eu(II1) concentrations of 
2.5 x 10-4, 5.0 x 10-4, 7.5 x 10-4, 10 x 10-4, 
15 x 10m4, and 25 x 10e4M respectively. The 

TAL 37/m--8 

Volume of titrant (ml) 

Fig. 1. Comparison of luminescence titration curves for 
Ed+ with (a) theophylline, (b) caffeine, (c) blank. 

sensitized luminescence was found to be maxi- 
mum and stable when the concentration of 
Eu(II1) was held at 7.5 x 10e4M. 

A second set of experiments was performed in 
order to confirm that caffeine, at concentrations 
between 6 and 60 ,ug/ml, would not sensitize the 
luminescence of 7.5 x 10e4M Eu(II1). There was 
virtually no difference between the luminescence 
intensity for the blank (buffer only) and the 
caffeine solution, at any concentration. 

The possibility of chemical interactions 
between theophylline and caffeine in solution 
was investigated. Each plot in Fig. 2 represents 
the luminescence observed for caffeine concen- 
trations ranging from 5 to 65 pg/ml, with three 
different constant Eu(II1) concentrations and 
30 pgg/ml theophylline. It is seen that the sensi- 
tized signal intensities for 30 pg/ml theophylline 
depend on the Eu(II1) concentration, and are 
increasingly quenched by increased caffeine 
concentrations when 10 x 10m4 or 15 x 10e4M 

250 ,- 

L (c) -1 , 
I I I I 

0 10 20 30 40 30 en 

Caffeine (ppm) ~- __ 

Fig. 2. The effect of increasing caffeine concentration on the 
theophylline-sensitized Eu(II1) luminescence signal inten- 
sity. Theophylline concentration was constant at 30 &nl. 
Plots (a) 15 x lo-‘M Eu(III), (b) 10 x IO-‘A4 Eu(III), 

(c) 7.5 x IO-‘M Eu(II1). 
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Eu(II1) is used. The plot for the 7.5 x 10W4M 
Eu(II1) system is the least sensitive to caffeine 
concentration. Triplicate measurements were 
made for each point and all the relative standard 
deviations (RSDs) were less than 5%. Each 
signal was corrected for that of a blank con- 
sisting of buffer, caffeine and e~opi~(III) at 
the appropriate concentrations. This set of 
experiments confirmed that in this system, 
caffeine did not sensitize the Eu(II1) emission 
and did not interfere with energy transfer from 
the theophylline. 

The useful linear range, 10-70 pg/ml, for 
the analysis of pure theophylline solutions is 
shown in Fig. 3 together with that (2-70 fig/ml) 
for theophylline in the presence of 35 p&/ml 
caffeine, with 7.5 x 10m4M Eu(II1) and excitation 
and emission wavelengths of 300 and 615 nm, 
respectively. Triplicate m~s~ments were made 
for each point, and the RSDs for all points were 
6% or less. The analytical figures of merit for 
both analytes are summarized in Table 1. It is 
evident from Fig. 3 that there is virtually no 
interference by caffeine in the determination of 
theophylline. There are two main advantages of 
the method. First, it is not necessary to separate 
the theophylline from caffeine, and secondly the 
useful linear working range for theophylline 
covers the concentration range for theophylline 
toxicity. 

CONCLUSIONS 

The selective determination of theophylline in 
the presence of caffeine can be accomplished by 
transfer of the excitation energy of theophylline 
at 300 nm to Eu(II1). The resulting sensitized 
emission from Eu(III) at 615 nm is far removed 

Table 1. Characteristics of room-temperature luminescence 
determination of theophylline in the presence and absence 
of caffeine, by sensitized Eu(III) emission (12, = 300 nm; 

& = 615 nm; [Eu(III)], 7.5 x 10e4M) 

Caffeine 
present, Useful linear Correlation Regression 
Krlml range, w/ml coefficient equation* 

- IO-70 0.996 I=2.4c-8 
32 2-70 0.996 I = 2.3~ - 6 

l Z = luminescence intensity; c = theophyl~ne concentration 

&g/ml). 

from any background radiation of the buffer 
matrix and possible stray radiation. A linear 
working range of 2-70 ,ug/ml is obtained for 
theophylline in the presence of caffeine. The 
calibration standards are easily and quickly 
prepared by addition of the reactants from 
burets. 

The structures of caffeine, theophylline, and 
THAM are presented in Fig. 4. The spectral 
properties of caffeine and theophylline are 
nearly identical and the structures of the two 
compounds differ only in the substituent 
attached to one of the nitrogen atoms. It is 
therefore surprising that the energy transfer 
method is so highly selective for theophylline. 
The absorption studies performed in a previous 
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:;i-;: 
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N 
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N 

I NH, 
CH, I 
, . HOCH,CCH,OH 
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IA I 1 I I I I 
0 10 x) 30 40 50 60 70 
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Fig. 3. Working curves for the determination of (a) 
theophylline + 35 pg/ml caffeine in 7.5 x 10w4M Eu(III), 
(b) th~phylline in 7.5 x lo-‘1M Eu(II1). Instrumental 

sensitivity is 4x greater than in Fig. 2. 

I 
CHs 

(b) 

Fig. 4. Structure of (a) theophylline, (b) caffeine, (c) THAM. 
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investigation showed that no complex is formed energy transfer process is associated with the 
between theophylline and the europium ion, hydrogen-substituted ring nitrogen atom. 
(the appropriate absorption spectra of a Eu(III)- Although theophylline was not measured in 
theophylline mixture and of theophylline alone biological materials in the present work, 
are practically the same).‘O It is possible that the previous work using energy transfer from tetra- 
buffer, THAM, is coordinated to the europium cyclines to Eu(III) in blood serum showed 
ion though one of its oxygen atoms, creating no significant luminescence background,14 so 
an outer sphere that is capable of hydrogen- determination of theophylline in biological 
bonding to theophylline molecules. This inter- materials should be readily possible by the 
action could protect the analyte molecule from approach given here. 
collisional deactivation by solvent molecules 
and restrict its molecular motion. Both con- 
ditions are needed in luminescence analyses for REFERENCES 
stabilization of triplet excited states,” and 
could promote efficient energy transfer from 
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Summary-An enhanced chemiluminescence method for determining soluble and immobilized a-amylase 
has been developed, based on use of an insoluble amylose substrate labelled with horseradish peroxidase. 
Soluble peroxidase-labelled fragments of the substrate, released by the action of a-amylase, are quantified 
by the peroxidasecatalyxed luminol-peroxidep-iodophenol reaction. The detection limit for a-amylase 
was 125 fmole (12.5 nM). An insoluble amylopectin labelled with horseradish peroxidase was also effective 
as a substrate for this type of assay. 

Enhanced chemiluminescence methods for the 
determination of horseradish peroxidase (HRP) 
labels are widely used in enzyme immuno- 
assay.‘” This type of method is based on 
the HRP-catalyzed oxidation of luminol by 
peroxide in the presence of an enhancer such as 
p-iodophenol. Light emission from this reaction 
is prolonged and intense, thus simplifying 
initiation of the reaction and measurement of 
the light. We have now developed an enhanced 
chemiluminescence method for determining 
a-amylase (E.C. 3.2.1.1), an enzyme which has 
clinical applications in the diagnosis of acute 
pancreatitis.4 The new method entails catalysis 
by a-amylase of the release of soluble HRP- 
labelled maltose and glucose molecules from 
an insoluble HRP-labelled amylose substrate 
by cleavage of the a - 1 ,Chemiacetal links. These 
molecules are separated from the unreacted 
insoluble substrate and HRP released from 
them is then determined by use of the luminol- 
peroxide-p-iodophenol reaction. 

EXPERIMENTAL 

Apparatus 

A Berthold Biolumat LB 95OOT luminometer 
(Berthold Analytical Instruments, Nashua, NH) 
was used to measure the light emission. 

Reagents 

Amylose (corn), amylopectin (potato), horse- 
radish peroxidase (type VI), cyanogen bromide, 
polyoxyethylene sorbitan monolaurate (Tween- 
20), hydrogen peroxide, a-amylase (Bacillus sp. 
type II-A, 2050 units/mg), and a-amylase im- 
mobilized on polyacrylamide gel (700 units/g) 
were purchased from Sigma Chemical Co. (St. 
Louis, MO). p-Iodophenol was obtained from 
Aldrich (Milwaukee, WI). Luminol was purified 
by conversion into its sodium salt as described 
previously.’ 

Preparation of HRP-labeled amylose substrate 

Amylose was activated with cyanogen 
bromide by a procedure previously used for 
the activation of Sepharose.6 Amylose (0.5 g) 
was suspended in 20 ml of 2M potassium 
carbonate by vigorous stirring for 5 min. Then 
300 pl of 333 mg/ml cyanogen bromide solution 
in acetonitrile were added dropwise to the stirred 
suspension, and the suspension was cooled in an 
ice-bath and stirred for an additional 5 min. 
The activated amylose was filtered off with a 
sintered-glass funnel and washed with 200 ml of 
cold distilled water and then 200 ml of cold 
O.lM potassium pyrophosphate buffer (pH 8). 
This activated amylose was then added to 
5 ml of 0.6 mg/ml HRP solution in the pyro- 
phosphate buffer and stirred overnight at 4”. 
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The amylose preparation was stored in 5 ml of 
O.lM Tris buffer (pH 8.6) at O-4”. Amylopectin 
was labelled with HRP by an analogous 
procedure. 

~etermi~ff tion of ff -amylase 

The HRP-labelled amylose was washed 
extensively with phosphate-bufIered saline (PBS) 
(0.01 M potassium phosphate, 0.120M sodium 
chloride, pH 7.4) containing 0.5 ml/l. Tween-20 
to remove any HRP leached from the substrate. 
It was then resuspended (50 mg/ml) in O.lM 
Tris buffer (pH 8.6). Then a SO-p1 aliquot of the 
suspension was incubated with 10 ~1 of a 0.1 
mg/ml solution of a-amylase (205 units/ml, 20 
PM) in 9 g/l. sodium chloride solution, for 15 
min at room tem~rature. The mixture was 
centrifuged and a 10 ,ul volume of the super- 
natant liquid was tested for HRP by addition 
of 100 ~1 of a chemiluminescence substrate 
solution. The intensity of the light emission 
(integrated over 10 set) was measured between 
2 and 20 min after addition of the substrate. 
The substrate was prepared as follows: sodium 
luminol (12.5 mg) was dissolved in 50 ml of 
O.lM Tris buffer (pH 8.6) and a 3 ml aliquot was 
mixed with 2 ~1 of 30% v/v hydrogen peroxide 
and 3 ~1 of 9 mg/ml ~-iodophenol solution in 
dimethylsulfoxide. 

Efict of agitation. Dilutions of a-amylase 
(1 mg/ml) were prepared in 9 g/l. sodium 
chloride solution and 10 ~1 samples assayed 
as described above except that the reaction 
mixture was agitated on a Hema-Tek Aliquot 
Mixer (Miles, Elkhart, IN) during the 15 min 
incubation at room temperature. 

Efict of incubation time. A 10 ~1 sample of 
a -amylase (1 mg/ml, 2050 units/ml) was mixed 
with 50 pl of the HRP-labelled amylose sub- 
strate. The mixture was incubated for 5 min at 
room temperature and a 10 yl sample of the 
supernatant liquid was assayed for HRP activity 
as described. The experiment was repeated with 
different incubation times (15, 30 and 60 min). 

Eflect of substrate concentration. A 10 ~1 
sample of a-amylase (1 mgfml, 2050 units/~) 
was mixed with different amounts of HRP- 
labelled amylose substrate (25, 50, 75 and 
100 ~1) and the HRP released was assayed as 
above. 

stability of HRP-l~bel~ed amylose 

A sample of HRP-labelled amylose was 
stored at room temperature for 2 years and 
its properties as a substrate for a-amylase 

were compared with a fresh preparation of 
the HRP-amylose substrate. 

Determination of immobilized a-amylase 

A preparation of a-amylase immobili~d on 
polyacrylamide gel (700 units/g) was rehydrated 
according to the manufacturer’s instructions 
and washed repeatedly to remove any unbound 
a-amylase. A sample of the immobilized 
a-amylase suspension (10 ~1) was assayed as 
described above, to determine whether the 
immobilized enzyme could also react with 
the amylose substrate. 

RESULTS AND DISCUSSION 

Figure 1 shows the release of soluble HRP 
from the HRP-labelled amylose substrate by 
the action of a-amylase, as a function of time. 
Prolonged incubation (> 15 min) did not 
improve the signal and an incubation time of 
15 min was used in subsequent assays. Both 
steps in the dete~nation of a-amylase were 
performed at pH 7.8 in order to maximize the 
light emission in the HRP-catalyzed chemi- 
luminescence detection reaction, which has a 
sharp pH optimum at 7.8.’ Previous assays for 
the Bucolic sp. a-amylase with dye-amylose 
substrates have been performed at pH 7.5, 
so the assay pH chosen should not affect the 
a-amylase activity.* The influence of the sub- 
strate concentration on the signal and back- 
ground for the a-amylase assay is shown in 
Fig. 2. A 50 ~1 aliquot of a 50 mg/ml suspension 
of the substrate was selected for use, as giving 
the best compromise between reagent economy 
and signal-to-background ratio. The effect of 
agitation on the heterogeneous reaction between 
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Fig. 1. Kinetics of a-amylase catalysis of release of horse- 
radish peroxidase from horseradish peroxidase- 
labelled amylose. (200 pmole of a-amylase and 2.5 mg of 
substrate incubated at room temperature; all points are the 

means of duplicate determinations). 
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Fig. 2. Effect of concentration of horseradish peroxidase- 
labelled amylose on signal (+) and blank @I) in an 
assay for a-amylase (200 pmole; all points are the means of 

duplicate determinations). 

the soluble cr-amylase and the insoluble amylose 
substrate was investigated. This showed the 
improvement in signal expected for use of more 
efficient mixing of the two reactants (Fig. 3). 

The stability of the substrate was excellent, 
as judged by the performance of a fresh prep- 
aration compared with that of a preparation 
which had been stored for 2 years at room 
temperature. The activity of the stored prep- 
aration was still about 50% of that of a fresh 
preparation of the substrate. 

The working range and detection limit of the 
chemilumin~cen~ assay varied from batch to 
batch of substrate, presumably owing to differ- 
ences in the amount of active HRP immobilized, 
but a dose response up to 200 pmole and a 
detection limit of 125 femtomole (12.5 nM; 
signal-to-background ratio = 2) were achieved. 
Within-batch precision of this manual assay was 
15% for 50 pmole ( s 5 PM) of a-amylase. 

In an attempt to increase the assay sensitivity 
a series of HRP-labelled substrates was pre- 
pared with higher HRP:amylose ratios and a 
higher cyanogen bromide concentration in the 
activation step. Increasing the amount of HRP 
bound to the amylose did not produce a signifi- 
cant gain in sensitivity. This was in part due to 
an increase in the assay background, caused 
presumably by leaching of unbound enzyme 
that was trapped in the polymer matrix and 
not removed in the preliminary washing steps. 
A major reason for the lack of improvement in 
sensitivity is the steric hindrance caused by the 
high density of bound peroxidase molecules. 
These would hinder the approach of z-amylase 
to the substrate and decrease the number of 
soluble fragments formed. Interestingly, it was 
possible to measure cr-amylase immobilized on 
polyacrylamide gel, by incubating a mixture of 
the immobilized enzyme with the insoluble sub- 

strate. Surprisingly, the kinetics of the release 
of HRP was similar to that obtained with the 
soluble enzyme. 

HRP-labelled amylopectin was also effective 
as a substrate for a-amylase (data not shown), 
but was more difficult to prepare than the 
HRP-labelled amylose and was not investigated 
further. 

a-Amylase activity can be measured by 
saccharogenic, amyloclastic and chromogenic 
methods.g The last of these methods involves the 
release of soluble dyed-starch from an insoluble 
dyed-starch substrate. ‘* The method presented 
in this paper is based on the same principle, 
except that the molecule released is an enzyme. 
Release of peroxidase molecules from an 
insoluble elastin substrate by the enzyme 
elastase has also been described previously, 
but the peroxidase released was detected colori- 
metrically. ” The use of an enzyme rather than 
a chromogenic label offers the potential for 
ampli~ng the signal and thus increasing the 
assay sensitivity since each HRP molecule 
released catalyzes the chemiluminescent conver- 
sion of many luminol molecules. The detection 
limit for HRP by use of the enhanced chemi- 
luminescence assay is 25 attomoles’ and it was 
expected that the detection limit for a-amylase 
by use of a combination of enhanced chemi- 
luminescence and HRP-labelled amylose would 
also be in the attomole region. The limited 
sensitivity of this assay is due to a number of 
factors. The presence of large HRP molecules 
on the amylose may restrict the interaction of 
the enzyme with the substrate and this may 
account for the minor improvements in assay 
performance when the HRP : amylose ratio was 
increased. cr-Amylase makes random cuts in the 

0 20 40 6.0 80 100 

O-AMYLASE @mole) 

Fig. 3. Effect of mixing on the release of horseradish 
peroxidase from horseradish peroxidase-labelled amylose by 
a-amylase (100 pmole) (+ with mixing, q without mixing, 
during incubation of the enzyme and substrate; all points are 

the means of duplicate determinations). 



974 L. J. KIUCKA et al. 

amylose chain and not all of these lead to the 
soluble products. Large soluble products, once 
formed, can compete with the insoluble sub- 
strate and this would reduce the overall rate of 
generation of soluble HRP-labelled products. 
Inhibition of cl-amylase by sugar products 
formed from starches has been demonstrated 
and this would also be detrimental to the sensi- 
tivity. I2 In biological samples, a further limi- 
tation may be destruction of HRP by proteases, 
although this was not a problem in previous 
work on the determination of serum bile acids 
with a steroid dehydrogenase and biolumines- 
cent enzymes co-immobilized on Sepharose.13 
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Summary-A reactiongas chromato~aphy method for determining hi-n-butyltin (TBT) as the hydride 
derivative has been adapted to allow determination of TBT in oysters. The extraction method has been 
modified to prevent fouling of the hydride formation reactor and the gas chromatography has been made 
faster by employing a different column and temperature program. The detection limit is 3-4 rig/g in oyster 
tissue. Apparent recoveries of TBT from oyster tissue at 25 and 125 rig/g levels are 107 and 97%, 
respectively. 

Alkyltins, especially tri-n-butyltin (TBT), are 
used as biocidd preservatives,’ as disinfectants,’ 
and as antifouling agents in marine coatings.‘” 
Release of TBT from the treated surfaces of ship 
hulls4 is of particular concern because TBT is a 
general biocide and also because food-chain 
concentration of TBT has been demonstrated in 
chinook salmon,’ crabs,6 mussels? and oysters.’ 
TBT is also toxic to mammalian species, causing 
both hepatic and cutaneous toxicity and pro- 
ducing (in vitro) metabolic and cellular alter- 
ations. On the basis of these findings, there is 
concern that the presence of TBT in shellfish 
and finfish may pose a threat to human health. 
In a recent review9 it was concluded that the 
toxicity data are not yet adequate to allow a 
permissible daily intake of tributyltin to be set. 
However, since mammalian toxicity has been 
demonstrated, there is a need for sensitive and 
rapid analytical methods to screen human foods 
for TBT, even before tolerance levels are estab- 
lished. 

Chromatographic techniques used for deter- 
mination of TBT include HPLC’***’ and, more 
commonly, gas ~hromato~aphy, preferably 
combined with selective detectionX2 These 
methods can be divided into those in which the 
extract is injected without prior derivatization 
of TBT13 and those where prior derivatization is 
used to improve the quality of the separation. In 

*Author for correspondence. 

the derivatization methods, both alkylation’“” 
and hydride formation *a-z0 have been used to 
form volatile species which are easily separated. 

Sullivan et al. have described a reactionGC 
method for determining butyltins in salmon 
by on-line formation of butyltin hydrides.20 A 
packed reactor containing sodium borohydride 
was mounted below the injection port of a gas 
chromatograph. The hydrides formed in the 
reactor passed directly into the GC capillary 
column where they were separated prior to 
detection with a flame-photometric detector 
(FPD). TBT was extracted from salmon tissue 
by a modified Bligh and Dye? procedure. 

We have attempted to apply this extraction 
method to oysters, but without success. TBT 
and interfering materials were co-eluted, there 
was pronounced baseline drift and the hydride 
reactor was fouled so rapidly by the extract that 
quantative determination was impossible. Alter- 
native extraction procedures were explored, and 
the on-line hydride formation-GC method was 
adapted to allow the determination of TBT in 
oysters. 

EXPERIMENTAL 

Reagents 

Tri-n-butyltin chloride (TBT), di-n-butyltin 
dichloride (DBT), tri-n-propyltin chloride 
(TPrT) and TV-n-butyltin hydride were obtained 
from Alfa (Danvers, MA). Tropolone was pur- 
chased from Aldrich (Milwaukee, WI). Stock 

TAL 3111u 975 
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solutions of TBT, DBT, TPrT, and TBT hy- 
dride in hexane were prepared at 1.61, 1.47, 1.35 
and 1.44 g/l. concentrations respectively. All 
solvents used were glass-distilled (Omnisolv. 
EM Science, Cherry Hill, NJ). The sodium 
borohyd~de reactor and injection solvent were 
as described previously.2o Working organotin 
standard solutions in the range 37.9-757 pg/l. 
Sn were prepared by dilution of stock solutions 
in the injection solvent (cont~ning 264 pg/l. Sn, 
as TPrT, as internal standard) and also by 
dilution of the stock solutions with a solution of 
500 gg/g tropolone and 500 pg/ml TPrT in 
hexane. 

Apparatus 

The hydride fo~ation reactor, gas chro- 
matograph and flame photometric detector 
previously described” were used. The phenyl- 
methylsilicone capillary column was no longer 
commercially available, so a more readily avail- 
able capillary column (Megabore DB-1, 15 m 
long, 0.53 mm i.d., coated with 100% dimethyl- 
silicone gum, 1.5 pm thick, J&W Scientific, 
Ranch0 Cordova, CA) was substituted for it. 

Oyster tissue extraction 

Oysters (C. gigas) were collected from un- 
affected areas and from one area heavily used by 
naval and recreational vessels2 in the Northwest 
Pacific. The ages of the oysters were given by the 
suppliers. Oyster tissues were separated from 
the shell, homogenized in stainless-steel micro- 
blender cups and either extracted immediately 
or stored at - 20”. Organotins were extracted 
from the oyster tissue by the procedure shown 

IO.05 X tropolona~ 

2.5 ml of 6M HCI 

Separate 

30 mi of hbzonb 
Kkosx tropolonbt 

Filtbr, dry 
(23 g of NazSO,) 

I 
Evcrporatb f~dbrna-Oanish~ 

to opprox. 5 ml 
I 

EhQtb 4 
COmbinb - 

\ 

C-18 

4 
W&l 

(2.S ml of hoxanb/ tropoiocw) 

Fig. 1. Diagram of procedure used for extraction of TBT 
from oyster tissue. 

in Fig. 1. For all samples triplicate extractions 
were made from thoroughly homogeni~d ma- 
terial. The tissue homogenate (5.0 g) was 
blended (in the stainless-steel micro-blender 
cup) with 30 ml of hexane containing 0.05% 
w/w tropolone, 1.00 ml of 0.66 mg/l. Sn, as 
TPrT (internal standard), 2.5 ml of 6M hydro- 
chloric acid, and 15 g of sodium sulfate for 8 
mm (control experiments from which TPrT was 
omitted confirmed that it was not present in the 
original sample). The mixture was filtered under 
suction, with a fast filter paper. The solid 
residue was blended and filtered twice more, 
each time with 30 ml of the hexane/tropolone 
mixture. A final wash was made with a further 
30 ml of the tropolone solution. The combined 
supernatant was transferred to a separatory 
funnel and the aqueous layer was removed. The 
organic layer was filtered under gravity through 
2.5 g of sodium sulfate in a Schleicher & Schuell 
‘Shark Skin@ filter paper into a Kudema- 
Danish apparatus (250 ml, 5-ml receiver) and 
evaporated on a steam-bath (under a Snyder 
column) to approximately 5 ml. The liquid 
residue was passed through a C-18 cartridge 
(Waters Associates, Milford, MA) and the car- 
tridge was washed with 2.5 ml of hexane/ 
tropolone mixture. The eluate and wash were 
then combing before the dete~ination step. 

Spike-and-recovery experiments 

The tissues from 20 yearling oysters collected 
from unaffected areas were combined and 
homogenized in a blender. Before extraction, 
l-ml volumes of tri-n-butyltin choride and in- 
ternal standard solutions in hexane/tropolone 
mixture were pipetted into a micro-blender cup 
containing 5.0 g of homogenized oyster tissue. 
Other extraction conditions were identical to 
those described above. The concentrations of 
TBT were chosen to yield spike levels of 25 and 
125 rig/g Sn; the internal standard (TPrT) level 
was 500 rig/g Sn. Low levels of TBT were found 
in the oyster composite; recoveries were deter- 
mined by subtraction of the average TBT level 
(determined from 6 replicate extractions) in the 
unspiked oyster tissue from TBT levels deter- 
mined (in the same composite) after spiking 
with TBT. For the 25 and 125 rig/g Sn TBT 
spike experiments, 5 and 7 replicate extractions, 
respectively, were done. 

determination 

The GC was operated with helium as carrier 
gas at 10 ml/min and hydrogen at 140 ml/min. 
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Air supply No. 2 was operated at 170 ml/min. 
In the one-flame mode, air supply No. 1 was 
turned off, and in the two-flame mode, was 
operated at 80 ml/min. After installation of a 
hydride formation reactor, the CC was con- 
ditioned at 250” for 2 hr. The injector and 
detector were both operated at 250”, and the 
column temperature program was ramped from 
70 to 150” at lO”/min. Under these conditions, 
the retention times of TPrT and TBT were 4.0 
and 7.7 min, respectively. Injections were made 
as described previously.2o A portion of extract 
or standard solution (2-4 ~1) was drawn into a 
PTFE-tipped syringe, followed by 0.5 ~1 of air 
and then 4 ~1 of injection solvent. It was found 
that reproducible results could be obtained with 
injection times from 1 to 3 sec. This injection 
was followed by another 10 ~1 of injection 
solvent after a pause of about 3-7 sec. Stan- 
dards prepared in the hexane/tropolone mixture 
were just as stable as standards prepared in 
the injection solvent, and yielded identical 
responses. All the results reported here were 
obtained with standards prepared in hexanef 
tropolone mixture. Quantification was achieved 
by the internal standard method. To determine 
TBT, at rig/g Sn levels the peak-area ratios 
(TBT/TPrT) determined for extracts were used 
together with the calibration ratio obtained 
from the standard TBT and internal standard 
added per gram of oyster tissue. 

RESULTS AND DISCU!3SION 

Oyster tissue extractions 

The extraction procedure described here gave 
recoveries of TBT from oyster tissue that were 
essentially quantitative (Table 1). With 25 and 
125 rig/g Sn TBT spikes, the recoveries averaged 
107 and 97%, respectively. The corresponding 
RSDs were 7 and 5%. Taken together, these 
data suggest efficient extraction of TBT from 
oyster tissue with the hexane/hydrochloric acid/ 
tropolone system. A similar extraction system 
was used with success by Uhler et al.” in their 
alkylation procedure for determining TBT in 
oysters. 

Table 1. Recovery of tri-n-butyltin from oyster 
~C~assosrrea gigas) tissue 

Spike level, Sn, tag/g 25 125 
Average recovery, % 107 97 
Recovery range, % 88-l 18 92-108 
Number of extractions 5 7 
Precision of extraction 

(RSD), % 7 5 

Hydride formation 

Extracts obtained from oyster tissue by the 
extraction procedure of Sullivan et ak20 were 
black, whereas in the present procedure the dark 
pigments adhered to the silica column in the 
defatting step of the Sullivan procedure20 and 
were completely removed from the column 
when the polar injection solvent was applied, 
giving nearly transparent solutions. This indi- 
cates that the pigments are polar and/or surface- 
active. The hydride formation reactor is sensi- 
tive to the sample matrix. Rapid evaporation of 
the solvent after injection led to deposition of 
non-volatile sample-matrix components in the 
form of a dark, tarry residue on the surface of 
the reactor, which rendered it useless. The 
reactor-fouling problem was reduced somewhat 
by careful choice of extraction and ctean-up 
steps and 15-20 injections of oyster extracts 
could be made before reactor fouling prevented 
operation. The residue originated from com- 
ponents of the sample matrix. With pure 
TBT standards, the reactor could be used for 
hundreds of injections. 

C- 18 cartridge clean -up 

Hexane/tropolone extracts of oyster tissues 
could be analyzed directly in many cases. How- 
ever, there were some oyster samples which 
yielded broad peaks late in the chromatogram, 
which were large enough to interfere with inte- 
gration of the TBT peaks. These were not 
related to any pigments visible in the extract; 
many of the extracts producing these peaks were 
nearly transparent. Attempts to remove the 
cause of the peaks by loading extracts onto silica 
columns (followed by eiution with the injection 
solvent) were unsuccessful, indicating that the 
interfering peaks are not caused by nonpolar 
components. Later it was found that simply 
passing the hexane extracts through octadecyl- 
silylated silica (C-18) cartridges was effective in 
removing the interfering mate~al. Although the 
C-18 clean-up procedure was very effective in 
preventing interference by matrix-derived 
peaks, it did not prevent eventual clogging of 
the reactor, and had no effect on the reactor’s 
useful lifetime. 

Although DBT was well resolved from TPrT 
and TBT, it could not be reliably quantified, 
because of the steady deterioration of its 
response, which occurred despite the retention 
time remaining constant. Thus, the capillary 
column could not be the source of the problem. 
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Even when a standard was injected into a 
freshly-prepared reactor, before any oyster 
extracts were injected, the DBT peaks steadily 
declined. After ten injections, there was no 
response to DBT. Attempts to stabilize the DBT 
response by changing the detector gas flows, by 
use of a different source of sodium borohydride 
in the reactor, by substituting a different source 
of hydrogen gas, or by use of standards pre- 
pared in the injection solvent, were all unsuc- 
cessful. Throughout these experiments, TBT 
and TPrT were readily detectable even at low 
concentrations. Comparison of peak areas after 
injection of tri-n-butyltin hydride and tri-n- 
butyltin chloride showed that TBT was being 
q~ntitativeIy converted into the hydride even 
though the DBT response declined. 

Separation and detection 

For separating the organotins, the dimethyl- 
silicone column used in this work performed at 
least as well as the phenylmethylsilicone column 
used in previous work. 2o It was not necessary to 
use an initial isothermal pause in the tempera- 
ture program as was required with the previous 
column, and the final temperature used was 70” 
lower than that required with the more polar 
phenylmethyl column. These two changes result 
in a total temperature program that is 40°/ 
shorter than that used before.20 The time saving 
is further increased because the column oven 
cools more rapidly between cycles, owing to the 
lower final temperature. 

Retention times were very reproducible, even 
after injections of over a hundred extracts and 
standards. When the apparent retention times 
did eventually change, a clogged reactor and 
not the capillary column was found to be re- 
sponsible. Consistent retention times could be 
regained by replacing the reactor. A chro- 
matogram of a tri-n-butyltin chloride standard 
(and TPrT internal standard) is shown in Fig. 2, 
and a chromatogram of a naturally contami- 
nated oyster extract is shown in Fig. 3. TBT 
could be detected by using either the l-flame 
or 2-flame modes of the FPD. There was no 
significant difference in detection limit or linear- 
ity. With either detection mode, the detection 
limit (signal corresponding to 3 times peak-to- 
peak baseline noise) was 3-6 rig/g Sn in the 
oyster tissue, depending on the degree of con- 
centration of the final extract. The sensitivity of 
the FPD for organotins was a function of the 
purity of the hydrogen gas. 

Fig. 2. Chromatogram of the hydrides of TBT and tri-n- 
propyltin (internal standard, TPrT) by the mod&d reac- 
tion-XX method; 4~41 of standard consisting of TBT at 
0.33 rg/ml Sn level, TPrT at 0.26pg/ml Sn, in 0.05% 

tropolone solution in hexane. 

Analysis of oyster meats 

TBT levels in oyster tissue from various lo- 
cations in the Puget Sound area ranged from 15 
to 161 rig/g Sn (Table 2). Oysters collected in a 
bay used for naval and recreational sailin 
were generally higher in TBT than those from 
unaffected areas. In all but the 4-year old, the 
oysters collected in the affected area had higher 
levels of TBT than those from unaffected areas. 
All the oysters collected from the affected area, 

d 4 
TV 

8 

Fig. 3. Chromatogram of an extract. Oyster naturally 
contaminated with TBT at 161 nn/n Sn level. __ 
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Table 2. Levels of t~butyltin (TBT) found in oysters from the Puget Sound area 

Extract number TBT (as Snl, nala Comments 
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Composite, unaffected area, yearlings 
Composite, unaffected area, yearlings 
Composite, unafTected area, yearlings 
Single oyster, affected area, 4 years old 
Single oyster, affected area, 3 years old 
Single oyster, affected area, 3 years old 
Single oyster, affected area, 3 years old 

161 Composite, oysters from affecied area 

including the 4-year old, showed evidence 
of shell blistering and the oysters used to 
prepare the 161 ngfg Sn composite showed 
shell-thickening. Such shell abnormalities 
have been noted by others to be due to 
exposure to TBT. u The oyster samp les were 
collected strictly for method development, 
rather than regulatory purposes; the results 
are not intended to support an environmental 
study. 

The most commonly used approach for deter- 
mining TBT is to alkylate it before analysis. 
However, procedures based on this approach 
are time-consuming because the derivatization 
is performed batchwise. Furthermore, the 
Grignard reagents used are sensitive to trace 
amounts of water, and the procedures must be 
performed with great care. 

The on-line hyd~de-fo~ation method intro- 
duced by Sullivan et aLzO reduces the number 
of manual manipulations required for a TBT 
analysis and was adapted here to answer the 
need for a rapid and rugged method for determi- 
nation of TBT in oysters. Substitution of a 
shorter capillary column and modifications in 
the tem~ratu~ program result in a streamlined 
procedure and a method which is faster than the 
original method.20 Although the reactor must be 
replaced after every 1 S-20 injections, additional 
reactors are easily fabricated and can be stored 
in a desiccator until needed. The reaction-GC 
method is well suited to the determination of 
TBT in oysters, especially when results must be 
obtained quickly and the number of samples is 
small. 
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gummary---A procedure for determining the “hbile” metal content of contaminated sediments (in 
different chemical en~~nments) has been critically examined. The sediments were extracted overnight 
with different chemical solutions and the suspensions were anaiysed by differential pulse anodic stripping 
vohammetry. The extractants used have been recommended for soil/sediment speciation schemes, and by 
examination of the suspensions directly in the ASV cell, errors due to re-adsarption of released metal ion 
were minimized. The existence of different chemical forms of metal was sign&d by changes in peak shape 
and position or by the appearance of additional peaks, With complexing agents present the peak size was 
p&dependent. The limitations of the ASV/suspension analysis technique have been carefully evaluated 
by using ten different ext~~~~~ts and seventeen sediments. The “lability” results obtained have been 
compared with the values obtained from a cation-exchanger transfer procedure. For characterizing the 
lability behaviour of the metal contents of sediments, preliminary extraction into a minimum of four base 
solutions is advisable, e.g., O.OZM nitric acid (iow-pH labile); hydroxy~a~~ in acetic acid (reducing 
unctions); acetic ~/a~ta~ buffer (weakly sorbed and ~bona~~~d) and O.OSM calcium chloride 
(exchangeable fraction at natural system pH), where the terms in parentheses describe the character of 
the fraction. The results are critically compared with those obtained by atomic-absorption analysis of the 
extracts and with those obtained by an earlier ion-exchange fractionation scheme. The advantages and 
limitations of the ASV systems are discussed. 

Onfy a fraction of the total metal content of 
sediments tends to be “biologically available” or 
readily mobilized by changes in the chemical 
environment. Most analytical schemes for deter- 
mining these fractions seek to sub-divide the 
total element content into different reactive frac- 
tions’” by selective chemical extraction, but 
opinions differ in respect to the most appropri- 
ate reagents and/or the sequence in which they 
should be used. There is also concern about 
errors arising from m-adsorption of released 
metal ions. In most procedures a filtered extract 
is analysed by a trace technique which measures 
only the total metal ion concentration in the 
solution (i.e., the sum of all chemical forms 
present). If anodic stripping volt~met~ (ASV) 
is used instead of techniques such as atomic- 
absorption spectrometry or plasma emission, 
the response is restricted to the levels of hy- 
drated cation and labile complex present in 
solution. This can be a significantly different 
value from the total and it has been proposed 
that “labile” metal ions are more readily “avail- 
able” than other forms to living matter, 

A preliminary study” of the potential value of 
the ASV approach to “labile metal in sediment” 
determinations indicated that the procedure was 

not only sensitive @g/g detection levels) but had 
the capacity to minimize errors arising from 
re-adsorption of displaced metal ions, The 
filtration step was omitted, and the suspensions 
introduced directly into the measuring cell, and 
loosely bound metal ions then tended to migrate 
to the mercury drop cathode under the influence 
of the applied potential. The presence of par- 
ticulate matter caused some peak distortion, 
however, and it was recommended that the 
procedure receive more detailed study with a 
wider range of extra&ant solutions and sedi- 
ment types. In addition, some means of check- 
ing the validity of the ASV-labile values was 
deemed desirable. An analytical procedure 
based on transfer of iabile metal ions to cation- 
exchangers of different types,‘e6 followed by 
back-extraction into EDTA solution, has been 
developed for this, and measures ‘lability” at 
different pW values. The ASV approach is seen 
as a complementary technique, which allows 
evaluation of “lability” in different chemical 
enviro~~ts, 

Model system studieP have indicated that 
the advantages of using suspensions in the 
ASV cells outweigh the disadvantages or 
complications arising from the contact of solid 
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particles with the Hg electrode. It has been 
suggested*O*” that electrode activation (or passi- 
vation) arising from adsorption effects, or 
abrasion of the film surface by moving particles, 
can be a problem in ASV studies, and protection 
of the electrode by a semi-permeable membrane 
cover has been proposed.‘* In our studies with 
sediments, the membrane cover had a similar 
effect to filtration, so we have sought to mini- 
mize undesirable effects by replacing the Hg 
drop after deaeration (i.e., prior to the analyti- 
cal cycle) or, when using a film electrode, scrub- 
bing the sample with nitrogen before transfer to 
the cell. Though retention of the solid phase in 
the analytical system is essential for retrieval of 
ions loosely sorbed on particle surfaces, the 
possibility of peak distortions due to adsorption 
of colloidal particles on the electrode surface 
cannot be ignored. Fortunately, some guidance 
is available from publications which describe 
the effects, on ASV responses, of inorganic 
particles8*‘3s’4 and organic matter.7*g~‘0~‘s-‘g Metal 
ion interaction with ligands present in the sup- 
porting electrolyte solution can also result in 
changes in peak characteristics, and information 
on some of these effects is also available.” 
Superimposed on the above-mentioned effects 
are changes associated with the pH of the test 
systems. With some electrolyte systems, pH 
effects are small over specified pH regions. For 
example, in 0.16M acetate buffer, the oxidation 
currents for deposited copper, cadmium, lead 
and zinc were found*’ to be independent of 
acidity up to pH 7. Variation of peak heights 
was also found= to be small over the pH range 
4-6 when the acetate buffer was prepared in 
O.lM sodium chloride medium, Another study*’ 
confirmed that in acetate base solutions, pH 
effects were minimal in the pH range 4.5-6.5, 
but outside this range some distinctive peak 
changes were observed, particularly for copper. 

Othersz3 have reported that optimum response 
for lead, cadmium and copper occurs at pH 5.5, 
whereas with artificial sea-water systems24 strip- 
ping currents reach a maximum at a pH of 
about 6. Hydrogen evolution can contribute 
significantly to the baseline current at the zinc 
stripping potential and zinc determinations can 
be strongly affected by pH changes.25 In alkaline 
conditions, two peaks have been for observed 
for copper, 2oz2’ the second peak being assigned 
to either the formation of copper(I) hydroxy 
species or adsorption of copper(B) hydroxy 
species. Splitting of the copper peak has also 
been observed tooccur in the presence of chlor- 
ide ions [and was attributed to formation of 
copper(I) and copper(I1) chloro-complexes**] 
and humic acids (attributed to metal humate 
complex fo~ation),9 

Some of the variable responses in ASV studies 
can be readily controlled (e.g., by using similar 
base solutions and pH values in calibration 
series), but with sediments present it is difficult 
to predict (or counteract) effects arising from 
adsorption of suspended matter on the electrode 
surface. Standard addition techniques do not 
provide an answer, since many sediment com- 
ponents (e.g., colloidal hydrous oxides or humic 
acids) specifically sorb added metal ionI and 
electrode protection with a membrane has a 
similar effect to filtration.’ In the present study, 
the magnitude of the problem has been evalu- 
ated by using a large number of polluted sedi- 
ments and an extensive range of base solutions. 

E~ER~E~AL 

Sediment samples 
The sediment samples tested were lO-l&cm 

long segments drawn from the top, middle and 
bottom of five 60-cm cores taken along a 2-km 
length of polluted tidal creek. This group of 

Table I. Total element contents of some of the sediment samples 

Sediment No. 1 2 3 4 5 6 7 8 

Matrix species, % 
SiOz 49.0 49.8 53.2 60.8 56.0 52.5 - 49.9 
Al 5.0 6.7 6.3 4.3 5.7 6.5 - 8.0 
Fe 2.6 3.5 3.2 2.7 3.0 3.2 2.2 3.9 

Ca 1.4 0.7 0.9 0.4 0.9 0.6 - Mg 0.4 0.7 0.5 0.6 0.7 0.7 - ::: 

He;;’ metal ion, :g/; 
cl0 cl0 10 cl0 <lO < 10 <IO cu 150 130 105 75 125 115 70 14s 

Pb 750 530 440 265 530 310 170 250 
Zn 2390 1565 1550 1050 1025 675 600 590 

Suspension pH 6.6 7.5 7.1 6.6 6.7 7.0 7.1 7.2 
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samples varied greatly in degree of contamin- 
ation, as shown in Table 1. Suspensions of the 
creek sediments took over 20 hr to settle and the 
bed volume in each case was greater than the 10 
ml of dry, packed solid initially taken. The 
increases in volume (3-8 ml) have been at- 
tributed to swelling of the “clay” content. Only 
a few samples yielded clearly defined bands of 
coarser material (samples 4-6, -3 ml; 10 and 
16, -5 ml; 11 and 17, -8 ml). A surface scum 
formed during initial agitation took over an 
hour to disperse and was att~buted to organic 
matter since in high pH solutions (i.e., when 
sodium hydroxide was added) the supematant 
liquor was dark brown in colour. The absorp- 
tion of 270~nm light by these solutions was 
compared with that for sodium humate stan- 
dards and the results indicated that the organic 
levels (expressed as humic acid) ranged between 
3% (samples 2 and 4) and 8% (12, 16, and 17). 
Colloid/clay dispersion increased in high pH 
systems, and settling was even slower. The silica 
levels varied between 35 and 74%, values in- 
dicative of a high clay content with only moder- 
ate amounts of sand present. Also included in 
the study were two other samples (7 and 9) 
collected from another polluted estuary. 

Standard solutions 

Working standards covering the range of 
individual concentrations encountered in the 
sediment analysis studies were prepared by di- 
luting aliquots of BDH “AAS Standard Metal 
Solutions”. The most concentrated standard 
contained 25 pg/ml Zn, 7.5 pg/ml Pb, 1.25 
p g/ml Cu and 1.25 pg/ml Cd. This standard was 
serially diluted, yielding a series in which the 
most dilute had metal contents of 1 fig of Zn, 
300 ng of Pb, 50 ng of Cu and 50 ng of Cd per 
ml. The standard solutions used for preparation 
of ASV calibration curves consisted of 4.0 ml of 
working standard and 4.0 ml of the chemical 
extractant solution being used in the particular 
segment of the sediment study. 

Chemical extractant solutions 

Small amounts of sediment (300 mg) were 
placed in vials with 30 ml of extracting solu- 
tion, and the sealed vials were then equilibra- 
ted overnight by use of an end-over-end mixing 
unit. The extractants used in the series of 
studies were: 0.02M HNO,; 4M CH3COOH/ 
0.4M NH,OH*HCl; O.lM H,C,O,/O.l8M 
(NH,)&,O, (pH 3); 0.13M CH,COOH/0.4M 
CH,COONa (pH 5); 0.1M Na,PzO, (pH 7); 

5 m&f EDTA (pH 7); OSM NIi,NO,; 0.05&f 
CaCl,; 0.5M NaCl; 1M MgCl,; distilled water 
(to leach out soluble salts). 

ASV operating ~o~iti~~~ 

The instrument used for the electroanalytical 
studies consisted of an Amel control unit, a 
hanging mercury drop electrode and an X-Y 
recorder. The mercury drop (medium size) was 
renewed after deaeration of the cell sample (with 
nitrogen) and after each test run. Standard 
solutions were used for finding suitable opera- 
ting parameters. For the relatively high levels of 
zinc present, a deposition time of 5 set was 
adequate, with a deposition potential of about 
- 1.35 V (us. the Ag/AgCl reference electrode). 
The deposition step was followed by a short 
quiescent period before anodic sweep scanning 
(differential pulse mode) to around -50 mV. 
For most zinc studies a scan speed of 50 mV/sec 
and sensitivity settings of 2 or 5 PA full-scale 
deflection (FSD) were used. With lower zinc 
levels the scan speed was reduced to 20 mVfsec. 
In the zinc peak region the baseline sloped 
(owing to competing electron-transfer pro- 
cesses) and blank runs (i.e., electrolyte only) 
were used to correct for this effect. With longer 
deposition periods, peak heights did not in- 
crease in direct proportion to deposition time 
and even with depositions for only 5 set, the 
calibration curves occasionally deviated from 
linearity. 

For evaluation of the lower levels of cad- 
mium, copper and lead present, the sediments 
were re-analysed with a less negative deposition 
potential (-900 mv), a deposition time of 20 
set, and a scan speed of 20 mV/sec. When there 
were overlapping peaks, scan speeds of 5 
mV/~ were adopted. The cut-off potential was 
determined by the onset of oxidation of mercury 
and this varied from - 5 to - 100 mV, depend- 
ing on the base solution used. 

With the sediment samples, a change in the 
deposition time (e.g., from 5 to 20 set) led to 
much smaller increases in peak size than pre- 
dicted, e.g., by only 20-50% of the expected 
value. This was attributed to surface saturation 
with adsorbed colloids and/or settling of the 
suspension during the deposition cycle. For 
reproducible repeat analyses, the cell contents 
had to be mixed mechanically between each 
ASV cycle. For both standard solutions and 
suspensions, the relative standard deviation of 
repeated scans was f lo%, or better, and repli- 
cate precision was of the same order. 
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Table 2. Effect of extractant composition on position of 
ASV peaks 

Peak position 
(-mV vs. SRE) 

Extractant 
solution Zn Cd Pb Cu 

OSM NaCl 1010 630 420 170 
I .OM MgCl, 1060 710 495 270 
O.OSM CaCl, 1150 740 540 230 
0.4M NHzOH*HCl (995) 685 480 235 

Acetate buffer, pH 5 1165 750 560 135 
0.02M HNO, 1150 720 510 80 
0.5M NH,N6, 
Water* 

O.lM Na,P,O,,* pH 7 (a) 
(b) 

pH 1.5 (a) 
(b) 

Oxalate buffer,* pH 3 
(b) 

5mM EDTA,* pH 1.5 
(b) 

pH 6.6 
fb) 

pH 10.6 
(b) 

1070 
1170 

nd 
- 

1115 

(1075) 
- 

1125 
- 
nd 
- 
nd 
- 

655 455 30 
740 540 110 
750 550 130 
185 630 270 
710 575 225 
740 575 18.5 
705 540 165 
640 480 155 
680 525 195 
710 525 155 
725 550 180 
nd nd 400 
- - 270 
nd nd 485 
- - 435 

*Peak position varied with Edep and pH. 
ASV parameters: (a) 5 see deposition, - 1.35 V, 50 mV/sec 

scan; (b) 20 set deposition, -0.9 V, 20 mV/sec scan. 
nd = none identified. Values in parentheses are estimates. 

The peak potential (E,) for the different 
elements varied with the electrolyte base sol- 
ution, as shown in Table 2. 

Metal extracting 

After overnight mixing, lo-ml aliquots of 
the sediment suspensions were transferred to 
the ASV unit measuring cell and stirred with 
a stream of nitrogen. Settling of solid particle 
during the metal deposition cycle was minimized 
by magnetic stirring of the cell contents. 
Quiet conditions were used for the stripping 
cycle. 

For a selected group of samples, aliquots of 
the initial suspension were centrifuged, and the 
supernatant liquid was then transferred to the 
ASV cell for analysis. Aliquots of most suspen- 
sions were also filtered with Whatman No. 50 
filter papers (to remove particles > 1 pm in 
diameter) prior to analysis. These phase separ- 
ations reduced the contribution of sorbed ion 
species to the peak current size. 

Diverse ion efects 

When the extractants used were chloride-free, 
the standard solutions were spiked with various 
amounts of sodium chloride (up to 0.5M) prior 

to ASV analysis, to ascertain whether changes in 
peak position observed in the sediment studies 
were attributable to the formation of metal 
chloro-complexes. 

It was also predicted that the structure of the 
sample ASV peaks could be influenced by iron 
salts released by some extractants, and to evalu- 
ate this effect, standard metal mixtures were 
spiked with different amounts of iron(II1) ni- 
trate solution. 

With pyrophosphate or EDTA ions present, 
the effective stability of the metal complexes 
formed is pH-dependent, hence with these base 
solutions standard series analyses were run at 
two or more different pH values. 

In the ASV investigation, seventeen different 
sediments were studied, and in the discussion 
sections which follow, simila~ties in behaviour 
have been highlighted by bracketing the sample 
numbers (e.g., 1,9, 17). In the tabular material, 
however, only the results obtained with eight of 
the samples (a highly polluted group) have been 
listed. 

RESULTS AND DISCIJS!3ION 

The presence of very fine material and alkali- 
soluble organic matter in the sediments studied 
led to some peak distortion and other inter- 
ference effects, which were found to vary with 
base solution type and the sample being studied. 
For discussion purposes the eleven displacing 
solutions tested have been sub-divided into four 
major groups (acidic, reducing, neutral salts and 
metal-complex formers) but each extractant sys- 
tem had some unique responses which warrant 
special comment. 

Low-pH, ASV-labile contents 

To evaluate the fraction of the total metal 
content which may be assigned to human 
sources and activities, extraction with dilute 
acid solutions has been widely used. Low-pH 
extract values also provide an indication of the 
degree of metal release which might follow 
exposure of sediments to strong acid leaching 
(e.g., by an acid spill or through w~~e~ng of 
sulphide minerals present). Dilute acid extrac- 
tions appear to release metal ions associated 
with acid-soluble matrix components (e.g., 
carbonates, amorphous hydrous oxides) as well 
as promoting displacement from organic acid 
colloids and surface sites.’ 

For our ASV study we employed 0.02iU nitric 
acid, as used recently to determine the metal 
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Table 3. “Low-pH and pH-5 labile” metal content of sediments, ug/g 

Sample No. 

Species Extractant 1 2 3 4 5 6 7 8 

Z&C 
RSO, H 
HN& 
RCOOH 
Acetate pH 5 
NH,OH*HCl 

1315 1230 1080 810 850 530 355 415 
1090 1080 1360 660 700 370 325 300 
1090 930 930 480 635 245 195 245 
980 795 740 495 580 245 205 170 

fa) (230) (135) (115) (80) (90) nd (60) nd 

Lead 
NH,OH*HCl 
HNO, 
RSOtH* 
Oxalate, pH 3 
RCOOH* 
Acetate, pH 5 

680 420 340 190 360 125 115 175 
425 250 295 115 175 110 55 80 
340 215 175 105 125 130 85 125 
270 255 275 170 225 135 105 250 
240 105 80 60 110 60 55 35 

95 35 15 10 45 15 nd 5 

copper 
RSOjH* 
HNOs 
RCOOH* 
NH,OH*HCl 
Acetate, pH 5 
Oxalate, pH 3 

65 60 35 25 45 75 30 85 
50 125 70 nd 75 75 30 85 
25 30 < 10 20 20 20 <lO 1s 
15 10 nd 15 15 15 10 20 
10 nd nd nd nd S nd nd 

(b) 5 nd nd S nd 5 20 5 

System Peak (cl 
HNOr 135 190 140 90 100 100 10 140 
Oxalate, pH 3 (d) 95 130 140 loo 220 20 560 9s 
NH,OH * HCl 120 100 60 70 75 5s 10 125 
Acetate pH 5 nd 25 10 10 10 5 nd IS 

nd = none detected, (a) NH,OH.HCl in 4M CH,COOH, peak reduced by competing 
reactions; (b) E - -0.9 V, (c) not specifically identified, overlaps Cu peak; (d) 
EM= -1.35 Vdcp- 

*Cation-exch~ger with functional group specified. Values in parentheses are estimates. 

content of some polluted Polish soils.26 When a 
300-mg portion of sediment was added to 30 ml 
of this acid, the system pH ranged from 1.8 to 
2.3, which allowed dete~ination of Zn by 
ASV. 

It was predicted that the “low-pH ASV- 
labile” metal values should be similar to the 
amount of metal transferred to H+-form strong- 
acid cation-exchangers. This was the case for 
some copper and lead transfers, but rarely for 
zinc (Table 3). 

In dilute nitric acid solutions the DPASV 
curves for standard metal solutions had flat 
baselines in the cadmium, lead and copper 
region, but with potential values more negative 
than 1 .O V, the current increased rapidly owing 
to oxidation processes other than the formation 
of zinc ions (Fig. 1). With sediment present, 
baseline effects were accentuated and some 
shifts in peak positions occurred (c$ Fig. I). 
Some peaks broadened and it was concluded 
that iron species dissolved by the acid were 
probably responsible for the varied sediment 
behaviour. Adding an iron(II1) salt (50 or 

nhb be) 

Strippin potential CmVf 

Fig. 1. Typical ASV curves obtained with sediment extracts 
and either 0.02M HNO, (A) or 0.4M NH,OH.HCI in 4h4 
CH,CoOH (B). Sediment suspensions numbered l-8; 8” 
was a filtered solution. The standard solution fS) contained 
6.25 pg/ml Zn, 1.88 &ml Pb and 0.33 fig/ml Cd and Cu. 
Extraction solution blank, X. Operating parameters: a, S set 

at &cp - 1.35 V, S PA full-scale deflection (FSD); b, 20 set 
at EM -0.9 V, 2 PA FSD, c, as for b, but 5 PA FSD; d, 

as for b, but 1 pA FSD. 
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Table 4. Cadmium detected in sediment suspensions, fig/g 

Sample No. 

Extractant 1 2 3 4 5 6 7 8 

Water 2.0 nd nd nd nd nd nd nd 
NH,NO, nd nd nd nd nd nd nd nd 
Nael * 
Acetate buffer 
NH,OH * HCI 
MgCl, 

2.5 1.5 2.0 5.5 5.0 1.0 nd nd 
1.5 1.0 4.0 2.5 nd 3.0 nd 

HNO, 

Note: No Cd detected by AAS analysis or transfer to ~tion~xchan~r 
(values below detection limit). 

nd = none detected. 

500 pug) to the standard solutions caused the 
metal peaks to move in an anodic direction (by 
100 mV) with some associated small decreases in 
the size of the cadmium, lead and copper peaks. 
In the zinc region, the baseline current increased 
(owing to enhanced levels of depolarizing 
species). When the added iron was reduced to 
Fe(I1) (e.g., in the presence of hydroxylamine), 
the peak effects attributed to iron tended to 
disappear, being replaced by changes arising 
from the presence of chloride (c$ Fig. 1). 

With the sediment ASV curves, peak heights 
were measured from the extrapolated baselines 
to the peak tops and converted into concen- 
trations with calibration curves. Duplicate 
analyses, and repeat analyses with different sen- 
sitivity settings, were fairly reproducible (e.g., 
median f 5% of median). 

In about 80% of the test studies, filtering the 
samples with a fine filter paper (Whatman No. 
50) prior to ASV analysis reduced the peak size 
by about 20%, whereas little signal loss was 
observed for standard solutions. It was con- 
cluded in earlier studies4sg that filtering removed 
labile metal ions loosely bound to particle sur- 
faces, a fraction that is mobilized by the applied 
potential in ASV analyses of suspensions. When 
filtered extract test samples were used, the 
double peaks in the copper region were more 
clearly resolved, largely because the height of 
the more anodic peak was reduced by almost 
half (cf- Fig. 1). The second component (present 
mainly as a shoulder for the suspension systems) 
was only marginally affected by removal of the 
solid phase. A shift in peak position to more 
anodic values (relative to Ep for standards) is 
often indicative of an adsorption process, and if 
this genera~zation applies here, it can be pro- 
posed that the more anodic segment of the 
double peak arises from copper ions sorbed 
on the surface of positively charged colloids 
attracted to the mercury drop. Alternatively, 

adsorbed metal complexes (e.g., humates) 
may undergo reversible one- or two-electron 
changes. Addition of humic acids to acetate 
base solutions was found’ to split the copper 
peak in a manner similar to that observed for 
the sediment samples. 

The “low-pH labile” values for zinc, lead and 
copper present in eight of the sediments are 
summarized in Table 3. The values for cadmium 
are listed in Table 4. Comparison with the 
cation-exchange transfer values previously re- 
ported (RSOXH column in Table 6)6 showed 
that the DPASV method yielded smaller labile 
zinc (and sometimes labile lead) values. This 
suggests that some sparingly soluble zinc (and 
lead) compounds were only partially soluble in 
the dilute acid. Conversely, acid extraction re- 
leased more copper than did the ion-exchange 
process, a result which suggests that some of the 
copper content required oxidation for release to 
occur (e.g., was present as CuS or Cu metal). 
The amount of cadmium present in the samples 
was generally less than the detection limit of the 
exchanger procedure. 

The sloping baseline which preceded the zinc 
stripping peaks increased in steepness when the 
deposition potentials were made more negative, 
or when more nitrate ion was introduced. The 
source of this current is assumed to be oxidation 
of sorbed hydrogen gas or ammonium ions 
(formed by reduction of nitrate in the deposition 
cycle). Competing processes during the electro- 
deposition stage may have contributed to the 
ASV zinc values being lower than the corre- 
sponding ion-exchange transfer values. 

Low-pH labile reducing conditions 

In soils and sediments, signifi~nt fractions of 
the total metal content can be associated with 
the hydrous oxides of iron, manganese and 
aluminium and an estimate of the amount 
associated with the amorphous forms of the 
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iron and manganese oxides can be obtained 
through interaction with a reducing agent (e.g., 
NH20H.HC1 in 25% acetic acid). When the 
readily reduced components dissolve, bound 
metal ions are released. Dissolution of the 
hydrous oxides also reduces the number of 
surface-active sites available for re-adsorption 
of metal ions and eliminates colloidal species, 
which can interfere with the ASV determin- 
ations. When NH2 OH * HCl is used as the reduc- 
ing agent, these gains can be offset by the effect 
of the increase in total acidity, the peak shifts 
induced by the presence of chloride, and the 
electron-transfer reactions involving hydroxyl- 
amine, which occur at high negative electrode 
potentials. In our study this led to low levels of 
zinc being detected (O-10% of the total content; 
cJ Table 3). Typical voltamperograms are 
shown in Fig. 1. 

Conversely, reduction of the oxide phases 
led to larger amounts of lead being detected 
(cJ Table 3). With most sediments the 
levels recorded were around 75% of the total 
lead content and double the amount released 
by dilute nitric acid. The enhanced release is 
consistent with the known high affinity be- 
tween lead ions and amorphous iron oxide 
surfaces. 

The cadmium values obtained (Table 4) were 
lower than those found by nitric acid extraction 
or chloride salt displacement, and were some- 
what similar to the acetate buffer results. With 
all these systems the precision was poor, owing 
to the very low levels present. 

The reliability of the copper values was re- 
duced by the overlapping of the peaks in the 
appropriate portion of the ASV scan. The more 
cathodic peak (at - 190 mV) fell in the region 
expected for chloride-rich base solutions. The 
anodic peak (at -60 mV) was not detected in 
the standard solution DPASV curves (c$ Fig. 1) 
and has been assigned to a surface-absorbed 
species. In most sediment analyses, the copper 
chloro-complex peak appeared as a shoulder on 
the larger “sorbed species” peak, and with six 
samples (2, 6, 13-15, 17) identification of the 
shoulder was difficult. With some sediments (11, 
13-17) extra peaks (broad and flat) were dis- 
cerned in the region between - 330 and -290 
mV. These peaks were not present when filtered 
solutions were used. Filtering (or centrifuging) 
the sample also decreased the size of the “sorbed 
species” peak ( - 60 mV region) which indicates 
that particulate matter was responsible for this 
response. 

Weak acid (jH 5) ASV-labile 

For determination of zinc, cadmium, lead and 
copper, an acetate buffer of pH 5 has been 
recommended. Metal ions are converted into 
acetate-complexes, which are highly labile, and 
pH effects on the peak size are minimized. 
Extraction of sediments with pH 5 acetate sol- 
utions is reported’*’ to release metal ions bound 
to ion-exchange sites or associated with carbon- 
ate minerals. The ASV results obtained with 
acetate buffer extracts should thus correspond 
to metal transfer into weak-acid cation- 
exchangers (i.e., having RCOOH functional 
groups). Table 3 shows that this happened only 
occasionally. 

The acetate buffer extracted small amounts of 
zinc from all the sediments, and about a third of 
the ASV-labile values matched the RCOOH- 
transfer values (Table 3). Much smaller 
amounts of lead were displaced and with most 
sediments the zinc and lead results were similar 
to (or lower than) those obtained with calcium 
or magnesium chlorides (Table 5). Release of 
cadmium was also comparable to the salt- 
displacement values (see Table 4), but copper 
release tended to be quite small. As shown by 
the stripping curves in Fig. 2A, the anodic 

(A) 
/I 

I 

- 700 500 KWI 100 

Stripplng potentiol (mV) 

Fig. 2. Typical ASV curves obtained with sediment extracts 
and different extractants (A), pH 5 acetate buffer; (B), 
0.05M CaCl,; (C), 0.5M NH,NO,; (D), 1M MgC&. 
Standard solution (S) contained 380 n&ml Pb, 62 q/ml Cd 
and 62 ng/ml Cu. Sediment samples numbered l-10. Oper- 
ating parameters: 20 set at I&, -0.9 V, 1 or 2 PA FSD. 
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Table 5. “Sediment pH labile” metal content of sediments, pg/g 

Sample No. 

Species Extractant 1 2 3 4 5 6 7 8 

CaCIr 
M&l, 
NH,NO, 
RCOONa* 
RSO, Na* 
NaCl 
Water 
Na.&% PH 7 

CaCl, 
NH,NO, 
MgCl, 
RSO,Na* 
NaCl 
Water 
RCOONa* 
Na, P@, 

CaCI, 
NH,NOI 
M&I, - 
Water 
NaCl 
RS03Na,RC!CIONa* 
Na4P207 

MS4 
NaCl 
CaCl, 
NH,NOr 

990 585 650 300 
940 390 440 400 
555 315 360 330 
395 235 210 90 
300 90 95 80 
185 15 40 3.5 
170 10 50 10 

(a) (350) (440) (410) (500) 

240 110 60 55 
40 45 50 30 
:II 10 15 <20 IO <20 15 

30 15 25 15 
45 15 10 10 
45 ~20 nd nd 

(b) 380 295 220 225 
(c) 305 275 160 125 

20 10 nd 5 5 5 : 
30 nd nd 10 

<.5 10 5 <5 
nd 30 nd nd 
nd nd nd nd 

i”E 7; 6’: 3 7; 

(i) 
50 60 70 100 
40 30 40 20 
35 30 1s 20 
30 - - 20 

380 140 220 70 
430 220 265 115 
325 90 190 75 
120 75 85 40 
120 25 60 20 
55 5 20 nd 

(3:;) (3:) 

95 40 
35 35 
20 10 
30 <20 
20 10 
1.5 10 

10 <5 
(425) (180) 

20 25 
30 30 
1.5 15 

nd <20 

:: 10 IO 
30 nd nd nd 

265 140 nd 95 
180 115 nd 120 

: 10 nd IO 
nd 

20 Id nd ni 
5 nd nd 5 

nd nd nd nd 
nd nd nd nd 
60 70 nd 60 

5 5 nd 5 

80 10 - 50 
55 - - - 
2.5 20 - 20 

- - - 15 

(a) Broad displaced peaks; (b) Edcp = - 1.3 V; (c) I&, = -0.9 V; (d) non-identified peak, distinguish- 
able from Cu peak. 

nd = none detected. Values in parentheses are estimates. 
*Cation-exchanger with functional group specified. 

region was characterized by a strongly sloping 
baseline leading to a “system peak” located 
IS-35 mV anodic to the copper peak position 
observed in the standard solution studies. This 
displacement increased when filtered solutions 
were used, which implies that an adsorbed 
soluble electroactive species may be involved. 

The presence of particles caused the ~drni~ 
and lead peaks to shift in a cathodic direction 
(by about 30 mV) and with several samples (1, 
2, 5, 10, 12, 13, 15) a broad new peak was 
observed, about 100 mV anodic to the lead peak 
(c$ Fig. 2A). These peaks were not observed 
when filtered solutions were used and it is 
believed that they were derived from lead 
species (e.g., lead humate) sorbed on the mer- 
cury electrode. 

Filtering the solutions before analysis had 
little effect on the sizes of copper, cadmium, lead 
and zinc peaks (< 10% reduction). The main 
exceptions were three of the sediments (2,9, 12) 

w&h lost 25% of their labile cadmium on 
filtering; samples 2, 5, 11 lost a similar amount 
of lead and with five sediments (1,4,5,7, 13) the 
zinc values for filtered solutions were about 
20% lower than the values for the suspensions. 
These lower results indicate that acetato- 
complex formation did not fully prevent weak 
bonding of some metal ions to particle surfaces. 

Sediment pH (6-g) A~V-~~~ile values 

For displacement of metal ions held by 
electrostatic attraction (i.e., occupying ion- 
exchange sites) extraction with a neutral salt 
solution has been recommended. One popular 
reagent is 1M magnesium chloride. Others have 
preferred to use ammonium or sodium acetate, 
or ammonium nitrate. For displacing copper 
from soils, 0.05M calcium chloride has been 
recommended” and in our ASV study this 
reagent yielded more clearly defined curves than 
did the other salts tested (c$ Fig. 2). This has 
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been attributed to the lower ionic strength of the “system” peak located about 100 mV anodic to 
calcium chloride solution and a high affinity the copper peak position in standards. In a few 
between exchange sites and Ca*+. Relative cases (mainly with suspensions in calcium chlor- 
affinity for sites was not the sole controlling ide solution) there were overlapping peaks in the 
factor, however, because ~spla~ment effects copper region. When ma~~ium chloride or 
can be enhanced if the metal ions interact with ammonium nitrate solution was used as the 
ligand species in solution (e.g., formation of displacing medium, several sediments (1, 3, 5, 
anionic metal chloro-complexes). Complex for- 10, 11) gave broad peaks which were located 
mation shows up in ASV studies by causing a mid-way between the predicted lead and copper 
peak shift. For example, the presence of excess peak positions (c$ Fig. 2). These peaks were 
of chloride ion caused a cathodic shift of about absent when filtered solutions were used, and 
150 mV in the copper peak position. With all the hence may reflect adsorption of a colloidal lead 
salt solutions, matrix dissolution should have species (anodic shift) or a labile-copper surface- 
been minimal and the pH of the sediment complex (cathodic shift). The sloping baselines 
suspensions (6.2-7.2) was determined by the indicated that sorption of some sediment com- 
slight solubility of the acidic or basic com- ponents (e.g., organic matter) on the electrode 
ponents present. occurred in most systems. 

As shown in Table 5, the greatest degree of 
lead (and sometimes zinc) release was observed 
with calcium chloride solutions; least displace- 
ment occurred with sodium chloride solutions. 
In the calcium chloride system much of the ASV 
signal could be attributed to metal ion loosely 
bound to particulate matter as filtering or 
centrifuging prior to analysis led to peaks of 
much smaller size. With sediments suspended in 
sodium chloride or magnesium chloride sol- 
ution, removal of solid had little effect on the 
ASV peak heights and in the ammonium nitrate 
systems only the lead peaks displayed any 
marked change in size when filtered samples 
were used. 

With all the salt suspensions, filtration prior 
to ASV analysis removed a sharp “system” peak 
located near the final surge of mercury dissol- 
ution current. This system peak has been at- 
tributed to electron transfer with a sediment 
component (e.g., iron humate) absorbed on the 
mercury drop during the electro-deposition 
stage. 

The level of electrolyte soluble in distilled 
water containing suspended sediments was high 
enough for electrolysis and the aqueous suspen- 
sions yielded voltamperograms of similar form 
to those obtained in the presence of added 
sodium chloride or ammonium nitrate. The 
chloride ion level was also sufficient for copper 
complex formation (as indicated by the peak 
position). It should be noted, however, that for 
both the water and salt systems, the levels of 
copper (and adze) present were near the 
analytical detection limit. Lead values were a 
little higher and added electrolytes did not 
significantly increase the recovery of lead. This 
suggests that the ion-exchangeable fraction was 
small or non-existent, and that the lead detected 
was probably present as soluble salts. Little of 
the zinc content of most sediments was water- 
soluble (Table 5) but with two sediments (1, 3) 
significant amounts of zinc were detected. This 
zinc must have been loosely bound to particles, 
since the signal disappeared if the solution was 
filtered. 

Typical DPASV curves are shown in Fig. 2. 
Filtering did not eliminate sloping baselines or 
increase peak definition. With ammonium ni- 
trate base solution, the baseline slope in the zinc 
peak region was similar to that found with nitric 
acid solution (c$ Fig. 1) and this tends to 
confirm that NH$/NO< transitions are a 
serious competing reaction at potentials more 
negative than - 1 V. 

Extraction with reagents that form metal com- 
plexes 

Differences in sediment nature were regularly 
indicated by the appearance of new peaks, or by 
peak position shifts (Fig. 2). Only half of the 
sediments yielded a peak attributable to ion- 
exchanged copper ions (hence many nd entries 
in Table 5), but nearly all sediments yielded a 

Schemes for fractionating the metal content 
of soils or sediments regularly include pro- 
cedures for evaluating the amount associated 
with reducible matrix components such as 
amorphous iron(II1) or manganese(IV) hydrous 
oxides. The reagents used include acidified hy- 
droxylamine (discussed in an earlier section) 
and oxalic acid buffer solution (pH 3). For the 
determination of available lead or copper in soil 
samples, comparison studies28,29 have shown ox- 
alate buffer to be superior to the alternative 
extractants. The oxalic acid/ammonium oxalate 
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Stripping potential (mV) 

Fig. 3. Typical ASV curves obtained with sediment extracts 
containing complex-forming reagents: (A), 0,1&f Na,P,O, 
(pH 7); (B), 5mM EDTA (PH 7); (C), oxalate buffer @H 3). 
Sediment suspensions numbered 1-14. Standard solutions: 
A, 8.5 bug/ml Zn, 2.8 yg/ml Pb, 0.5 pg/ml Cu and Cd, pH 
9.8 (S), pH 6 (S”); B, 12.5 Fg/mI Zn, 3.8 pg/ml Pb, 0.7 pg/ml 
Cu and Cd, pH 7 (S); S, 50 pg of Fe added; C, as for B 
but pH 3.2 (S); S++, 500 pg of Fe added. Operating 
parameters: long scan, 5 set at - 1.35 V, short scan, 20 set 
at -0.9 V. Sensitivity settings were 2 /IA FSD (except S+, 

1 PA) for A and B, 5 PA FSD for C. 

mixture proved to be an unsuitable base sol- 
ution for ASV studies, however, owing to the 
stability of the metal complexes formed, and 
system-pH effects. When the acidified standard 
solutions were mixed in equal volume with the 
buffer, the pH was -2.8 and well separated 
peaks for each metal ion were obtained (though 
the zinc peak was superimposed on a sloping 
baseline). Sediment/buffer mixtures, on the 
other hand, had a pH of about 3.2 and at this 
pH the zinc and cadmium peaks were absent 
and the baseline was no longer flat in the lead 
and copper peak regions. The metaljoxalate 
interactions also caused the size and location of 
the lead and copper peaks to vary with the 
potential used in the initial electro-deposition 
stage. For example, the copper levels dropped 
from about 100 to 5 pg/g when the deposition 
potential was changed from - 1200 mV to 
-750 mV. Measurement of copper levels was 
complicated by the appearance of an overlap 
ping second peak, identified as due to a complex 
iron species. At pH < 3 (i.e., standard samples) 

addition of iron(II1) nitrate resulted in a broad 
enlarged peak in the copper region (cJ curve 
S++ in Fig. 3C). With sediment samples con- 
taining extracted iron, two distinct peaks could 
often be discerned (c$ Fig. 3C). The cathodic 
segment was assigned to copper, and the values 
listed in Table 3 were calculated after partial 
resolution of the overlap effect. The interfering 
effect of iron was most marked when the more 
negative deposition potential was used (i.e., 
- 1.2 V). Filtering the samples before DPASV 
analysis altered the size and shape of the double 
peaks. 

Linear calibration curves were obtained when 
standard solutions of iron(II1) nitrate were 
added to oxalate buffer, so the second segment 
of the overlapping sediment-system peaks could 
have been used to measure the amount of 
dissolved iron (shown by AAS analysis to vary 
between 6 and 12 pg/g). 

In most of the sediment/oxalate buffer stud- 
ies, the lead peaks were clearly defined, but the 
peak size was influenced by the initial deposition 
potential (to a lesser extent than for copper). 
The mean values are recorded in Table 3. The 
levels detected were somewhat similar to the 
labile values obtained with O.O2J%4 nitric acid as 
extractant, a result which suggests that a signifi- 
cant fraction of the lead content of the sedi- 
ments was associated with the hydrous oxides of 
iron and manganese (lead is known to have a 
high affinity for such substrates). Filtering the 
sediment suspensions prior to ASV analysis 
yielded lower lead values, which implies that 
part of the labile lead released during dissol- 
ution of the hydrous oxides was resorbed in a 
loosely bound form onto the solid particles. 

In soil studies, solutions containing sodium or 
potassium pyrophosphate have been used to 
release organically bound metal ions (e.g., 
copper).27 Amorphous or crystalline inorganic 
iron and aluminium species are not attacked3’ 
but at pH 10 the reagent can peptize finely 
divided amorphous hydrous oxides as well as 
organic matter, 31 Dilute sodium pyrophosphate 
solution (e.g., 0.1 M, pH 7) dissolves humic acids 
and their saits3* and in theory, ASV analysis of 
pyrophosphate extracts should provide an indi- 
cation of the amount of labile metal ion associ- 
ated with organic phases or alkaline-earth metal 
compounds present in sediments. 

In the sediment study, however, it was found 
that the size, position and shape of the ASV 
peaks were very sensitive to the pH of the ex- 
tractant solutions and to the potential applied in 
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the electro-deposition stage. This variability is 
illustrated by the bottom two sets of curves in 
Fig. 3A. The full lines are the results obtained 
for an acidic standard mixed with pH 10 
reagent, yielding base solutions of pH >9.8. 
The zinc species present at this pH (probably 
tetrahydroxozincate) was ASV-labile. The dot- 
ted lines were obtained by use of standards 
having a pH of about 6 (the pyrophosphate 
added had been adjusted to pH 7). In this pH 
region non-labile zinc pyrophosphate species 
predominated and no zinc signal was detected. 
The pH of suspension of sediments in neutral 
pyrophosphate solution was around 7, and the 
shape of these curves suggests that there was a 
mixture of zinc species present. With the sedi- 
ment extracts the zinc peaks were broad and 
superimposed on an elevated non-linear base- 
line, with occasional anodic displacements in- 
dicative of adsorbed species. 

The zinc content values listed in Table 5 are 
shown in brackets because they were estimates 
derived from standard curves which could be in 
error because of differences in the system and 
standard pH-values. Peaks attributable to cad- 
mium were noted for three samples (4, 7, 12) 
with deposition at - 1.3 V, but the calculated 
values were double the total content, an error 
again attributable to calibration problems. 

The effect of deposition potential on sediment 
lead and copper values is shown in Table 5. For 
these elements, the value obtained with Edep 
-0.9 V was somewhat smaller than that with 
E dep - 1.3 V, a trend confirmed by changing the 
deposition potential in 50 mV steps from -900 
to - 1400 mV. For sediment 1, the lead value 
gradually increased from 305 to 380 pg/g and 
the copper values increased from 5 to 80 pg/g. 
With an Edep of -0.9 V only trace levels (5 pg/g) 
of copper were detected in any sample. The 
copper peaks varied little in size when the 
solutions were filtered or centrifuged before 
analysis, but removal of the solid phase led to 
lower lead results with eight of the sediments 
tested (1, 4, 7, 11, 12 15-17). Addition of an 
iron(II1) salt to the standards led to enhance- 
ment of the peak size. 

In view of the many parameters which 
influenced the peak heights obtained when it 
was used, pyrophosphate is classed as an 
unsuitable base solution for DPASV metal 
determinations. 

To isolate the “non-detrital” fraction of the 
total metal content of soils and sediments, ex- 
traction with EDTA solutions has been advo- 

cated but analysis of the extracts by ASV has 
not been proposed, possibly because it has been 
shown*O that the peak size can vary with EDTA 
con~ntration and system pH. 

As part of the current investigation, DPASV 
responses in 5mM EDTA adjusted to pH 7 have 
been re-examined. As expected, signals for zinc, 
cadmium and lead were not obtained when the 
pH of the standard solutions was >6. Well 
separated peaks for all four metal ions were 
observed, however, with acidified standards (pH 
1.5) since at this pH metal complex formation 
was minimal. The sediment/EDTA suspensions 
had pH values between 6.5 and 6.9. In this range 
only one significant peak appeared on the volt- 
am~rograms, located in the region where 
added iron was detected. The baselines were 
non-linear and elevated (with Edep -900 mV) 
and in only two cases (2, 10) were there slight 
bumps that could be attributed to copper (c$ 
Fig. 3B). The iron peaks were more distinct with 
E - 1.35 V. The full scan shown in Fig. 3B 
WC: typical of the response obtained with sedi- 
ments 1, 5, 6 and 11; with sediment 7 the peak 
height was half this value, and with sediments 4, 
8, 9, 10 the peak was twice as high. Apart from 
this detection of a soluble iron fraction, ASV 
analysis of EDTA extracts provided no useful 
analytical data. 

Even interaction of metal ions with chloride 
ions can cause peaks to change in size and 
position. Changes with zinc, cadmium and lead 
tend to be less significant than those for copper. 
On addition of chloride ions to acetate buffer 
base, for example, the copper peak becomes 
asymmetrical, with a steep slope on the anodic 
side and a shoulder on the cathodic side. This 
distortion has been attributed** to overlapping 
of one-electron and two-electron oxidation pro- 
cesses (i.e., Cu+ 2Cl-+CuCl; + e-, or Cu 
+ 3Cl-+CuCl; -t- 2e-, or Cu + 4Cl-+CuCl:- 
-i-b-). 

Splitting of copper peaks was regularly ob- 
served when chloride salt extractants were used 
(c$ earlier sections) but in our study the anodic 
segment has been assigned to electron transfer 
within an adsorbed species. 

Analysis of extracts by both ASV and AAS 

The effect of pH on the stability of complexes 
is far less important when metal extracts are 
analysed by total content techniques such as 
atomic-absorption spectrometry (AAS), be- 
cause both labile and non-labile forms then 
contribute to the signal. Accordingly, AAS 
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Table 6. AAS Analysis of sediment extracts, pg/g 

Sediment No. 

Species Extractant I 2 3 4 5 6 7 8 

Zinc 

HNO, 1850 1500 1500 920 1100 560 390 440 
NH,OH . HCI 2950 1240 1190 - 860 440 460 400 
Oxalate, pH 3 1580 1360 1400 800 950 500 420 400 
NaJ% 1300 1050 1080 650 760 380 280 300 
CaCl, 500 180 270 240 190 30 30 30 

Lad 

HNO, 440 370 240 130 250 90 50 110 
NH,OH.HCI 380 340 200 90 240 70 20 70 
Na4P&+ 400 250 430 110 180 80 80 90 
Oxalate, pH 3 130 170 210 loo 100 60 60 90 
CaCI, nd nd nd nd nd nd nd nd 

Copper 
HNO, 90 150 70 65 80 95 30 11.5 
Oxalate, pH 3 90 40 100 60 80 100 50 110 
Na, F&J 60 60 60 40 50 60 30 70 
NH,OH . HCI 60 50 40 40 50 40 20 60 
CaCi, nd nd nd nd nd nd nd nd 

values should match or exceed ASV values. 
Where there is little non-labile metal ion pre- 
sent, and some ions are loosely sorbed on 
particles, the opposite trend can be observed, 
i.e., the ASV result (for suspensions) can be 
larger than the AAS value. 

With nitric acid extracts, both techniques 
yielded similar lead and copper levels; for zinc 
the AAS values were larger than the ASV results 
(Tables 3, 5 and 6). Iron was dissolved from all 
sediments in amounts ranging from 3 to 11 mg/g 
(AAS value only) and in the presence of a 
reducing agent (e.g., NH@H *HCl in acetic 
acid) these values increased (to 8-15 mg/g). The 
total amount of zinc detected by AAS in hy- 
droxylamine solutions was less than that found 
in the nitric acid solutions. The level of zinc 
detected by ASV was even smaller (< lo%), 
owing to the influence of the reducing agent on 
the zinc redox process. Lead AAS values were 
similar with both of these extractants, but in 
each case the amount found was lower than the 
ASV values. This suggests that in acid media, 
displaced lead tends to be re-adsorbed on par- 
ticles. The hydroxylamine solution released less 
copper than did nitric acid (based on AAS 
values), but the AAS readings were larger (by a 
factor of 2-3) than the corresponding ASV 
values. 

Another example of metal ions tending to be 
re-adsorbed on sediment components was en- 
countered with calcium chloride solutions. AAS 
analysis of filtered solutions detected about 10 
pg/g copper and lead but after the suspensions 
had stood for an extended period, no copper or 
lead was found. ASV analysis of the suspen- 

sions, on the other hand, detected 5-20 pg/g 
copper and up to 240 pg/g lead (Table 5). Zinc 
AAS values were also very much smaller than 
the ASV-labile values. 

When the ASV readings vary with experimen- 
tal parameters, e.g., in the presence of oxalate or 
pyrophosphate ions, comparisons with AAS 
data have limited significance. As noted earlier, 
for oxalate solutions there were no zinc peaks 
and for pyrophosphate solutions the zinc peaks 
were broad and difficult to quantify. The 
AAS analyses, on the other hand, yielded zinc 
values which matched the amount of labile 
ion transferred6 to sulphonic acid group cation- 
exchangers (RSOj H). 

The ASV readings for lead in oxalate buffer 
(pH 3.2) were similar in magnitude to the 
corresponding RSOjH transfer values. The 
AAS readings, however, were only about half of 
these values and it is suspected that some lead 
was precipitated during a delay before analysis. 
With pyrophosphate extracts, the AAS results 
were of similar value to the RS03H transfer 
data but a match with the lead ASV values 
depended on the electro-deposition potential 
used. With two sediments (1, 15) the AAS value 
was similar to the higher value obtained with 
Edep - 1.35 V, whereas with nine other sedi- 
ments (2,4-6, 8-10, 12, 16) the match was with 
the lower ASV result (EdcP - 0.9 V). 

Owing to the overlapping of peaks and poor 
baseline definition, little copper was detected in 
the presence of oxalate by ASV, and the AAS 
values were much larger. With pyrophosphate 
extracts and Edcp - 1.35 V, the ASV and AAS 
values for most sediments were similar, and 
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both matched the amounts of copper trans- 
ferred to a strong-acid cation-exchanger 
(RS03 H). 

Cadmium was not detected in the various 
solutions by flame AAS, and little was trans- 
ferred to cation-exchangers, so the ASV ap- 
proach was the only procedure capable of 
defining the low levels present. 

Determination of metal ion lability by ASV 
procedures has been promoted on several 
grounds, including relative speed and simplicity, 
selectivity for “labile” species, ability to detect 
trace levels and retrieve metal ions loosely 
bound to particles (a fraction that is lost on 
filtration). Though this study has confirmed 
part of these claims, it has simultaneously high- 
lighted several limitations of the approach. The 
most important of these is the effect of adsorbed 
colloidal matter on the baseline slope, and the 
appearance of “system” peaks. Filtering before 
analysis partly overcomes this problem but the 
fraction loosely bound to particles is then lost, 
and unless the metal levels are very low, there 
are few advantages in using the ASV pro- 
cedures. Competing electrode processes reduce 
the number of base solutions in which zinc can 
be determined, and dissolved iron yields peaks 
which tend to overlap the copper signal. 

The validity of the “ASV-labile” data was 
confirmed for a number of systems by compari- 
son with AAS and cation-exchange transfer 
results. The precision of the procedure was 
determined by the variance of the extraction 
step and the measuring technique. 

It was concluded that DPASV analysis of 
sediment suspensions would be suitable for sur- 
veys of labile metal contents, over a limited 
range of chemical environments. Extractants 
suitable for such surveys would be 0.02M nitric 
acid (for low-pH lability); acetic acid/acetate 
buffer (for pH-5 lability); and 0.05M calcium 
chloride (for estimating sediment-pH lability). 
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&mnary-The simultarmous determination of thallic and thalIous ions, without preliminary separation, 
has been achieved by differential pulse anodic stripping voltammetry at a hanging mercury drpp electrode. 
The electroch~~ activity of thallic ions in 0.2&f EDTA at PI-I 4.5 f O-2 is inhibited by the addition 
of 0.01% ~iy~e~ylene~yco~~ of M.W. 20,000 (PEG ~0,~~. When the eIectro&te also contains ascorbic 
acid at O.OlM concentration, the sum of thallic and thallous species can be determined. 

Speciation analysis has become an important 
field in analytical chemistry. In the analysis of 
natural waters, it gives info~a~on about the 
transport* adsorption and precipitation of an 
element in the water system, and in the analysis 
of human body fluids allows the observation of 
bi~a~~ula~on, displacement and excretion of 
different forms of the element. Furthermore, 
since different states of an element and its 
physicochemical forms have different toxicities, 
speciation analysis is indis~n~ble in many 
applications such as criminology, environmen- 
tal pollution or food analysis. Recently, a very 
interesting speciation scheme was proposed for 
four metals of prime enviro~ental concern 
(copper, lead, cadmium and zinc), based on 
anodic stripping voltammetry (ASV) and a few 
preli~na~ speciation steps,’ ASV {di~er~~al 
pulse or square wave), although the most often 
used electrochemical technique in speciation 
measurements, is not free from interferen~s. 
Avoiding the interference from surface-active 
compounds in samples is difficult and often 
impossible, especially in the cases of trace 
analysis of such samples as natural waters, 
blood, plasma, urine, sweat or tears. 

Interference by surfaetants is a serious prob- 
lem in all ASV techniques but can sometimes 
be turned to advantage, as in the technique 
called ele~tr~h~i~al masking. There are some 
promising examples of this in stripping analysis 
for a trace element.‘0‘23 Altbough this procedure 
is not often used in the stripping methods 
today, el~~ochemi~l masking may well turn 
out to be important for avoiding the serious 

problems caused in stripping methods by sur- 
face-active compounds accidentally present in 
the sample and by matrix elements or com- 
pounds, 

The aims of this work were: (i) to examine the 
possibility of determining thallium as Tl(1) in 

the presence of T&III) by di&rential pulse ASV, 
(ii) to find the conditions for electrochemical 
masking of thallic or thalious ions and thus 
to determine Tl(I) in the presence of Tl(II1) or 
vice versa and (iii) to examine the feasibility of 
this determination in the presence of other 
metals. 

It is well known that thallium commonly 
exists in either the univalent or tervalent state. 
Univalent thallium is one of the easiest species 
to determine by any voltammetric method 
because the reduction is reversible in most back- 
ground electrolytes. The ion shows little 
tendency to hydrolyse, forms only weak com- 
plexes, and its reduction is not sensitive to 
surfactants. The determination of thallium as 
Tl(1) has been the subject of numerous publi- 
cations and some of them concern extremely 
low ~o~centrations.24,2s In particular, DPASV 
has become very useful in this dete~ination 
because of its high sensitivity.26*27 Our knowf- 
edge of the electrochemical behaviour of Tl(III) 
at the mercury electrode is rather poor because 
the Ti(IiX) --+ Ti(I) reaction proceeds at this 
electrode in the positive potential range, Only 
a few papers deal with the electrochemical 
behaviour of thallium(II1~ and none take up the 
problem of the sim~~neous dete~ination of 
Tl(1) and Tl(III).28~2g 
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Apparatus 

Anodic stripping vol~m~ro~ams were ob- 
tained with a Telpod (Poland) pulse polaro- 
graph model PP-04, and an Endim (GDR) 
620.02 XY recorder. A classical three-electrode 
system was employed. The hanging mercury- 
drop electrode (HMDE) was a Radiometer 
Kemula Equipment E69 model with a drop size 
corresponding to 3 divisions of the micrometer 
screw. A platinum wire was used as auxiliary 
electrode and an SCE as reference. The differen- 
tial pulse amplitude was 50 mV and the scan- 
rate was 11.1 mV/sec. During the deposition 
step, the solutions were stirred by a mechanical 
stirrer at about 800 r.p.m. Air was purged from 
all solutions by passage of nitrogen for at least 
15 min. All potentials reported are referred to 
the SCE. 

Reagents 

Merck EDTA (disodium salt) and ascorbic 
acid were used. Standard solutions of Tl(1) and 
Tl(III) were prepared from the nitrates (Merck). 
The surfactants used were benzyl(di-isobutyl- 
phenoxyethoxy~imethyla~onium chloride 
(Hyamine 1622) (Serva), hexadecyltrimethyl- 
ammonium bromide (HDTMAB) (Merck), so- 
dium d~~ylben~l sulphonate (DBS) (POCB), 
sodium dodecyl sulphate (DS) (Merck), Triton 
X-100 (Merck) and poly(ethyleneglycols) (PEG) 
of M.W. 4000 (PEG 4000) (Merck), 6000 (PEG 
6000) (BDH), 9000 (PEG 9000) (Fluka), 15,000 
(PEG 15,000) (Roth), 20,000 (PEG 20,000) 
(Fluka). 

The background electrolyte was 0.2M EDTA 
or 0.2M EDTA + O.OlM ascorbic acid, pH 
4.5 f 0.2. The standard solutions of Tl(1) and 
Tl(II1) with concentrations below 1mM were 
prepared just before measurement. All solutions 
were prepared in water which had been triply- 
distilled in a fused-silica apparatus. Before 
measurement all solutions were brought to 
20 f 0.5” in a thermostat. 

RESULTS AND DISCUSSION 

With EDTA solution (0.2M, pH 4.5 f 0.2) as 
background electrolyte the stripping peaks for 
thallium and lead do not coincide, whereas they 
do for various other electrolytes. Also, Tl(II1) 
forms a very stable EDTA complex whereas 
Tl(1) forms only a very weak one. 

In all anodic stripping techniques, the 
measured signal is the result of an oxidation 

reaction. In the case of thallium, if the electrode 
potential is negative enough, both thallic and 
thallous ions will be initially electro-deposited 
as thallium amalgam. Next, in the stripping 
step with a linear potential sweep, oxidation of 
thallium amalgam to thallous ion will occur, 
Tl(Hg) + Tl(I) + Hg, giving the signal current 
which is measured. As this signal is independent 
of the redox state of thallium present in the 
original sample, no information is gained re- 
garding speciation of the thallium in the sample. 
This problem is shown in Fig. 1 where the lines 
“a” and “b” are calibration curves for thallous 
and thallic ions, respectively. They differ from 
each other in slope but cannot be used in 
practice without prior knowledge about the 
redox state of thallium present in the solution. 
The standard addition method may also be 
risky, e.g., for a tested solution with equal 
concentrations of thallous and thallic ions, if 
Tl(1) ions are used as a standard, the result for 
thallium will be lower than the real value, and 
if Tl(II1) is used as the standard, the result will 
be higher than the real value. 

The only way to resolve these difficulties, 
apart from preliminary separation of thallous 
and thallic ions, is by electrochemical masking 
of one of the redox states of thallium and 
determination of the other form, followed by 
changing the experimental conditions to allow 
determination of total thallium concentration. 
Taking into account that thallous ions arc 
not affected by surfactants, as mentioned pre- 
vioucJy,'9-WO-N attempts were made to suppress 
the electrochemical activity of thallic ions, i.e., 
to inhibit the reaction Tl(III) --) Tl(1). 

In preliminary studies, cationic (Hyamine 
1622 and HDTMAB), anionic (DBS and DS) 
and non-ionic (T&on X-100 and PEG 9000) 
surfactants were used. All the surfactants 
tested were capable of inhibiting the reduction 

Fig. I. Dependence of differential pulse anodic stripping 
peak currents for a, thallic and b, thallous ions. Background 
electrolyte: 0.2M EDTA, pH 4.5 f 0.2. Deposition time 
300 sec. Deposition potential -0.800 V. Differential pulse 

amplitude 50 mV, scan-rate 11 .i mV/sec. 
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of Tl(III) to Tl(1). The non-ionic surfactants 
gave the best results (particularly PEG 9000) 
and were therefore investigated more fully. 
The next series of experiments was done with 
~l~e~ylene~y~o~) of different rnol~~r 
weights: PEG 4oo0, PEG 6oo0, PEG 9W0, PEG 
15,000 and PEG 20,OW Lower molecular 
weights were not investigated because of their 
reported low capability for suppressing the 
polarographic electrode reactions of many 
ions 33.34-37 f 

The in.tIuence of selected PEGs on the series 
of reactions Tl(II1) +Tl(I) -+Tl(Hg) *Tl(I) is 
shown in Fig. 2. None of the PEGS examined 
influences the reactions Tl(I) *Tl(IIg) -*Tl{I}, 
and only the reaction Tl(III) *T&If is sup- 
pressed (Fig. 3). The results obtained are con- 
sistent with expectation, The difherence in 
behaviour of thallic and thallous ions is 
caused by the difference in the stability of 
their EDTA complexes. Noreover, their ionic 
~ten~~s (ionic charge divided by the ionic 
radius) are in good agreement with the data 
obtained by Loshkarev and Kryukova38 who 
reported a relationship between the effect of 
a surfactant on a polarographic wave and 
the radius and charge of the ion undergoing 
apron. The fact that only the electro- 
reduction of thallic ions to thallous ions is 
a&&i by PEG allows ~li~~tion of the aim of 
this work. 
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Pig. 2. ?rdbtence of ~ly~ethyl~e~~o~) of diRerent 
molecular weights on the peak current for tballic ions: u, 
~kg~~d electrolyte; b, ~c~ound electrolyte f SO 
ng/ml Tl(iI1); c-g, background electrolyte + SO ng/ml 
T@II) i 0.01% PEG (c; PEG 4OOQ d, PEG 6ooo; e, PEG 
9oo0, J PEG lS,ooO, g, PEG 20,000). Conditions of 

measurement as for Fig. 1. 

Fig. 3. Variation in the thallium peek in the presence ofPEG 
20,ooO: a, peak current for 50 ng/ml Tl(II1) vs. inaction 
of PEG ZO,W, Ir, peak current vs. corxzntration for T&II) 
in the presence of 0.01% PEG 2@,ooO; cr peak potential for 
SO n&ml TlfXII) es. concentration of PEG 20,ooO; d, peak 
current for SR r&ml Tl(l) us. concentration of PEG 20,ooO. 

Conditions of measurement as for Fig. 1, 

It can be seen from Fig, 2 that an increase in 
the mol~ular weight of the PEG increases the 
suppression of the Tl(II1) *Tl(I) reaction, The 
reason is as follows. The standard potentiai of the 
electrochemical reaction Tl(III)-EDTA-+Tl(I) 
is not known, but must be more negative than 
+ 1.25 V, which is &, for the Tl~III~~Tl~I~ couple 
in non-comple~ng media.39 The high stability 
constant of the Tl~II)-EDTA complex is 
responsible for this shift in potential.‘@ In 
addition, for an electrochemical reaction to be 
suppressed, it is necessary for its half-wave 
potential to lie within the range of adsorption 
potentials for the surfac~nt used. In the case of 
electroreduction of thallic to thallous ions and 
adsorption of poly~ethyleneglycols), this con- 
dition seems to be met. The data reported on 
the adsorption of PEGS show that the anodic 
adso~tion~eso~tion peak shifts from about 
-0.10 V for PEG 4000 to about +O.OS V for 
PEG 20,000.” These values, when compared 
with the literature data for the electroduction 
potential of thallic to thallous ions at the 
mercury electrode ~appraximately 0 V),4t allow 
an explanation of the relationship presented in 
Fig. 2, 

The results presented in Figs. l-3 allow pro- 
posal of the following procedure for simul- 
taneous determination of thallic and thallous 
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Table 1. Accuracy and precision of the determination of thallic and thallous ions without preliminary 
separation 

Added, ng/ml Found, ng/ml Std. devn., ng/ml Rel. std. devn., % 
Number 

Series of tests TUI) TI(III) TKI) Tl(II1) T0) Tl(II1) n(I) T&III) 

I 7 200.0 200.0 203.0 198.0 2.7 4.8 1.3 2.5 
II 7 20.0 20.0 20.4 19.6 

i:: 
0.9 5.5 4.9 

III 7 2.0 2.0 2.0 1.8 0.2 15 11 

ions. By introducing the proper amount of 
PEG 20,~ into a sample having both forms 
of thallium, and using the correct chosen 
experimental conditions, it is possible to deter- 
mine only the thallous ions, by the standard 
addition method with Tl(1) as standard solution. 
To determine the total con~ntration of 
Tl(II1) + Tl(I), from which the concentration of 
thallic ions can be calculated, it is then necessary 
to convert Tl(II1) into Tl(1). This can be done by 
using any one of many reductants. In this study, 
ascorbic acid was chosen, not only for its good 
reducing properties with respect to thallic ions, 
but also because the EDTA + ascorbic acid 
mixture is a very good supporting electrolyte 
for the determination of thallous ions,” 
avoiding problems in dete~ination of thallium 
in the presence of lead, bismuth, copper and 
titanium.20-23 The change in pH after intro- 
duction of ascorbic acid into the test sample 
does not seem to cause difficulties. Results for 
the determination of thallous and thallic ions 
are presented in Fig. 4 and Table 1. Possible 
interferences by ten ions have been studied. Up 
to lO,~O-fold ratio of Cu(II), Pb(II), Ni(II), 

d 

9 
f 

el\ 

~ 

d’ 

Fig. 4. ~te~ination of thallous and thallic species without 
preliminary separation. Conditions of measurement as for 
Fig. 1. a, 0.2M EDTA (pH 4.5) + 20 ngjml T&I) f 20 ngjmi 
Tl(II1) f 0.01% PEG 20,000; peak current is caused only by 
Tl(1); b, as for a, +20 ng/ml Tl(1); c, as for b, +20 ngjml 
Tl(1); d, as for c, -I- I ml of 0.2M ascorbic acid; peak current 
is caused by thallic and thatlous ions; d’, as for d, deposition 
time 100 set; e, as for d’, +40 ng/ml Tl(1); J as for e, +40 

ng/ml Tl(1); g, as for f +40 ng/ml T&I). 

Co@), Sn(IV), Sb(V), As(V), Zn(II), In(II1) or 
Fe(II1) to thallium can be tolerated, making the 
proposed method suitable for the determination 
of thallic and thallous ions in such natural 
samples as waters, body fluids and other 
materials which can contain relatively large 
amounts of other ions. 
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Summary-The voltammetric determination of copper( based on adsorptive accumulation of 
the Cu(II)-2-(S-bromo-2-pyridylaxo)-5-diethylaminophenol (5Br-PADAP) complex on a hanging 
mercury drop electrode, is reported. The complex can be accumulated at the electrode at constant 
potential in 0.M ammonium nitrate/ammonia buffer solution, and its reduction wave observed by 
scanning the potential in the negative direction, in the differential pulse mode. The calibration graph for 
copper is linear over the range O.OS-O.S@%f, with accumulation for 5 min at -0.20 V. The adsorption 
of the complex is discussed and compared with that of copper complexes with several other pyridylaxo 
derivatives. 

Stripping voltammetry, a very sensitive method 
for the determination of many trace metal ions, 
achieves its low level of detection by combining 
an accumulation process with a voltage-scan- 
ning measurement. However, its application to 
practical samples is limited by the interferences 
arising from the sample matrix. In anodic 
stripping voltammetry (ASV), based on concen- 
tration by electrolysis, the formation of inter- 
metallic compounds with co-existing metal ions 
at the electrode can cause serious error,’ and the 
presence of a l&and such as chloride in the 
sample solution disturbs the stripping wave,’ 
Many attempts have been made to prevent the 
matrix effect and to concentrate an analyte 
selectively,’ e.g., selective concentration by the 
use of chemically modified glassy-carbon4 or 
carbon-paste electrodes’ and elimination of 
matrix effects by the medium-exchange 
method.6 We have reported on use of the kinetic 
currents produced by a specific reaction with the 
analyte accumulated at the electrode, to en- 
hance the selectivity and the sensitivity.‘** 
Another method is the use of adsorptive ac- 
cumulation on the electrode, which can be ap- 
plied to many organic substances9*r0 and also to 
metal ions when these are converted into ad- 
sorbable complexes by reaction with an organic 
ligand.“*‘* Adsorptive accumulation is useful to 
concentrate an analyte selectively for voltam- 
metric analysis or to concentrate the ions of 

metals which have too low a solubility in mer- 
cury to be concentrated by electrolysis. 

In this paper, the adsorption voltammet~ of 
the copper complex with 2-(5-bromo-2-pyridyl- 
azo)-5-diethylaminophenol (5-Br-PADAP) was 
investigated. It is known that copper forms 
inte~etallic compounds with many other 
metals at the electrode in ASV, and these com- 
pounds interfere considerably with the determi- 
nation of copper. Therefore, it is favourable to 
determine copper by measu~ng its reduction 
current after accumulation without electrolysis. 
Some adsorptive voltammetric methods for 
copper have been reported, based on catechol,‘3 
8-hydroxyquinoline’4 and thiourea” etc. as the 
complexing agent. However, the catechol 
method has the disadvantage that catechol 
is unstable towards oxidation by dissolved 
oxygen. The method using 8-hydroxyquinoline 
is very sensitive, but a more negative potential 
than - 1.0 V, at which Cu(II) is reduced to 
copper metal, is required to obtain the maxi- 
mum efficiency of accumulation. 5-Br-PADAP 
is very stable and is expected to give strong 
adsorption on the electrode, owing to its 
hydrophobic properties. The adsorptive power 
of this reagent has been established by its use in 
the adsorptive voltammetry of Fe(III)16 and 
Bi(III).” 

The copper-5-Br-PADAP complex can be 
accumulated on the hanging mercury drop 
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electrode (HMDE) at - 0.20 V and the cathodic 
current can be observed at -0.35 V. 

EXPERIMENTAL 

Apparatus 

A polarographic analyser (PAR 174A) 
coupled with a PAR 315 electroanalytical con- 
troller and an Omnigraphic model 2000H X-Y 
recorder was used. The working electrode was a 
Metrohm E-410 HMDE, a glassy-carbon rod 
was used as the counter-electrode, and a satu- 
rated calomel electrode (SCE) with a diaphragm 
tube containing 1M potassium nitrate was used 
as the reference electrode. All potentials were 
measured against the SCE, at 25 kO.1”. 

Reagents 

A 1 x lo-*M stock solution of Cu(I1) was 
prepared by dissolving copper metal (99.999% 
pure, Mitsuwa Chemicals Co.) in 5% v/v nitric 
acid. A 1 x lo-‘M stock solution of 5-Br- 
PADAP (Dojindo Chemical Laboratories) was 
prepared in 1: 1 v/v ethanol-water mixture. The 
supporting electrolyte was 0. 1M ammonium 
nitrate/ammonia buffer, pH 9.0. Working 
solutions were prepared by diluting the stock 
solutions with isopiestically distilled water. 

Procedure 

The solution was deaerated by passage of 
pure nitrogen for 5 min. A new mercury drop 
was set in place and accumulation was con- 
ducted for 5 min at -0.2 V, with stirring. After 
a rest period of 15 set, voltamperograms were 

(a 1 

I 1.0 PA a 

recorded by scanning the potential in the nega- 
tive direction, in the differential pulse mode 
(pulse amplitude 50 mV, pulse repetition time 1 
set, scan-rate 5 mV/sec). 

RESULTS AND DISCUSSION 

Adsorption voltamperograms of 5-Br- 
PADAP and the Cu(II)-5-Br-PADAP complex 
after accumulation for 5 min at -0.20 V from 
O.lM ammonia buffer (pH 9.0) are shown in 
Fig. 1. The curve in Fig. l(a) is the voltamper- 
ogram for 1 x 10w6M 5-Br-PADAP after ac- 
cumulation, and the reduction peak of reagent 
itself appears at about -0.65 V. This peak is 
due to the reduction of the azo group, 
-N=N-, in the molecule of 5-Br-PADAP.16 
Since the peak height is increased by increasing 
the accumulation time, the reagent is evidently 
adsorbed on the electrode. When 5 x 10m7M 
Cu(I1) was also present, a new reduction peak 
appeared at about -0.35 V, as shown in 
Fig. l(b). This peak current increased in pro- 
portion to the concentration of Cu(I1) and the 
accumulation time. It appears that the peak at 
about -0.35 V is the reduction peak of the 
Cu(II)-5-Br-PADAP complex adsorbed on the 
electrode. 

The relation between the peak current and the 
accumulation time is shown in Fig. 2. The peak 
current increased with increasing accumulation 
time up to 5 min for both 1 and 5 x 10-7it4 
Cu(II), and was constant for times longer than 
5 min, because of the adsorptive equilibrium 
between the electrode surface and the solution. 

(b) 

I 03pA 

I 1 I I I I I 

-0.2 -0.4 -0.6 -0.8 

E, V vs. SCE 

Fig. 1. Voltamperograms of 5-Br-PADAP and Cu(II)-5-Br-PADAP complex. Accumulation for 5 min 
at -0.20 V in O.lM NH,/NH,NO, buffer containing (a) 1 x 10e6M 5-Br-PADAP, (b) 1 x 10e6M 
5-Br-PADAP + 5 x lo-‘M Cu(II). Pulse amplitude 50 mV, pulse repetition time 1 set, scan-rate 5 mV/sec. 
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t 7(b) 
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Accumulation time, min 

01 
-0.1 -0.2 -0.3 

E., V vs. SCE 

Fig. 2. Dependence of peak current on accumulation time. Fig. 4. Dependence of peak current on accumulation poten- 
Accumulation at -0.20 V in O.lM NHJNI-I,NOj buffer tial (E,). Accumulation for 5 min in O.lM NH,/NH,NO, 
containing 1 x 10e6M SBr-PADAP and (a) 1 x IO-‘M buffer containing 1 x 10e6M S-Br-PADAP and (a) 

Cu(II), (b) 5 x lo-‘M Cu(I1). 1 x lO_‘M Cu(II), (b) 5 x lO_‘M Cu(II). 

The relation between peak current and concen- 
tration of 5-Br-PADAP is shown in Fig. 3. The 
peak current for 5 x lo-‘M Cu(I1) increased 
linearly with 5-Br-PADAP concentration up to 
1 x 10m6A4, and then levelled off. At the break 
point (1 x 10m6M) the SBr-PADAP concen- 
tration is just twice that of the Cu(I1). This sug- 
gests that the adsorbed species is the 1:2 cop- 
per : 5-Br-PADAP complex. This was confirmed 
by changing the concentration of Cu(I1) ion, 
with constant concentration of 5-Br-PADAP. 

Figure 4 shows the relation between the peak 
current and accumulation potential. The copper 
complex could be accumulated at the electrode 
over the range from -0.1 to -0.3 V, and gave 
a well-defined reduction wave. However, the 
oxidation of mercury at more positive potentials 

2 

a 
3. 

- 1 
,D 

0 1 2 

Concn. Cb-Br- PADAPI, 10-sM 

Fig. 3. Effect of S-Br-PADAP concentration. Accumulation 
for 5 min at -0.20 V in O.lM NHs/NH,NO, buffer 

containing 5 x lo-‘M Cu(II). 

than - 0.1 V and the consequent increase in the 
base current interfered in the measurement of 
the reduction current of the copper complex. On 
the other hand, at more negative potentials 
than -0.3 V, the peak current decreased 
sharply because the complex was already re- 
duced at those potentials. Accumulation at -0.2 
V was found suitable for obtaining a repro- 
ducible peak current. To verify the adsorptive 
behaviour of 5-Br-PADAP and its Cu(I1) com- 
plex on the electrode, electrocapillary curves 
were measured by using a dropping mercury 
electrode (Fig. 5). Over the potential range from 
-0.1 to -0.8 V, the drop time in 5 x 10W5M 
5-Br-PADAP solution decreased, compared 
to that with only the supporting electrolyte 
present. The electrocapillary curve of a solution 

36 
c 

: 

i; 

ii 

4 

L 
0 -(x2 -0.4 -0.6 -0.6 -1.0 -1.2 

E, V vs. SCE 

Fig. 5. Electrocapillary curves. 1. O.lM NH,/NH,NO, 
buffer; 2, buffer + 5 x lo-‘M 5-Br-PADAP; 3, buffer + 

5 x 10ssM 5-Br-PADAP + 3 x IO-‘M h(U). 



1004 SHUMTZ TANAKA ei al. 

containing 5-Br-PADAP and Cu(I1) was similar 
to that of the reagent itself. This behaviour 
supports the postulation of adsorption of both 
the copper complex and the reagent itself on the 
electrode, over this wide range of potentials. 
From these results, the accumulation process 
can be described by 

Cu(I1) + 2(5-Br-PADAP) 

-+ [Cu(II)(5-Br-PADAP)~]*~~ 

and the reagent is also in adsorptive equi- 
librium: 

5-Br-PADAPG (5-Br-PADAP),,, 

The copper complex adsorbed on the elec- 
trode was reduced by scanning the potential 
after accumulation. Since the peak potential at 
- 0.35 V was close to the reduction potential of 
Cu(I1) in the absence of the reagent, it was 
considered that the Cu(I1) in the complex would 
be reduced: 

[Cu(II)(5-Br-PADAP)*]*~~ + 2e - 

-t Cu + 2(5-Br-PADAP),,, 

Adsorption of the copper complex on the 
electrode is governed by the adsorptive charac- 
teristics of the complexing reagent. Therefore, 
some pyridylazo derivatives similar to 5-Br- 
PADAP were investigated for the adsorption 
voltammetry of copper, namely 2-(S-bromo- 
2 - pyridylazo) - 5 - (N- propyl - N- sulphopropyl- 
amino)phenol sodium salt (5-Br-PAPS), 2-(2- 
thiazolylazo)-4-methyl- 5-sulphomethyla~no- 
benzoic acid (TAMSMB), 2-(5-chloro-2-pyridyl- 
azo)-5-diethylaminophenol(5CLPADAP), 1(2- 
pyridylazo)-2-naphthol (PAN), 4-(2-pyridyl- 
azo)resorcinol (PAR), In the presence of these 
reagents at 1 x 10w6M concentration accumu- 
lation was conducted for 5 min at -0.20 V in 
O.lM ammonia buffer. The results are shown in 
Table 1. All these reagents gave a reduction 
peak at about -0.6 V, due to reduction of the 
azo group. In the presence of 5-Br-PADAP, 
5-Cl-PADAP, PAN and PAR, a well-defined 
wave for the reduction of the copper complex 
was observed at about -0.35 V. The magni- 
tudes of the peak currents were in the order 
5-BrPADAP > 5-Cl-PADAP = PAN > PAR. It 
appears that the peak current for the copper 
complex increases with increasing hydrophobic- 
ity of the reagent. It was confnmed that the 
copper complexes with reagents containing a 
hydrophilic sulphonic acid group could not be 
accumulated on the electrode and hence no 

Table 1. Effect of reagent on the reduction peak of 
copper complex 

Peak current, Peak potential, 
Reagent CA V vs. SCE 

5-Br-PADAP 2.0 -0.35 
S-Br-PAPS - 
TAMSMB - - 
S-Cl-PADAP 1.2 -0.34 
PAN 1.2 -0.35 
PAR 1.1 -0.35 

Accumulation for 5 min at -0.20 V in 0.1M 
~mo~a/a~o~um nitrate butTer conning 
I x IO-*&f reagent and 5 x IO-?&f Cu(H). 

stripping voltammetry signal would be ob- 
tained. 5-Br-PADAP was the best among 
the pyridylazo derivatives examined for the 
measu~ment of Cu(I1). 

With accumulation for 5 min at - 0.2 V in the 
presence of 1 x 10e6M 5-Br-PADAP, followed 
by differential pulse voltammetry, the cali- 
bration curve was linear over the range 
5 x lo-‘-5 x IO-‘&$ Cu(II), with a correlation 
coefficient of 0.998. The detection limit for 
copper, estimated as three times the standard 
deviation of the blank was 1 x 10iaM with an 
accumulation time of 5 min. The relative stan- 
dard deviation for five determinations of 
3 x 10m7M Cu(II) was 4.7%. 

S-Br-PADAP forms complexes with many 
metal ions in solution, and these are potential 
interferents in the method. The influence of 
several metal ions was investigated by adding 
them to a solution containing 5 x IO-‘M Cu(I1) 
and 1 x 10w6M 5-Br-PADAP and applying the 
procedure. Ca(II) and Mg(I1) at 5 x 10-5M did 
not interfere; these two ions form 5-Br-PADAP 
complexes with fairly low stability constants.” 
Fe(II1) interfered at concentrations higher than 
5 x 10-‘M and also interfered in the stripping 
voltammetry of copper. Bi(III), NifII), Pb(I1) 
and ZnfII) at 5 x IO-‘&f concentration reduced 
the peak current for copper by about 50%. The 
stabilities of the 5-Br-PADAP complexes of 
these metal ions are about the same as or larger 
than that with copper,” and the effect of these 
ions is due to the com~titive consumption of 
the reagent. The addition of diammonium 
citrate as a masking agent suppressed the 
interference of Fe(II1) to some extent. 
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Summary-A differential pulse stripping voltammetry method for the trace determination of 
molylxlenum(V1) in water and soil has been developed. In 0.048M oxalic acid and 6 x IO-‘M Toluidine 
Blue (pH 1.8) solution, MO(V), the reduction product of Mo(VI) in the sample solution, can form a ternary 
complex, which can be concentrated by adsorption on a static mercury drop electrode at -0.1 V (vs. 
Ag/AgCl). The adsorbed complex gives a well-defined cathodic stripping current peak at -0.30 V, which 
can be used for determining Mo(VI) in the range 5 x 10-io-7 x 10-9M, with a detection limit of 
1 x 10-‘OM (4 min accumulation). The method is also selective. Most of the common ions do not interfere 
but Sn(IV) and large amounts of Cu*+, Ag+ and Ad+ affect the determination. 

Special attention has been devoted to the com- 
plexes of Mo(V1) in aqueous solution because of 
their important role in enzymatic redox reac- 
tions. It has been shown that Mo(V1) can be 
reduced polarographically only at pH < 6.’ 
Electroanalyti~al methods reported for the de- 
termination of Mo(V1) include differential pulse 
polarographti3 and a voltammetric method 
based on the formation of mercury molybdate 
on a mercury electrode.4 The detection limits of 
these methods are about lo-‘M. A polaro- 
graphic method based on the catalytic reduction 
of MofVI) in the presence of nitrate or perchlo- 
rate5*6 has a detection limit of lo-‘M Mo(V1). 
The molybdenum(VI)-tartaric acid-chlorate 
and molybdenum(VI)-mandelic acid-chlorate 
systems’** are considered to give the most sensi- 
tive polarographi~ methods for Mo(V1). The 
detection limits are 5 x lo-’ and 1 x lo-‘M, 
respectively, but the polarographic waves are 
ill-defined and subject to many interferences. 

Adsorptive stripping voltammetric methods 
have been developed for various metal ions”” 
and these have been reviewed by Wang-I2 Van 
den BergI and Fogg and Alonso14 have devel- 
oped differential pulse adsorptive stripping 
voltammetry methods for determining trace 
Mo(VI), based on accumulation as its 8- 
hydroxyq~noline complex and 1%molybdo- 
phosphoric acid, respectively, at a hanging 
mercury drop electrode. 

This work describes a sensitive and selective 
differential pulse adsorptive stripping voltam- 

metry method for trace Mo(VI). In a weakly 
acidic oxalic acid-Toluidine Blue system, MO(V), 
the reduction product of Mo(V1) in the sample 
solution, can form an adsorbable electroactive 
ternary complex. The preconcentration poten- 
tial is -0.1 V and the cathodic stripping peak 
current is proportional to the concentration of 
Mo(V1) over the range 5 x lo-“-7 x 10v9M (4 
min accumulation). The detection limit is 
1 x lo-I’M. This method has been used to 
determine trace amounts of Mo(V1) in environ- 
mental water and soil samples. 

EXPERIMENTAL 

Reagents 

Oxalic acid solution (0.4M), O.OOlM Tolu- 
idine Blue and 0.01~~ Mo(V1) standard stock 
solution were prepared. A working Mo(V1) 
solution was obtained by suitable dilution, All 
reagents were of analytical grade. Doubly dis- 
tilled water was used throughout. 

Apparatus 

An EG8zG Princeton Research Model 174A 
polarographic analyser with a Model 303 hang- 
ing mercury drop electrode (HMDE) was used. 
The three-electrode system included an 
Ag/AgCl reference electrode and a platinum 
counter-electrode. The mode used was differen- 
tial pulse polarography. The pH measurements 
were made with a Chengdu Instrument Factory 
PXS-5 digital ion meter. 
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Procedure 
2.0 

Shake a 6.25-g sample of air-dried soil 
with 1M ammonium acetate (pH 7) for 
15 hr, then filter. Evaporate the filtrate to 
dryness on a steam-bath. Add 5 ml of nitric 
acid (1 + 1) to the residue and evaporate to 
dryness; repeat this addition and evaporation 
and dissolve the residue in 10 ml of nitric acid 
(1 + 3). Transfer this solution into a IOO-ml 
standard flask and dilute to volume with water. 
Water samples can be analysed without pre- 
treatment. 

a 
i 
_ 1.0 

.,D 

Transfer a known volume of sample solution 
into a lo-ml electrolytic cell containing 1.2 ml of 
0.4M oxalic acid and 0.6 ml of O.OOlM Tolu- 
idine Blue. Adjust the pH of the solution to 
about 1.8 with dilute sulphuric acid and dilute 
to 10 ml. Deaerate the solution by passage of 
pure nitrogen for about 10 min and set the 
potential of the HMDE to -0.1 V to start the 
preconcentration of Mo(V1) on the electrode. 
Perform the cathodic stripping in the differential 
pulse mode after the selected preconcentration 
time. Use a scan-rate of 5 mV/sec and a pulse 
amplitude of 50 mV. Measure the peak height at 
about -0.3 V (US. Ag/AgCl). Repeat the pro- 
cedure after a standard addition of lo-‘M 
Mo(V1). 

Fig. 2. The effect of pH: (a) on peak height; (b) on the peak 
potential. MO(W) 5 x 10-8M. All conditions as for Fig. 1. 

of Mo(V1) as it has a well-defined shape and 
greater sensitivity. Under these conditions, the 
first wave (P,) corresponds to the one-electron 
reduction of Mo(V1) to MO(V), and the second 
wave (Pz) is caused by the two-electron re- 
duction of the adsorbed ternary complex of 
MO(V) with oxalic acid and Toluidine Blue, at 
-0.30 V.l5.‘6 

The effect of pH and concentration of oxalic acid 
and Toluidine Blue 

RESULTS AND DISCUSSION 

Differential pulse polarograms 

The pulse polarograms of Mo(V1) in 0.048M 
oxalic acid/6 x 10w5A4 Toluidine Blue (pH 1.8) 
are shown in Fig. 1. Two waves for the re- 
duction of Mo(V1) appear, at -0.08 V (P,) and 
-0.30 V (Pz). P, was chosen for determination 

1 I I I I 

0 0.1 0.2 0.3 0.4 

-E, V vs. Ag/AgCl 

Fig. 1. The differential pulse polarograms: (1) 0.048M oxalic 
acid and 6 x 10esM Toluidine Blue, pH 1.8; (2) 0.048M 
oxalic acid, 6 x IO-jM Toluidine Blue and 5 x lo-*M 
MO(W), pH 1.8. Pulse amplitude: 50 mV, scan rate: 

5 mV/scc, preconcentration time: 4 min. 

0.26 

1.4 1.6 1.e 2.0 2.2 

PH 

Both the peak height and peak potential are 
pH-dependent, as shown in Fig. 2, which im- 
plies that hydrogen ions are involved in the 
electrode process. The optimal pH for the deter- 
mination is 1.8 + 0.2. 

Figure 3 shows the effect of the concen- 
trations of Toluidine Blue and oxalic acid on 
the second wave. The optimal concentrations 
for determination are 6-8 x lo-’ and O.O48M, 
respectively. 

Eflect of preconcentration time and potential 

For 5 x lo-*A4 Mo(VI), the peak height in- 
creases with preconcentration time up to 200 
set, and then a plateau is reached (Fig. 4), 
corresponding to complete coverage of the elec- 
trode surface by the adsorbed species. 

Figure 5 shows that the best preconcentration 
potential is about -0.1 V, which is slightly 
negative relative to P,. This implies that 
the adsorbed species is a complex of MO(V). 
The composition of the complex has been 
found to be Mo(V):C,O:-: Toluidine Blue 
= 1:2:2, by use of the Bent and French 
method.” 
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Fig. 3. Effect of concentration of various components on the 
peak height for 5 x lO_rM Mo(V1). (a) Toluidine Blue; (b) 
oxalic acid. Pulse amplitude: 50 mV; scan rate: 5 mV/sec, 
preconcentration potential: -0.1 V, preconcentration time: 

4 min. 

Eflect of instrumental parameters 

The peak current is almost unchanged with 
scan rates from 0.5 to 5 mV/sec so a scan rate 
of 5 mV/sec was chosen. The peak current 
increases with the pulse amplitude in the range 
10-100 mV and the potential shifts to more 
positive values. The recommended pulse ampli- 
tude is 50 mV, which gives good sensitivity and 
peak shape. 

Calibration graph and limit of detection 

Under the optimal conditions described 
above, with preconcentration at -0.1 V for 4 
min the peak height is directly proportional to 
the Mo(V1) concentration over the range 
5 x 1 O-“-7 x 10-9M. The calibration plot 
starts to deviate from linearity when the Mo(V1) 
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Fig. 4. The relationship between adsorption time and peak 
height. All conditions as for Fig. 3 except preconcentration 

time. 
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Fig. 5. The relationship between adsorption potential and 
peak height. All conditions as for Fig. 3 except adsorption 

potential. 

concentration increases further and a plateau is 
finally reached at above 5 x lo-‘M Mo(V1). 
The relative standard deviation for 5 x 10m9M 
Mo(V1) was 1.3% (7 degrees of freedom). The 
detection limit calculated as the concentration 
corresponding to three times the standard devi- 
ation of the blank signal was found to be 
1 x lo-‘OM. 

Interferences 

The tolerance for various foreign ions was 
studied for determination of 1 x lo-*M 
Mo(V1). It was found that 500-fold molar ratio 
of A13+, Mg2+, Zn2+, Fe3+ and Mn2+, loo-fold 
ratio of Pb2+, Ta(V), W(V), Bi3+, Fe2+ and 
Co2+, and 50-fold ratio of Cu’+, Ag+ and AU’+ 
(to MO) could be tolerated. Sn(IV) interfered by 
increasing the peak current. 

Surfactants, such as Triton X-100 (0.1 mg/l.), 
tetramethylammonium bromide ( 10eSM) and 
sodium dodecylsulphonate (lo-‘M), can lower 
the peak current significantly. 

Determination of trace MO(W) in soil and water 
samples 

Table 1 shows the results for determination of 
Mo(V1) in some soil and water samples; they 
agree well with the reference values. 

Table 1. Determination of Mo(VI) in soil and water 

Soil, pgg/g Water, ng/ml 

1 2 1 2 3 4 

Found* 1.92 2.60 14.4 7.66 5.07 9.07 
Reference valuet 1.89 2.52 14.2 7.32 5.02 9.01 

*Mean of three determinations. 
TMeasured by the method of Violanda and Cooke.‘* 



1010 ZAOFAN ZHAO et al. 

5. 

6. 
7. 
8. 

REFERENCES 

R. Holtje and R. Geyer, 2. Anorg. Allgem. Chem., 1941, 
246, 258. 
T. E. Edmonds, Commun. Soil Sci. Plant Anal., 1982, 
13, 1. 
P. Lanza, D. Ferri and P. L. Buldini, Analyst, 1980, 105, 
379. 
F. Vydra, K. Stulik and E. Jullkova, Electrochemical 
Stripping Analysis. p. 252. Horwood, Chichester, 1976. 
G. D. Christian, J. L. Vandenbalck and G. L. Patri- 
arche, Anal. Chim. Acta, 1979, 108, 149. 
T. E. Edmonds, ibid., 1980, 116, 323. 
S. Kao and N. Li, Beijing Daxue Xuebao, 1963, 4, 407. 
C. Dunn, N. Wang and C. Chen, Fudan Daxue Xuebao, 
1966, 11, 197. 

9. C. M. G. van den Berg and Z. Q. Huang, J. Electroanal. 
Chem., 1984, 177, 269. 

10. G. Weber, 2. Anal. Chem., 1985, 321, 217. 
11. J. Wang, M. S. Lin and V. Villa, Analyst, 1987,112,1303. 
12. J. Wang, Am. Lab., 1985, 17, No. 5, 41. 
13. C. M. G. van den Berg, Anal. Chem., 1985, 57, 1532. 
14. A. G. Fogg and R. M. Alonso, Analyst, 1988, 113, 

361. 
15. Z. Zhao, J. Pei, X. Zhang and X. Zhou, unpublished 

work. 
16. I. M. Kolthoff and I. Hodara, J. Electroanal. Chem., 

1963, 5, 2. 
17. H. E. Bent and C. L. French, J. Am. Chem. Sot., 1941, 

53, 568. 
18. A. T. Violanda and W. D. Cooke, Anal. Chem., 1964, 

36, 2287. 



Tdanta, Vol. 37, No. 10, pp. 101 l-1015, 1990 0039-9140/90 $3.00 + 0.00 
Printed in Great Britain Pergamon Press plc 

LIQUI~LIQUID EXTRACTION OF PALLADIUM 
AND GOLD BY THE SULPHIDE PODAND 

1,12-DI-2-THIENYL-2,5,8,1 l-TETRATHIADODECANE 

ELWIRALACHOWICZ and MALGORZATACZAPIUK 

Department of Analytical Chemistry, Warsaw University of Technology, PL-00-664 Warsaw, Poland 

(Received 3 March 1989. Revised 21 April 1990. Accepted 3 May 1990) 

Summary-The extraction properties of the sulphide podand 1,12-di-2-thienyl-2,5,&l I-tetrathiadodecane 
(TTD). an open-chain neutral polythioether with six sulphur donor atoms in 1,2-dichloroethane, 
chloroform and MIBK for Pd and Au in hydrochloric, nitric and perchloric acid media have been 
examined. The kinetic aspects of the extraction of palla~~(II) from hydr~hlo~c acid by TTD and 
dioctyl sulpbide (DOS) were compared. The rate of Pd extraction with TTD is considerably higher than 
that with DOS, especially with chloroform. Combined use of a reducing agent and TTD enhances the 
extraction of gold(II1) into 1 ,Zdichloroethane. 

Multidentate linear ligands, so-called podands 
according to the Weber and Viigtle classifi- 
cation,’ belong together with crown ethers and 
cryptands to a class of ligands forming host- 
guest complexes. Podands (being open-chain 
analogues of cyclic ligands) have the ability to 
form a spherical wrapping around a metal ion, 
forming a pseudocavity’ similar to that pos- 
sessed by the cyclic compounds. They are much 
easier to synthesize than the cyclic ligands. 

Multi-sulphur podands have an affinity for 
metal ions classified as “soft” by Pearson.2 In a 
previous work3 the synthesis of a new neutral 
podand possessing six sulphur donor atoms, 
1,12-di-2-thienyl-2,5,8,11 -tetrathiadodecane 

bd-jASqfl TTD 

(TTD) was described, together with its prop- 
erties for extraction of metal ions. As TTD 
extracts silver ions highly selectively,3 it has been 
applied4 for the extraction and AAS determin- 
ation of silver in copper ores and tailings. 

The extraction of palladium(I1) and gold(II1) 
with various thioethers possessing one or two 
sulphur atoms has been extensively investi- 
gated 5-8 Some thioethers have been utilized 
commercially for separation of PdfII),9*‘o but the 
slow rate of extraction from hydrochloric acid 
medium poses a serious problem.8*‘0 The num- 
ber of publications devoted to extraction of 
palladium(I1) with all-sulphur crown com- 
pounds is small. The cyclic thioether 1,4,8,1 l- 

tetrathiacyclotetradecane has been examined as 
an extraction reagent for, among other metal 
species, palladium,“-‘4 and the extraction be- 
haviour of cyclic and acyclic tetrathioethers 
towards Pd has recently been compared.13 

The reaction of gold(II1) with sulphur- 
containing reagents often leads to its reduction 
to gold(I) by the ligand, prior to its complex- 
ation. Rhodaninels and Michler’s thioketone,16 
for instance, simul~neously serve as ligands and 
reducing agents. Gold has been extracted in 
Au(II1) form by a thioether, but on prolonged 
contact of the phases (5-20 hr), reduction to 
Au(I) occurred, resulting in an increased extrac- 
tion yield.” Also, in the combined use of dihexal 
sulphide and triphenyl phosphite (TPPT)18 
TPPT was said to serve primarily to reduce 
gold(II1) to gold(I). 

The aim of the present study was to examine 
the extraction of palladium and gold with the 
sulphide podand TTD from various aqueous 
media. Emphasis was placed on the rate of 
Pd(I1) extraction from hydrochloric acid and on 
the influence of the preliminary reduction of 
Au(II1) to Au(I) on the gold distribution. 

EXPERIMENTAL 

&agents 

1,12-Di-2-thienyl-2,.5,8,1 I-tetrathiadodecane 
(TTD) was synthesized as described previously,’ 
and used as solutions in 1,2-dichloroethane, 
chloroform or 4-methylpentanone (MIBK). A 

1011 
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stock 1 mg/ml solution of palladium was pre- 
pared by dissolving 0.4165 g of palladium(I1) 
chloride in 5 ml of concentrated hydrochloric 
acid and diluting to volume with water in a 
250-ml standard flask. A stock 1 mg/ml solution 
of gold was prepared by dissolving 0.2500 g of 
gold in 8 ml of aqua regiu, evaporating the 
solution, taking up the residue with concen- 
trated hydrochloric acid and evaporating the 
solution almost to dryness (this step being re- 
peated). The final residue was dissolved in 25 ml 
of 1M hydrochloric acid and diluted to volume 
with water in a 250-ml volumetric flask. Sodium 
perchlorate was recrystallized twice from dis- 
tilled water. Buffer solutions (pH 3-5) were 
made with lit4 acetic acid and 1 M sodium 
acetate. Dioctyl sulphide (DOS, Fluka) sol- 
utions in 1,2-dichloroethane or chloroform were 
prepared. 

Other reagents were of analytical purity. 

Apparatus 

A Pye-Unicam SPBOA Series 2 atomic- 
absorption spectrometer was used for the deter- 
mination of palladium (at 244.8 nm) and gold 
(at 242.8 nm) in aqueous (or MIBK) solutions. 

Procedure 

An aqueous solution containing palladiu- 
m(I1) (5 or 10 fig/ml) or gold(II1) (10 pg/ml) 
and any other reagents required was prepared. 
A IO-ml portion of this solution was shaken 
with 10 ml of TTD solution in 1,2- 
dichloroethane, chloroform or MIBK, for a 
given time and then allowed to stand for 15 min. 
After separation, the aqueous and organic 
phases were analysed for palladium by atomic- 
absorption spectrometry. 

RESULTS AND DISCUSSION 

Extraction of palladium from hydrochloric acid 

Because of the inertness of palladium(I1) 
chloride complexes in exchange reactions9*‘8 and 
the search for ligands having an acceptably high 
rate of extraction of Pd from hydrochloric acid,8 
the rate of extraction of Pd with TTD was 
examined and compared with that obtained 
with a simple organic sulphide. 

As shown by Fig. 1 (curves l-3) the rate of 
extraction of Pd with TTD from 1 M hydro- 
chloric acid (in which the palladium will be 
mainly present as PdCl:-, which is more inert 
than PdCl;) is fast and depends to some degree 

t, min 

Fig. 1. Rate of extraction of Pd (9.4 x 10-SM) from 
1M hydrochloric acid: 1, 1 x 10e3M TTD in 1,2-dichloro- 
ethane; 2, 1 x 10e3M TI’+D in chloroform; 3, 1 x lo-‘M 
TTD in MIBK; 4, 1 x 10v2 DOS in 1,2-dichlor~thane; 

5, 1 x IO-*A4 DOS in chloroform. 

on the solvent used. Equilibrium is reached 
most quickly (in 2 min) with a chloroform 
solution of TTD, but the efficiency of extraction 
is highest (98%) when 1,Zdichloroethane is 
used. 

The degree of extraction of palladium(I1) 
with 1 x 10e3M TTD in 1,2-dichloroethane or 
chloroform is independent of the hydrochloric 
acid con~ntration in the range O.l-4M. The 
shaking time necessary for extraction of Pd 
from 4M hydrochloric acid is not greater than 
that needed with 1M hydrochloric acid. 

Dioctyl sulphide (DOS) was used as a model 
simple thioether. It has been utilized on the 
commercial scale as a selective extractant for 
Pd.’ There are some data on extraction of Pd 
with DOS and other thioethers possessing one 
or two sulphur atoms, especially for hydro- 
chloric acid medium. The distribution co- 
efficient (D) is w. 100 for Pd extraction from 
1M hydrochlo~c acid by OSM DOS in ben- 
zene.n’ The value of D increases with decreasing 
chain length of the organic sulphide.20 In a 
comparison of dialkyl sulphides” with 1,2- 
bis(alkylthio)etha~es22 (both 0. lM, in toluene), 
the extraction of palladium is lower in the case 
of 1,2_bis(alkylthio)ethanes when the alkyl 
group has 2 or 4 carbon atoms, but the D value 
is ten times higher23 for 1,2-bis(heptylthio)- 
ethane (D = 2.7 x 104) than that for diheptyl- 
sulphide (both 0.4M, in 1 ,Zdichloroethane). 
Increasing the chloride concentration has been 
reported to affect the rate of equilibration of 
Pd with 1 ,2-bis(heptylthio)ethane,24 but detailed 
kinetic data were not given. The equilibria 
and kinetics of extraction of Pd by I ,Zbis- 
(tert-hexylthio)ethane* and dihexylsulphide*’ in 
toluene have been investigated, and kinetic 
problems were stressed. 
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Because of the number of donor sulphur 
atoms in TTD is greater than that in DOS, the 
DOS concentration used was made ten times 
that of the TTD solution examined. The rate of 
extraction of Pd from 1M hydrochloric acid 
with 1 x 10e3M TTD was significantly greater 
than that with 1 x 10w2M DOS (Fig. I), 
especially with chlorofo~ as solvent. The high 
rate of reaction of the typically inert pal- 
ladium(I1) chloride complexes with TTD is an 
advantage of this multi-sulphur ligand. 

To determine the composition of the Pd(II)- 
TTD complex extracted into 1 ,Z-dichloroethane, 
the dependence of the degree of extraction 
(E, %) on the molar concentration ratio of TTD 
in the organic phase [TTD], to the initial con- 
centration of palladium Ipd]i, was examined 
(Fig. 2, curve 1). The fact that the concentration 
of Pd in the organic phase, pd],, can be greater 
than the initial TTD concentration, points 
to the formation of polynuclear complexes. 
Comparison of curve 1 in Fig. 2, for low TTD 
concentrations, with the theoretical lines for 
extraction of 1: 1, 2: 1 and 3 : 1 Pd : TTD com- 
plexes suggests that all three complexes may be 
extracted. A loading test in which [Pd], was 
varied and tJTDJ, kept constant) was per- 
formed for two TTD concentrations. The results 
show (Fig. 3) that increasing [pd]i, in the 
aqueous phase increases the Pd : TTD mole ratio 
in the organic phase up to ca. 3 (for 1 x 10e4M 
TTD). With 1 x 10w3M TTD a precipitate ap- 
pears during the extraction when [Pd], exceeds 
3 x 10s3M, so probably various polynuclear 
complexes are formed stepwise, depending on 
the excess of palladium, and their positive 

60 
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cu 40 

0.5 1.0 

CTTD3,0/ EWI., 

Fig. 2. Dependence of Pd extraction on the initial molar 
ratio of TTD in the organic phase to Pd in the aqueous 
phase: 1, 1M HCl, ‘IT’D in 1,2-dichloroethane, 9.4 x lo-‘M 
Pd; 2, 1M HClO,, T’fD in MIBK, 4.7 x 10-5Af Pd; 3, 1M 
HNO,, TTD in MIBK, 4.7 x 10e5Af Pd; dashed lines: 
typical plot for stable 1: 1, 2: 1 or 3 : I (Me: L) complexes. 
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Fig. 3. Results of loading test for Pd: 1, 1 x lo-‘M TfD, 
2, 1 x lo-‘A4 TTD; solvent 1,2_dichloroethane. 

charge is counterbalanced by chloride ions. In 
the case of silver, examined previously,3 a 1: 1 
complex (presumably of host-guest type) was 
formed, but for palladium the composition is far 
more complicated and a polymeric structure is 
probable. 

Extraction of pa~~adi~rn from ~erc~loric acid or 
buflered pet-chlorate medium 

Extraction of palladium(I1) from perchloric 
acid attains equilibrium relatively quickly. The 
shaking times necessary to reach ~uilib~um are 
shown in Table 1, along with the values of E, 
which are independent of perchloric acid con- 
centration in the 0.01-N range. Curve 2 in Fig. 
2 indicates the formation of 2: 1 and 1: 1 pal- 
ladium-TTD complexes during the extraction 
into MIBK. 

Extraction from acetate bufTer (pH 4.7) con- 
taining sodium perchlorate rapidly reaches 
equilibrium (in 5 min) and the dependence of E 
on the concentration of sodium perchlorate 
(Table 2) suggests that the complex extracted is 
an ion-pair with perchlorate as counter-ion. 

Extraction of palladium from nitric acid 

The effect of increasing TTD con~ntration 
on the extraction of palladium into MIBK from 
nitric acid is unexpected. The curve reaches a 
maximum when [TTD], : [pd], is ea. 1: 2 for 11M 
nitric acid (curve 3 in Fig. 2) as well as for 
0.25M nitric acid. The first part of the curve is 
similar to that for the extractions from hydro- 
chloric or perchloric acid, but the decrease at 
[TTD], > 2.5 x lO-SM is difficult to explain. A 
similar effect was also observed when chloro- 
form, carbon tetrachloride or toluene were used 
as solvents (Table 1). In the earlier study3 of 
separation of silver from nitric acid with TTD 
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Table 1. Extraction of palladium(H) from perchloric or nitric acid by 2.5 x 10-‘-l x IO-rM TTD in various 
solvents, C,, = 4.7 x 10-SM 

TTD in MIBK TTD in I ,Zdichloroethane TTD in chloroform 
Aqueous 

phase 1 x lo-3M 2.5 x lo-SM 1 x lO_‘M 2.5 x IO-JM 1 x IO-JM 2.5 x IO-5M 

E, % lM HClO, 95 99 95 
t, min 2 5 5 

E, % 1M HNO, 28 84 30 30 94 
t, min 5 16, 

4t 

I = time necessary to reach equilibrium. 
*TTD in Ccl.+. 
tTTD in toluene. 

in MIBK or 1,2-dichloroethane, such an effect of gold from 1 x 10T3M hydrochloric acid 
did not occur. decreases the value of E (Table 3). 

The degree of extraction of palladium from 
nitric acid with TTD in MIBK is almost inde- 
pendent of nitric acid concentration in the range 
0.25-3.5M, for both 1 x 10T3 and 2.5 x 10W5M 
TTD. 

Extraction of gold with TTD in 1,2- 
dichloroethane 

Figure 4 shows that the extraction of gold 
from OS4 hydr~hlo~c acid is better than from 
solutions containing nitric acid (curves 1 and 2). 
Complete separation of gold from 0.5M hydro- 
chloric acid is obtained with 2 x 10e3M TTD 
solution in 1,2-dichloroethane. 

Extraction of gold ions with TTD was studied 
mainly in hydrochloric acid solutions. The 
influence of the presence of nitric acid was 
also tested. The degree of extraction of 
gold(II1) from O.OOl-1M hydrochloric acid with 
1 x 10-3M TTD in 1,Zdichloroethane is con- 
stant and equal to 98%. Equilibrium is reached 
in 3 min. Increasing the concentration of nitric 
acid in the aqueous phase in the extraction 

Effect of reduction of gold on its extraction with 
TTD from hydrochloric acid 

Table 2. The effect of concentration 
of sodium perchlorate on pal- 
ladium extraction (4.75 x IO-‘N 
Pd, pH 4.7, 1 x 10e3M TTD in 

MIBK 

Experimental conditions under which the 
extraction of gold(II1) is low (i.e., with a very 
low TTD concentration, 5 x IO-5M) were 
chosen for examining the effect on E of re- 
duction of the gold to gold(I). The influence of 
the reductant concentration, the distribution of 
gold between the liquid phases and the amount 
of metallic gold or insoluble gold(I) species 
eventually deposited on the funnel walls were all 
examined. 

[NaClO,], M E, % 

0 10 
5 x WS 22 
5 x IO-4 56 
1 x 10-j 70 
2 x 10-r 82 

The reduction was done in two ways: 
(1) extraction for 3 min, followed by addition 
of reductant and extraction for 3 min, and 

Table 3. Extraction of gold 
(2.0 x 10wSM) from nitric acid 
(lo-‘M hydrochloric acid also pre- 
sent) by 1 x lo-‘M TTD in l,2- 

dichloroethane 

[HNO,], M E, % 

0.04 93 
0.1 93 
0.5 90 
1 85 
2 78 
3 72 

01 
I I I 

10-J 10-4 10-3 10-2 

CTTDI, M 

Fig. 4. Dependence of E for gold on TTD concentration for 
extraction from: 1, 0.5M HCI; 2, IM HNO, + IO-‘M HCl; 

3, 0.5M HCl + 2 x lo-‘M hydrazine sulphate. 
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Table 4. Effect of reduction of 
gold(II1) (2 x 10e5M) on its extrac- 
tion with 5 x 10e5M TTD in 1,2- 

dichloroethane 

Reducing agent and 
concentration 

none 
ascorbic acid 

2.5 x 10-2M 
x lO_)M 

hydrazine sulphate 
2.5 x 10-ZM 

5 x lo-‘M 
2 x lo-jM 
1 x IO-)M 

E, % 

20 

92.5 
92.5 

95 
98 
98 
95 

(2) addition of a reductant followed by extrac- 
tion for 3 min. The results obtained by both 
procedures were consistent, as shown with 
hydrazine sulphate as model reductant. 
Procedure (1) was used in further experiments. 

Ascorbic acid, hydrazine sulphate (Table 4) 
and hydroxylammonium chloride were used as 
reducing agents. The best results were obtained 
with hydrazine sulphate, as only about 2% of 
the gold was deposited on the funnel walls. With 
ascorbic acid about 9% of the gold was found 
on the funnel walls, and with hydroxyl- 
ammonium chloride a precipitate was formed at 
the phase boundary. 

The dependence of E on TTD concentration 
in the presence of hydrazine sulphate was then 
examined (Fig. 4, curve 3). The extraction in the 
presence of the reductant was more effective 
than without it, and almost complete at lower 
ligand concentrations. In the presence of 
2 x lo-‘M hydrazine sulphate 100% extraction 
of gold from 0.5M hydrochloric acid was 
achieved with 1 x 10e3M TTD in 1,2-dichloro- 
ethane, and no precipitate was formed on the 
walls. 

Conclusions 

Collecting a greater number of S donors 
in one sulphide podand molecule greatly 
accelerates the rate of extraction of palladium 
(introduced as the inert PdCl:- complex) in 
comparison with unidentate sulphides. Prob- 
ably the fraction of molecular collisions possess- 
ing sufficient energy and proper geometry for 
successful reaction increases considerably. 

The best extraction of palladium with 
1 x 10m3M TTD was obtained from O.l-4M 
hydrochloric acid or 0.01-M perchloric acid, 
with chloroform or 1 ,Zdichloroethane as 
solvent, and of gold from 0.5M hydrochloric 

acid plus 2 x 10d3M hydrazine sulphate, with 
1,2-dichloroethane as solvent. 
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DETERMINATION OF ALUMINIUM IN SILICATES 
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Summary-A simple, rapid and sensitive method has been worked out for spectrophotometric determi- 
nation of macro and micro amounts of alumina in ceramic raw materials and finished products, including 
glasses. The method is based on the extraction of aluminum oxinate into chloroform after masking of 
titanium with chromotropic acid and of iron with ascorbic acid and l,lO-phenanthroline or ferrocyanide 
at pH 5.2. The absorbance is measured at 385 nm. Interference by Cu, Zn, Cd, Ni and Co, when present, 
is overcome by stripping them as cyanide complexes by shaking the chloroform extract with potassium 
cyanide solution. Zr is masked with quinalizarin sulphonic acid and fluoride with ReSO,. 

Aluminium is present in small amounts in many 
ceramic raw materials and finished products, 
and its content has an important effect on the 
physical and chemical properties of the prod- 
ucts. Therefore, rapid and accurate determi- 
nation of small amounts of aluminium is of 
importance for evaluation, characterization and 
quality-control of ceramic raw materials and 
products. 

Spectrophotometric methods are generally 
used for accurate determination of small 
amounts of aluminium,‘-” especially those 
based on the yellow complex of aluminium with 
8-hydroxyquinoline (oxine) in chloroform.‘2-‘s 
Various elements can interfere, and of these iron 
and titanium are invariably present in ceramic 
raw materials and products. The interference of 
iron has been prevented by reducing the iron to 
the bivalent state, and complexing it with l,lO- 
phenanthroline,6 ferrocyanide,14 bipyridyl’5 or 
potassium ferricyanide and thioglycolic acid.12 
The attempts made to mask titanium, how- 
ever, have not been satisfactory so far. RileyIs 
therefore preferred to make an empirical correc- 
tion for the interference of titanium by adding 
titanium (equivalent to 1% of Ti02 in the 
sample) to the standard solutions of aluminium 
used for constructing the calibration graph. 
Later, Riley and Williams16 recommended prior 
extraction of Ti at pH 4 and of Cu, Co and Zr 
at pH 10, as their 8-hydroxyquinaldine com- 

*Present address: 284A, Jodhpur Park, Calcutta 700068, 
India. 

plexes, into chloroform. Both methods are 
widely quoted in monographs.‘7-‘9 However, 
Dagnall ef a1.20 obtained low results for alu- 
minium owing to its partial extraction along 
with titanium as the 8-hydroxyquinaldine com- 
plexes into chloroform, Further, the methods do 
not take care of the interference due to Zn and 
Cd, which are often present in certain glasses 
and special ceramics. The present communi- 
cation describes a simple, rapid and sensitive 
method for determination of micro amounts of 
aluminium in ceramic raw materials and 
finished products, including glasses. The 
method is based on the extraction of aluminium 
oxinate into chloroform after masking of tita- 
nium with chromotropic acid, and of other 
interfering cations, including Fe, Cu, Zn, Cd, 
Co, etc. 

EXPERIMENTAL 

Apparatus 

A Spectromom model 360 spectrophotometer 
and a Elico model BI-10 pH-meter were used. 

Reagents 

Standard aluminium solution, 100 pglml. Dis- 
solve 0.1000 gm of Al wire (99.9% purity) in 
50 ml of hydrochloric acid (1 + 1) by heating, 
with a small drop of mercury as catalyst. Decant 
the solution to remove the mercury, wash the 
drop of mercury with water by decantation, and 
dilute the solution and washings to the mark in 
a I-litre standard flask. Dilute this solution 
tenfold to obtain a 10 pg/ml working solution. 

1017 
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Ascorbic acid solution. A freshly prepared 3% 
aqueous solution should be used. 

Methyl Orange indicator. Dissolve 0.5 g of 
the sodium salt in 1 litre of water containing 
15 ml of O.lM hydrochloric acid and filter if 
necessary. 

I,lO-Phenanthroline monohydrate solution. 
Dissolve 0.5 g of reagent in 100 ml of water. 

Chromotropic acid solution. Dissolve 0.5 g of 
chromotropic acid in 100 ml of 0.15M sulphuric 
acid and store in a dark coloured bottle. Use the 
solution within a week. 

8-Hydroxyquinoline solution. Dissolve 2 g of 
the reagent in 100 ml of 2M acetic acid, add 
ammonia solution dropwise until a turbidity 
appears, clarify the solution by addition of a few 
drops of acetic acid, and keep the solution in an 
amber bottle. 

Ammoniacal potassium cyanide solution. Dis- 
solve 15 g of potassium cyanide in 400 ml of a 
solution containing 30 g of ammonium chloride 
and 250 ml of concentrated ammonia solution, 
and dilute to 500 ml. 

Procedures 

Preparation of sample solution. Take 
0.1@-0.50 g of ground and dried (105 f 5”) 
sample (containing 0.5-5 mg of Al) in a clean 
platinum basin and moisten it with a few drops 
of water. Add 1 ml of concentrated perchloric 
acid and 15 ml of concentrated hydrofluoric 
acid and heat on a hot-plate until copious fumes 
of perchloric acid are evolved. Cool, add 10 ml 
of concentrated hydrofluoric acid and heat until 
fumes of perchloric acid appear.* Add 2 ml of 
concentrated hydrochloric acid and a few ml of 
water and digest for 10 min on the hot-plate. 
Cool, transfer the solution quantitatively into a 
standard flask (100 or 250 ml) and dilute to 
volume. 

Extraction and measurement. Take an aliquot 
containing up to 0.04 mg of aluminium, in a 
loo-ml beaker. Add 10 ml of ascorbic acid 
solution and a drop of Methyl Orange indicator 
and dilute to 3540 ml. Add ammonia solution 
(1 + 4) dropwise until the colour changes to 
yellow and then a drop of hydrochloric acid 
(1 + 1). For every 100 pg of titanium add 2 ml 
of chromotropic acid solution, and for each 

*Do not heat completely to dryness. If decomposition still 
seems incomplete, collect and ignite the residue and fuse 
it with 1 g of sodium carbonate. Dissolve the cooled melt 
in hydrochloric acid and add the solution to the main 
solution. 

200 ,ug of iron 2 ml of l,lO-phenanthroline 
solution, and then 2.5 ml of the %hydroxy- 
quinoline solution, with constant shaking, 
allowing about 5 min after each addition for the 
reactions to become complete. Adjust the pH to 
5.2 (measured by pH-meter) with dilute hydro- 
chloric acid or ammonia solution. Transfer the 
solution quantitatively into a 125-ml conical 
separating funnel marked at 70 ml, dilute to the 
mark and add 10 ml of chloroform from a 
pipette. Shake the mixture for about 2 min, 
and allow the layers to separate. Collect the 
chloroform layer. If the test solution contains 
Zn, Cd, Cu, Ni and/or Co, shake the chloro- 
form extract with 50 ml of the ammoniacal 
potassium cyanide solution in another separ- 
ating funnel, for 2-3 min, and allow to settle. 
Transfer some of the chloroform layer into a 
l-cm cuvette and measure the absorbance at 
385 mm. Prepare a calibration graph covering 
the range up to 40 pg of aluminium with 
standards extracted as just described. Correct all 
absorbances for a reagent blank treated in the 
same way. 

RESULTS AND DISCUSSION 

Preliminary studies confirmed that alu- 
minium can be quantitatively extracted as the 
oxinate into chloroform from solutions at pH 
4.5 and above, as reported by others.*’ The 
absorbance is a linear function of aluminium 
concentration up to 4 pg/ml in the chloroform 
layer. Provided the procedure is followed ex- 
actly for all samples, standards and the blank, 
there is no need to separate the chloroform layer 
quantitatively and dilute it to a fixed volume. 
We have found that the separation of up to 
0.04 mg of aluminium as the oxinate is quanti- 
tative in a single extraction with 10 ml of 
chloroform. 

Interferences 

During the preliminary study, attempts to 
separate titanium as its hydroxyquinaldine com- 
plex by extraction with chloroform at pH 4 
yielded low results for aluminium, owing to its 
partial extraction along with the titanium com- 
plex, as reported by Dagnall et al.” Ti, Zr, Fe 
etc. can be extracted as their cupferronates into 
chloroform** or o -dichlorobenzene23 from 1 M 
hydrochloric acid. There is no loss of aluminium 
when o-dichlorobenzene is used as the solvent, 
provided there is an excess of only 2-3 mg of 
cupferron,24 in agreement with the observations 
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Table 1. Determination of aluminium in solutions contain- 
ing various amounts of titanium, after masking with chro- 

motropic acid or hydrogen peroxide 

Al found, pg 

Ti masked 
with 1Omg of Ti masked 

Al taken, Ti, chromotropic with lOm1 of 
fig fig acid 3% H,O, 

10 Nil 10.0 9.9 
10 25 10.0 12.6 
::: 100 100 10.1 19.6 26.5 15.8 

30 100 29.3 35.5 
40 Nil 39.8 - 
40 50 40.0 
40 100 40.7 - 
40 150 43.8 - 
40 1.50 40.3+ - 

*Masked with 20 mg of chromotropic acid. 

of Miller and Chalmers,23 but an approximate 
knowledge of the total amounts of Ti, Fe, Zr, V, 
etc. is then essential for accurate determination 
of alumini~. Another drawback in use of 
cupferron is its poor keeping quality, especially 
in hot climates, as its decomposition gives a 

Table 2. Determination of Al in presence of Zn. Cd, Ni, Co 
and Cu with 4 ml of 8-hydroxyq~noIine 

Concentration taken, pg]ml 

Al Zn Cd Ni Co Cu Absorbance 

2 Nil Nil Nil Nil Nil 0.43 
2 5 5 5 Nil Nil 0.43 
2 
4 

1: 1: I: 1: 1; 0.44 
0.82 

2 40 20 10 10 30 0.43 
4 40 20 10 10 30 0.81 

coloured product which is not completely ex- 
tracted with chloroform or o-dichlorobenzene 
but partially accompanies alu~~um oxinate in 
its subsequent extraction, causing a positive 
error. 

Attempts to mask completely the interfering 
effect of Ti with common agents such as hydro- 
gen peroxide and tartaric acid% have not been 
successful. The results for aluminium are higher 
in both cases (Table I) indicating unsatisfacto~ 
masking of Ti. We have found that chromo- 
tropic acid, which forms a yellow 1:3 Ti- 
chromotrpic acid complex at pH above 5, can 

Table 3. Determination of Al*O, in silicates and carbonates 

Al, 0, 
found, Mean, Certified 

Sample % % value, % Remarks 

Optical glass 0.11 
(EDF 653/335) 0.11 0.11 0.15 - 

0.12 

Optical glass 0.66 
(RSC 5~0~~) 0.65 0.64 0.75 - 

0.62 

Quartz 0.13 
0.14 0.14 0.12 - 
0.14 

Silica sand 0.25 
0.27 0.27 0.25 - 
0.25 

Limestone 0.43 
0.40 0.41 0.39 - 

0.41 

Magnesite 0.14 
0.15 0.15 0.20 - 
0.15 

Opal glass 1.75 
(NBS 128) 1.69 1.75 1.89 - 

1.81 

Silica brick 1.87 
(NBS 102) 1.75 1.85 1.96 - 

1.93 

Glass frit 

Enamel cover coat 

1.78 
1.72 1.73 1.80 ZnO 0.24%. Cd0 0.75%, 
1.70 NiO 0.42%, TiOr 0.16% 

3.85 ZnO 0.7%, Cd0 OS%, 
3.80 3.77 3.98 coo 0.4% 
3.65 



1020 N. L. BAG and B. C. SINIU 

quantitatively mask titanium and the complex is 
not extracted into chloroform. Two ml of OS”/o 
chromotropic acid solution can mask up to 
100 pg of Ti (Table 1). 

Up to 200 j4g of iron can conveniently be 
masked with ascorbic acid and IJO-phenan- 
throline. Fluoride forms a strong complex with 
aluminium and must be removed during de- 
composition of the sample, by repeated fuming 
with perchloric or sulphuric acid. Small 
amounts of fluoride can be masked by the 
addition of beryllium.*’ 

Small amounts of zirconium can be masked 
with quinalizarin sulphonic acid,16 but for 
larger amounts prior separation as ZrO(HPOJ 
is recommended.*’ 

The interferences of Zn, Cu, Cd, Ni and Co 
can be successfully eliminated by shaking 
the chloroform extract of Al-oxinate with 
ammoniacal potassium cyanide solution,‘4 to 
form cyanide complexes which pass into 
aqueous phase (Table 2). 

The method has been successfully used for 
determination of alumina in silicate and cer- 
amic raw materials and products, including two 
standard (NBS) samples, The results (Table 3) 
compare favourably with the certified or stan- 
dard values, indicating the accuracy of the 
method. 
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CHELATOMETRIC TITRATION WITH HEDTA AFTER 
SEPARATION AS ITS SULPHATE BY AN IMPROVED 

METHOD OF PRECIPITATION 
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Shanghai, People’s Republic of China 
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Snnnmuy-A selective titrimetric dete~ination of Pb after separation by a modified method of 
precipitation as its sutphate is proposed. Pb(II), present as the perchlorate, is precipitated by gentle boiling 
in 3.6M H,SO,, presaturated with PbSO, and free from any extraneous anions. The customary 
time-consuming evaporation to fumes of sulphuric acid is dispensed with. The precipitate is collected, and 
dissoived in excess of HEDTA, the surplus of which is back-titrated with Zu(II) at pH 5.0-5.5. Use of 
Catechol Violet and Xylenol Orange as a mixed indicator gives a sharper end-point. The standard 
deviation of the proposed method for 60 mg of lead is 0.35 mg. The method has been successfully used 
to determine Pb in non-ferrous alloys. 

Lead is a major component of many important 
alloys. For its determination in macro amounts, 
chelatometric titration is doubtless the best 
choice, but is almost completely non-selective,’ 
so a preliminary separation is generally needed, 
For this purpose, the classical precipitation of 
lead sulphate is used, but has several drawbacks. 
It is time-ensuing, requiring evaporation to 
strong fumes of sulphuric acid, and the precipi- 
tate must be left standing for a long time or even 
overnight.* During the evaporation, spattering 
may occur, especially in the presence of salts in 
large amounts. After the fuming, the sulphates 
of certain concomitant cations, e.g., Al(III), 
Cr(III), Fe(II1) and Ni(II), are rendered in- 
soluble and difficult to redissolve. Therefore 
this separation was discontinued as a standard 
method) by ASTM and replaced by dithio- 
carbamate extraction’ into chloroform from an 
alkaline tar&ate-cyanide solution. In the latter 
method, however, there is the hazard of use of 
sodium cyanide, and Bi(III), Tl(II1) and In(II1) 
interfere.’ 

In this paper a rapid and selective method 
for the dete~ination of Pb is proposed, based 
on an improved method of precipitation of 

HEDTA standard solution. Prepared, and 
standardized with the Zn standard solution, as 
previously reported.6 

*Author for correspondence. Present address: 99 Handan Saturated sodium bicarbonate solution. 
Road, 200433, Shanghai, People’s Republic of China. Hexamine solution, 30%. Freshly prepared. 

lead sulphate, and a chelatometric finish with 
HEDTA (~-hydroxyethylethylenediamine- 
N,N’,N’-&acetic acid), as titrant. 

EXPERIMENTAL 

Reagents 

Analyti~l-reagent grade chemicals were used 
unless otherwise specified. 

Precipitating solution. To 1000 ml of sul- 
phuric acid (1 + 4) add 0.5 g of lead(I1) oxide 
and boil gently for ca. 5 min. Cool to room 
temperature and let stand for at least 1 hr. Just 
before use, filter an appropriate amount of the 
solution through a dry filter paper of fine texture 
in a dry funnel. 

Catechol Violet solution, 0. I % in 50% 
ethanol. The reagent used should be free from all 
chromogenic impurities, as tested by TLC. 

Xylenol Orange solution, 0.1% in 50% 
ethanol. The reagent used should be free from all 
chromogenic impurities, as tested by TLC. 

Zn standard solution, 0.02M. Prepare as 
described earlier.$ 

1021 
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~ydrue~~oric acid (I f 3). 
Concentrated ammonia solution. 
Concentrated perchloric acid. 

General procedure 

Take an appropriate amount of the sample, 
containing 60-150 mg of Pb, weighed to the 
nearest 0.1 mg, and transfer it to a 250-ml 
beaker. Add 5-10 ml of concentrated hydro- 
chloric acid and a few drops of concentrated 
nitric acid. Warm till dissolution is complete. 
Add 5 ml of perchloric acid and evaporate to ca. 
2-3 ml. Cool to room temperature. Quanti- 
tatively transfer the solution dropwise to a 
600-ml beaker containing 70 ml of precipitating 
solution, rinsing the original beaker thoroughly 
with precipitating solution from a wash bottle. 
Dilute to 90 ml with precipitating solution. Boil 
gently for 2-3 min, cool to room temperature, 
and filter with a dry filter paper of fine texture 
in a dry funnel. Wash the filter paper and beaker 
3-5 times with precipitating solution from a 
wash bottle. As soon as the washings have 
drained completely, spread the filter paper 
smoothly on the inner wall of the original 
600-ml beaker (Note 1). 

Add 45 ml (accurately measured) of HEDTA 
solution (Note 2), then sodium bicarbonate 
solution dropwise till effervescence ceases, and 
finally hexamine solution to bring the pH to 
5.0-5.5. Boil gently, while tilting the beaker to 
ensure the precipitate dissolves completely. 
Cool, add one drop each of the Catechol Violet 
and Xylenol Orange indicator solutions, and 
back-titrate with standard Zn solution to the 
colour change from yellow to violet. Calculate 
the lead content from Pb% = 414.4( V,f- vz)fG 
where G is the sample weight (mg) taken, V1 and 
V2 are the volumes of HEDTA and Zn solutions 
used (ml), and f = A/B, (A ml of Zn solution 
being required for complete reaction with B ml 
of HEDTA). 

Note 1. For samples containing Bi, spread the 
paper and wash it with 10-15 ml of lukewarm 
water to dissolve out any co-precipitated Bi(II1). 
Cool to room t~m~rature and adjust the pH 
carefully to 1.5-2.0 with sodium bicarbonate 
solution. Add one drop of Catechol Violet 
solution. A yellow colour indicates the absence 
of Bi(II1). If the solution turns blue, titrate it 
with HEDTA solution to the colour change 
through red to yellow. Then add 45 ml of 
HEDTA solution and continue the titration as 
described in the general procedure. 

Note 2. For samples containing Ba, Sr or Ca, 
treat the lead sulphate precipitate with HEDTA 
solution as usual, then add ammonia solution to 
bring the pH to 9-10. Boil gently till dissolution 
is complete. Cool to room temperature and 
adjust the pH to 5.0-5.5 with hydrochloric acid 
(1 + 3). Then continue the titration as described 
in the general procedure. 

RESULTS AND DISCU~ION 

Separation of lead by precipitation as lead 
su~p~ate 

It has been common practice to precipitate 
Pb(I1) in a medium containing 2.3M’ or 0.9@* 
or 5% v/v sulphuric acid.g It should be noted, 
however, that the solubility of lead sulphate is 
reported to decrease as the concentration of 
sulphuric acid increases from 0 to 20% and 
remain minimal over the range 2060% v/v 
sulphuric acid. lo,” Accordingly we have ex- 
plored precipitation of PbfII) at a higher sul- 
phuric acid concentration than any previously 
reported. Our experiments showed that the opti- 
mum range is 3.54.4M sulphuric acid. Hence 
3.6M is specified in the procedure. 

Our study also revealed that perchloric acid is 
the only common electrolyte that exerts a negli- 
gible effect on the solubility of lead sulphate 
under the specified conditions. Table 1 shows 
that the method offers some distinct advantages: 
(1) the drawbacks of the classical method can be 
completely overcome; (2) fuming the sample 
with perchloric acid instead of sulphuric makes 
the separation more selective, since the sub- 
sequent precipitation at lower tem~rature mini- 
mizes the co-precipitation of bismuth;‘* (3) the 
precipitate is readily dissolved for the chelato- 
metric finish since it is formed at a temperature 
much lower than the boiling point of sulphuric 
acid; (4) the precipitating agent used is free from 
any extraneous anions which can cause error, 
such as acetate2 or nitrate,13 and this ensures 
complete precipitation of Pb(I1). It is also used 
for washing so that there is no loss of precipi- 
tated PbS04 by dissolution in the wash liquid. 

Table 1. Effect of HC104 on the precipi- 
tation of 101.0 mg of Pb as PbSO, 

HCIO, added, ml Pb found, mg 

- 101.1* 
2 100.9 
3 100.9 
5 101.1 

*Direct titration without separation. 
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The che~ato~etrie finish 

The complexing agent and back-titrant 
were chosen on the basis of the data sum- 
marized in Table 2. As the stability sequence 
of the metal complexonates in Table 2 is 
Pb> Zn>Ca >Sr >Ba, Zn(I1) would be a 
suitable back-titrant for use at the optimum pH 
of 5.0-5.5. As the titrant, neither EGTA nor 
NTA is acceptable, because the conditional 
formation constants of their Pb-chelates are too 
small. Those of the Ca-chelates of DCTA and 
EDTA are quite large (log K; > 4), which might 
cause unfavourable effects in the back-titration. 
The Ca-chelates of DTPA and HEDTA have 
much lower log K; values, however, and differ- 
ences between these values and the correspond- 
ing ones for the Zn-chelates are sufficiently large 
for Zn(I1) to readily displace Ca(I1) from its 
DTPA or HEDTA chelate. HEDTA was finally 
chosen because it is cheaper and is highly sol- 
uble in aqueous solutions, even in strong acids.15 

Catechol Violet and Xylenol Orange are used 
in combination for this determination. The 
colour change from yellow to violet at the 
end-point of the back-titration is more distinct. 
Both have recently been synthesized by us in 
high purity, free from all chromogenic impuri- 
ties, as shown by thin-layer chromatography. 

Back-titration is used because an excess of 
HEDTA must be employed to dissolve the 
PbS04 precipitate. HEDTA was chosen because 
it is a much stronger complexing agent than 
acetate or tartaric acid for Pb(I1) and hence 
more efficient for this purpose. Thus the chemi- 
cal equilibria of the titration system can he 
much simplified as the effects of any side- 
reaction of the complexing agent used for the 
dissolution are completely excluded. It is not 
advisable to use acetate or tartaric acid instead: 
in the latter case lead sulphate would be repre- 
cipitated at the pH used for a direct titration, 
and in the former the amount of acetate needed 
would make the end-point indistinct. Moreover, 
the selective dissolution of lead sulphate in the 

Table 2. Conditional formation constants of some complex- 
onates at pH 5* 

KE 
Cation DCTA DTPA EDTA EGTA HEDTA NTA 

Pb 11.7 9.6 il.4 4.5 10.2 7.0 
Zn 10.7 8.7 9.9 4.3 9.2 5.1 
Ca 4.5 1.3 4.1 2.5 2.7 1.6 
Sr 2.0 0.4 2.0 0 1.5 0.2 
Ba 0 -0.5 I.2 -0.1 0.9 0 

*Calculated from the data in Ringborn.” 

presence of barium sulphate is quantitative only 
under certain conditions.16 

Efsects of diverse ions and ligands 

If the analyte, after fuming with perchloric 
acid, is added to the pr~ipitating solution, but 
not the reverse, only a small amount of Bi(II1) 
will be co-precipitated. It can be readily pre- 
titrated at pH 2 (Note l), needing only a few 
drops of HEDTA solution, Owing to mixed 
crystal formation, the selective dissolution of 
PbSO, in the presence of alkaline-earth metals is 
not always quantitative at pH 5 with excess of 
HEDTA (or EDTA),16 so it is safer to effect 
complete dissolution at pH 9-10 (Note 21, then 
back-titrate with Zn(I1) at pH 5.0-5.5. The 
HEDTA-chelates of the alkaline earths will 
undergo a stoichiometric displacement reaction 
with Zn(I1) during the back-titration. Reprecipi- 
tation of alkaline-earth metal sulphates may 
occur, but this does no harm. Silica, SnOz and 
Sb, O5 will be rendered insoluble by fuming with 
perchloric acid and loss of Pb might occur 
owing to adsorption. Fortunately, these species 
can be readily dealt with by volatilization at the 
evaporation stage, as SiF, (or H,SiF,), SnBr, 
and SbBr, respectively. When hydrofluoric acid 
is used, a polytetrafluoroethylene beaker should 
be employed. The remaining cations do not 
interfere. Although K+, Rb+, Cs+, if present in 
large amounts, and Nb(V), Ta(V) and W(VI), 
will also be rendered insoluble” by fuming with 
perchloric acid, they are rarely, if ever, concomi- 
tant with Pb in macro amounts in industrial 
samples. Even if they were present, it would be 
easy to separate them by filtration and recover 
any lead from them prior to precipitating lead 
sulphate. Hence the proposed method is highly 
selective with respect to cations. The recovery 
of PbSO, is somewhat lower in the presence 
of some anions in common use, e.g., tartrate, 
halides and BF;. Hence these should not be 
used as masking agents in this precipitation 
system. As already noted, the only exception is 
perchlorate. Therefore the acids used for sample 
decomposition should be confined to those 
which are sufficiently volatile to be subsequently 
expelled by fuming with perchloric acid. 

Applications 

The optimum range of determination by the 
proposed method is 25-150 mg of Pb. The 
standard deviation has been found to be 0.35 
mg for 60 mg of Pb. It has been satisfactorily 
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Table 3. ~te~ination of Pb in some non-ferrous alloys 

Pb found, % 

Nominal composition, % Proposed method ASTM method4 

Cu 60, Zn 37 2.60 2.57 
Cu 85, Sn 6, Zn 3 5.40 5.38 
Bi 40, Sn 13, Cd 10 36.16 36.07 
Bi 50, Sn 13, Cd 10 27.19 27.01 
Bi 50, Sn 13.3, Cd 10 26.77 26.74 
Bi 47.5, Sn 12.6, Cd 9.5, In 5 25.09 24.95 

used to determine the lead content of non- 
ferrous alloys. The results for analysis of some 
indust~al samples are shown in Table 3. 

CONCLUSION 

A selective and pollutant-free method for 
chelatometric determination of Pb with 
HEDTA after pr~ipitation as sulphate is pro- 
posed. The precipitation conditions are much 
improved compared with those of the classical 
method. Owing to its versatility, the proposed 
method should find many practical applications. 
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ANALYTICAL DATA 

DISSOCIATION CONSTANTS OF SOME 
o,o’-SUBSTITUTED AZ0 DYES 
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Department of Analytical Chemistry, University of Chemical Technology, 532 10 Pardubice, 
Czechoslovakia 

(Received 19 June 1989. Revised 10 April 1990. Accepted 4 May 1990) 

Smmnary-The dissociation constants, pK, (H,L-) and pK,(HL’-), were determined spectrophoto- 
metrically in aqueous media at ionic strength 0.2 for six o,o’-substituted azo dyes, namely C.I. 13900, 
C.I. 15685, CJ. 18744, C.I. 18760, C.I. 18821 and Calmagite. 

Azo dyes substituted in the o,o’-positions are 
an important group of organic dyes as they 
can be transformed into complexes with metal 
ions to increase their colour properties. For this 
purpose, the o-substituent is a hydroxyl group 
and the o’-substituent is a hydroxyl, carboxylic 
or amino group. For determination of the dyes 
by potentiometric titration based on ion-pair 
formation,’ and for numerous applications and 
detailed studies of the complexing properties 
of the dyes, it is important that the protolytic 
equilibria should be known. Unfo~unately, such 
data are mainly available for some o,o’-dihy- 
droxy azo dyes which are used as metallochromic 
indicators* and for only a limited number of 
other dyes. 3,4 Therefore, the dissociation equi- 
libria of six industrially important dyes of this 
group have been studied s~~trophotomet~~lly 
and the corresponding constants are given in 
this paper. 

Apparatus 

EXPERIMENTAL 

Absorption spectra were obtained with a 
Specord UV VIS recording spectrophotometer, 
and other absorbance measurements were made 
with a Spekol 11 instrument (both Zeiss, Jena). 
One-cm path-length glass cuvettes were used for 
all measurements. 

Britton-Robinson buffer solutions adjusted 
to ionic strength 0.2 with sodium perchlorate 
were used. The pH values were measured with 

*Present address: Lachema Corp., 621 33 Brno, Czecho- 
slovakia. 

an OP-2 11 /l pH-meter (Radelkis, Budapest) 
equipped with glass and saturated calomel 
electrodes, and calibrated with the NBS pH 
standards in the range from 3.557 for potas- 
sium hydrogen tartrate to 12.454 for calcium 
hydroxide.’ 

Dyes 

The five azo dyes used in industry as starting 
compounds in syntheses of metallocomplex 
dyes, and Calmagite as a comparison model 
sample, were studied. The samples were ob- 
tained from VUOS (Pardubice-Rybitvi), and 
the C.I. Constitution Number, C.I. Generic 
Name (or common name if not included in the 
Colour Index6) and chemical constitution are as 
follows: 

(I) C.I. 13900, C.I. Acid Yellow 99, l-anilino- 
2-[(2-hydroxy-3-sulpho-5-nitrophenyl)azo]-3- 
hydroxy-2-buten- l-one, Na salt; 

(II) C.I. 15685, C.I. Acid Red 184, l-[(2-hy- 
droxy-3-sulpho-5-nitrophenyl)azo]-2-naphthol, 
Na salt; 

(III) C.I. 18744, C.I. Mordant Orange 29, 
4-[2- hydroxy-3-sulpho- 5-nitrophenyl)azo]- l- 
phenyl-3-methyl-5-pyrazolone, Na salt; 

(IV) C.I. 18760, C.I. Mordant Red 7 (Erio- 
chrome Red B), 4-[(2-hydroxy-4-suiphonaph- 
thyl)azo]-l-phenyl-3-methyl-5-pyrazolone, Na 
salt; 

(V) C. I. 18821, C.I. Mordant Yellow 8 
(Alizarine Chrome Fast Yellow R), 4-[(2_carb- 
oxyphenyl)azo] - 1 - (4 - sulphophenyl) - 3 -methyl- 
5-pyrazolone, Na salt; 

1025 
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Table 1 
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(VI) Calmagite, 3-hydroxy-~[(2-hydroxy-5- 
methylphenyl)azo]- 1 -naphthalenesuiphonic acid, 
Na salt. 

The formulae are given in Table 1. The 
purity of the dyes was checked by thin-layer 
chromatography on 150 x 150-mm Silufol foils 
(Kavalier, Votice) with 1-propanol + 26% 
ammonia solution (3 : 1 v/v) and butyl acet- 
ate + acetic acid + water (3 : 2: 1 v/v). No 
marked colour impurities were found on the 
chromatograms. Spectrographic examination 
showed the virtual absence of trace metal 
impurities. 

Procedures 

The dyes were dissolved in redistilled water 
to give ea. 10e3M stock solutions. For spectro- 
photometric measurements, 5-ml portions of the 
dye solutions were pipetted into loo-ml standard 
flasks and diluted to volume with the desired 
pH buffers. To avoid any decomposition, the 
spectrophotometric measurements were made 
immediately after the solution was prepared. 

The pi(,(H, L) values of the particular equi- 
libria H,L ;+ H, _ I L + H+ were determined 
graphically by the customary methods, usually 
by plotting log [A - A(H,L)]/[A(H,_, L) - A] 
us. pH,’ where A is the absorbance measured at 
a given pH value, and A (H,L) and A (H, _ , L) 

are the absorbances of the pure forms H,L and 
H,_ , L at the wavelength used. If either A (H, L) 
or A (H, _ , L) could not be measured, pK, (H,L) 
was determined by using the formulae8*9 

1 lu, (H, L) 
A(H,_,L)-A =a(H+)[A(H,_,L)-A(H,L)] 

or 

1 

+A(H”-,L)-A(H”L) 

1 a(H+) 
A - A(H,L) = ~~(H~L)[A(H~_,L) - A(H,L)] 

1 

+ A(H,_,L) - A(H,L) 

where a(H+) is the hydrogen-ion activity calcu- 
lated from the pH measurement. For graphical 
evaluation, l/[A(H,_, L)- A] or l/[A -A(H,L)] 
is plotted as the ordinate against l/a(H+) or 
a(H+ ) as appropriate. In both cases it follows 
that K,(H,L) = a(H+) when y = 2/[A(H,L) - 

A (W, - I U. 

RESULTS AND DISCUSSION 

In acidic aqueous dye solutions, the species 
H,L- present can dissociate to form HL’- and 
L3- species. This model was confirmed by the 



ANALYTICAL DATA 1027 

Table 2. Dissociation constants of the six o,o’-substituted 
axe dyes at ionic strength 0.2 

Wavelength used 

Dye pKI(HrL-) p&(HL*-) ?lF?i 

; 
4.10 13.5 455 (both) 
4.38 12.5 580 (both) 

III 3.63 9.98 500 (both) 
IV 5.46 11.44 470 (both) 
V 3.26 10.82 430 or 410 
VI 7.74 12.5 620 (both) 

existence of isosbestic points on the absorption 
spectra measured in the pH regions pertaining to 
particular protolytic equilibria. The pK, (H,L-) 
and pK, (HL’-) values were determined, and 
the results are listed in Table 2. The equilibria 
for dyes I, III, IV and V are not accompanied 
by marked colour changes, because although 
their spectra are markedly different the ion 
species absorb in the blue region of visible light. 
The colour changes of dye II are similar to those 
of Calmagite, but the first is shifted to a lower 
pH region because of the presence of the electro- 
negative nitro group. 

Only the values for Calmagite could be 
compared with literature data, namely 7.9 and 
12.3,” or 8.1 and 12.4,” for pK,(H,L-) and 
p&(HL*-), respectively. As the dye solutions 
are noto~ously unstable in alkaline media the 
values given in Table 2 can be accepted as in 
good agreement with these literature values. 

For Eriochrome Red B (C.I. 18760), 
pK, = 6.28 has been reported ‘* and ascribed to 
dissociation of the HL*- form. This value is 
deemed erroneous, however because the pK, 
(HL*- ) value for this ~~~b~urn is 11.44. From 
the absorption spectra, the p& (H, L- ) and 
pK,(HL2-) values given in Table 2 for this dye 
were determined quite reliably. 
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ANNOTATION 

CONSIDERATIONS ON THE DIFFERENT OXIDATION 
STATES OF ANTIMONY, ARSENIC AND SELENIUM IN 

THE DETERMINATION OF THE ELEMENTS BY 
HYDRIDE GENERATION-ATOMIC SPECTROMETRY 

RAGNAR BYE 

University of Oslo, Department of Pharmacy, P.O. Box 1068, 0316 Oslo 3, Norway 

(Received 22 August 1989. Revised 13 February 1990. Accepted 16 March 1990) 

Determination of antimony, arsenic, selenium 
and frequently bismuth, germanium, lead, tel- 
lurium and tin by hydride generation-atomic 
absorption spectrometry (HGAAS) has become 
an established technique. The method is based 
on the reduction of the elements from a higher 
oxidation state to the lowest (the hydride form) 
by a strong reductant such as sodium boro- 
hydride. The gaseous hydrides are swept into a 
spectrometer (ICP, DCP or AA) where the 
excitation/atomization takes place. 

Success in determining the elements by this 
technique depends on the elements having been 
brought into one definite (higher) oxidation 
state before the reduction by borohydride. This 
is necessary because the ease of reduction to the 
hydride differs from one oxidation state to 
another, resulting in different sensitivities in the 
final excitation/atomization step. 

Arsenic and antimony, for instance, may be 
present in two oxidation states (III and V) in a 
sample solution, and both forms are reducible 
by borohydride. However, several authors’-“ 
have observed that the quinquevalent forms 
usually possess a different (generally lower) 
sensitivity in the hydride generation process 
than do the tervalent forms. This can probably 
be explained by the different rates of reaction. It 
is therefore desirable to arrange for only one 
oxidation state to be present. Antimony and 
arsenic in the sample solution are therefore 
usually reduced to the tervalent state before the 
borohydride reduction. For this purpose a num- 
ber of reductants can be applied such as iodide, 
hydrazine, hydroxylamine and sulphite, the first 
usually being preferred.24 

Selenium(VI), on the other hand, is not re- 
duced at all by borohydride. A prereduction of 
any Se(V1) in the sample solution to Se(IV) is 
therefore necessary. This is almost exclusively 
done by use of hydrochloric acid (i.e., with 
chloride ions).5 

However, when selenium and antimony or 
arsenic in the same solution are to be deter- 
mined simultaneously as the hydrides, for 
instance by inductively coupled plasma optical 
emission spectrometry (ICP-CES), a twofold 
problem arises. Chloride, which is an effective 
reductant for selenium(VI), does not reduce 
antimony(V) and arsenic(V), whereas all 
the reductants noted above for antimony 
and arsenic normally reduce selenium(V1) [and 
selenium(IV) as well] to elemenral selenium, a 
fact which has often been overlooked. 

When the standard electrode potentials of the 
actual half-reactions of antimony, arsenic and 
selenium are examined, it becomes evident that 
there are no reductants that can reduce anti- 
mony, arsenic and selenium simultaneously 
from their highest to their next lowest stable 
oxidation states without reduction of the sele- 
nium to the elemental state. 

If the three elements are to be determined in 
the same solution then this problem can be 
avoided by providing conditions that ensure 
that antimony and arsenic are in the quinque- 
valent state before the reduction to the hydride. 
Any selenium(V1) formed under these oxidizing 
conditions can be reduced to selenium(IV) by a 
further treatment with hydrochloric acid, with- 
out affecting the antimony(V) and arsenic(V). 
However, this approach may well affect the 
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sensitivity for antimony and arsenic adversely. 
Although inter-element effects between hy- 

dride elements in the gas phase have been well 
documentedP little attention has been paid to 
some other reactions that could have resulted in 
severe interferences and which are therefore 
undesirable from an analytical point of view: 

H, SeO, + 2HAs02 G$ Se + 2H,AsO, 

K = 10’2.5 

H,SeO, + 2Sb3+ + 4H+ z$ Se + 2Sb5+ + 3H,O 

K = lo-O.68 

Such reactions could result in low results for 
selenium because of the reduction to the elemen- 
tal form. In order to examine whether these 
reactions could be a serious problem, two 
macro-scale experiments were performed, which 
allowed the occurrence of any reaction to be 
observed visually. 

Sodium selenite (E 0.2 g of Se) was dissolved 
in 200 ml of 2M sulphuric acid and equivalent 
amounts of sodium arsenite and antimony(II1) 
oxide were added to the selenium solutions. 
After 4 hr on a boiling water-bath no formation 
of red elemental selenium could be observed, 
nor was it observed after 24 hr at ambient 
temperature. However, after 3 weeks a very 
faint precipitate of red selenium was detected. 
Thus, the very slow kinetics of these reactions 
will prevent problems in real analysis. 
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Summary-The efficiencies of extraction of vapor-deposited pyrene from a high-carbon coal stack ash by 
Soxhlet extraction with methanol, ultrasonic extraction with toluene, acid pretreatment and subsequent 
ultrasonic extraction with toluene, batch extraction with toluene, and supercritical fluid extraction (SFE) 
are compared. SFE using CO, or isobutane yielded extraction recoveries virtually identical with those 
obtained using ultrasonic or Soxhlet extraction processes. Collection of the SFE extract was performed 
by expansion into a solvent or onto the head of a gas chromatography (CC) column. No loss of extracted 
pyrene was observed upon collection of methanol-modified CO, SFE by expansion into methanol. Also, 
no loss of pure CO, SFE extract was observed upon collection on the head of a GC column. However, 
use of a methanol or toluene modifier for CO, SFE directly coupled to GC effected complete loss of 
extracted pyrene. 

Polycyclic aromatic hydrocarbons (PAH) are 
produced in many combustion processes.’ PAH, 
released into the atmosphere in the vapor phase, 
may subsequently be adsorbed onto atmos- 
pheric particulate matter. The environmental 
fate of PAH is important since some PAH 
have been shown to be carcinogenic and/or 
mutagenic.* 

At present, identification and quantification 
of PAH sorbed on environmental particulate 
matter virtually always requires that the PAH 
be removed from the particulate matter prior 
to analysis. Techniques used for this purpose3 
include conventional Soxhlet extraction,4 ultra- 
sonic extraction5 and supercritical fluid extraction 
(SFE).6 

It has frequently been observed than conven- 
tional extraction techniques produce substan- 
tially less than 100% recoveries of adsorbed 
PAH, especially for adsorbents (such as coal 
fly ash) that contain significant quantities of 
carbon.‘** Improved recovery of adsorbed PAH 
from coal stack ash with ultrasonic extraction 
has been reported by pretreatment of the sample 
with HF and/or HC1.9 Also, several studies 
have indicated improved recovery of a variety 
of compounds from several adsorbents by 
SFE as compared with traditional extraction 
methods.i”-‘* Additional advantages of SFE 

*Authors to whom all correspondence should be addressed. 

may include a decrease in the number of 
sample-handling steps and the ease of coupling 
SFE to other analytical techniques, such as gas 
chromatography (GC).4*3*‘4 

Herein is reported a comparison of the extrac- 
tion efficiency of SFE and “traditional” liquid 
extraction methods, with pyrene (deposited in 
known quantity from the vapor phase) as the 
PAH. Coal stack ash was separated by various 
methods to produce a sample relatively high in 
carbonaceous particle content. This ash was 
used as the adsorbent in the present study 
because it represents an extremely challenging 
test of any extraction procedure, since carbon- 
aceous particles have been shown to be primarily 
responsible for strong adsorption of PAH by 
coal fly ash.’ 

EXPERIMENTAL 

Materials 

Coal stack ash was obtained from a coal-fired 
power plant in Lakeland, FL. The bulk coal 
stack ash contained 5.5% total C, since the 
coal-fired power plant that produced the ash 
was not operating efficiently at the time of 
collection.15 Merck silica gel (63-200 pm par- 
ticle size) was obtained from Brinkman, Inc. 
Pyrene (99 + “,4) was purchased from Aldrich 
and used as received. Methanol and toluene 
(Burdick and Jackson) were used as extraction 
solvents, supercritical fluid modifiers, and collec- 

1031 



1032 R. F. MAULDIN et al. 

tion solvents. Carbon dioxide (SFC grade) Vapor deposition of pyrene onto the stack 
and isobutane (instment grade), equipped ash was used in conjunction with flame ioniz- 
with eductor tube and helium headspace, were ation detection to measure the quantity of 
purchased from Scott Specialty Gases. pyrene sorbed by a known amount of the adsor- 

bent, as described by Engelbach et ~1.‘~ Coal 

Sample preparation 
stack ash was degassed for 24 hr at 250” in a 
stream of nitrogen before vapor deposition. A 

Coal stack ash was mechanically sieved and surface pyrene concentration of 7.20 mg per g of 
the 75-124 pm fraction was collected. Separ- ash was used for extraction efficiency studies. 
ation according to density was used to produce For studies involving collection of the SFE ex- 
an ash fraction relatively high in bulk carbon tract on the head of a gas chromatographic 
content, as described previously.‘5 The “carbon- column, a surface concentration of 105 pg of 
aceous” fraction produced in this manner had pyrene per g of ash was used. Silica gel was 
a bulk elemental carbon content of 36% treated similarly to produce a sample containing 
(Galbraith Laboratories, Knoxville, TN). Fur- 122 pg of pyrene per g of silica gel. 
ther treatment of this “carbonaceous” fraction 
by elutriation in a stream of nitrogen produced ‘FE uP~uratus 
a sub-fraction, having a bulk elemental carbon Only stainless-steel materials were used for 
content of 67%, which was used in this study. construction of the SFE apparatus (shown 
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schematically in Fig. 1). An Isco LC-2600 syringe 
pump, with a maximum operating pressure of 
516 atm, was used to deliver fluids. A check 
valve, between the cylinder and the pump, pre- 
vented contamination of the cylinder. Pressure 
relief devices from High Pressure Equipment 
Company were installed in the cylinder-to- 
pump and the pump-to-cell lines for safety. A 
Blue M oven, with a maximum operating tem- 
perature of 260”, was used to maintain a con- 
stant extraction temperature. When higher 
extraction temperatures were needed, a furnace 
was used which was constructed by winding 
nichrome ribbon around a 3-in. Pyrex tube 
which was then encased in a 4-in. Pyrex tube. 
The furnace temperature was monitored with an 
Omega Type K thermocouple. 

The extraction cell, also illustrated in Fig. 1, 
consisted of two Swagelok l/8-1/16 in. column 
end fittings with 2.0 pm pore diameter stainless- 
steel frits. Fittings were placed on each end of 
a 10 cm piece of l/8 in. o.d. stainless-steel tubing 
which housed the sample. A heated transfer line 
(150’) carried the extract to be collected by 
expansion of the supercritical fluid from the 
restrictor into a solvent or onto the head of a 
gas chromatographic column. Polyimide-coated 
fused silica capillary tubing (Polymicro Tech- 
nologies; 25 pm i.d. x 15 cm long) was used as 
the restrictor. A Supelco Supeltex M-2A 15% 
graphite, 85% polyimide ferrule with a 0.4 mm 
i.d. hole was used to hold the capillary restrictor 
in place in a l/l 6 in. Swagelok stainless-steel 
union. A 5890A Hewlett Packard gas chromato- 
graph equipped with an on-column injection 
port and a 10 m long x 0.53 mm i.d. x 2.65 pm 
film thickness analytical column, with 5% 
phenyl methyl silicone as stationary phase, was 
used for GC analyses. A 30 cm long x 0.53 mm 
i.d. piece of deactivated fused silica tubing, 
attached between the on-column injection 
port and the analytical column, served as a 
“retention gap.” 

SFE methods 

Enough liquid modifier was added to the 
pump before pressurizing with CO2 or iso- 
butane, to yield 5% by volume in the modified 
fluid. The oven temperature was increased lin- 
early to the desired extraction temperature of 
250” while the pump was pressurizing the ex- 
traction cell to 430 atm for CO2 systems or 
230 atm for isobutane systems. The unusually 
high extraction temperature of 250” was utilized 

in this work since the goal was to increase the 
efficiency of extraction of adsorbed pyrene, an 
adsorbate molecule that was expected to be 
thermally stable at these elevated temperatures. 
The extract was collected by expansion from the 
restrictor capillary into 10 ml of toluene for all 
SFE solvent systems except those modified with 
methanol, for which methanol was used as the 
collection solvent. Extracts were quantified by 
UV-visible absorption spectrophotometry. Al- 
ternatively, the extract was collected on the head 
of a gas chromatographic column by inserting 
the restrictor through an on-column injection 
port. The gas chromatographic oven tempera- 
ture was maintained at 30” during collection of 
SFE extracts. Gas chromatographic analyses 
were performed with an initial oven temperature 
of 30”, followed by a linear increase at 40”/min 
to 230” (the detector was kept at 325”) for 
determination of pyrene. Subsequently, extracts 
were quantified by comparing the pyrene peak 
height with the peak height for an injection of 
a standard solution of pyrene. Each sample was 
repeatedly extracted until the final supercritical 
fluid extraction removed < 1% of the remaining 
quantity of adsorbed pyrene. Each sample was 
then subjected to sonication with toluene in 
an effort to determine whether any remaining 
adsorbed pyrene could be extracted. 

Traditional extraction methods 

In each of the traditional extraction pro- 
cedures, sample sizes of lo-15 mg were used. For 
Soxhlet extractions, micro-Soxhlet extractors 
were used with cellulose extraction thimbles. 
The extraction was continued for 24 hr, with 
sample exposed to fresh solvent every 15 min. 
For ultrasonic extractions, 15 mg of sample was 
weighed into a 10 ml standard flask which was 
then filled to the mark with toluene, and kept in 
a 125 W Branson ultrasonic cleaner for 2 hr in 
a water bath at a temperature of 50”. For 
exhaustive ultrasonic extraction, a sample was 
sonicated for 2 hr at 50” in 50 ml of toluene. The 
ash was removed from the extract by filtration 
and then placed in 10 ml of toluene for further 
sonication. Batch extractions were done by plac- 
ing the sample in a 10 ml standard flask, filling 
to the mark with toluene, and leaving the 
sample overnight in the dark. Also, hydrofluoric 
and hydrochloric acid pretreatment of the ash 
sample was performed before sonication with 
toluene, as described elsewhere.’ 
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Table 1. Recoveries of adsorbed pyrene observed with SFE and traditional extraction methods 

Extraction method 

SFE 
SFE 
SFE 
SFE 
SFE 
SFE 
Soxhlet 
Ultrasonic 
Batch 
Exhaustive ultrasonic 

Solvent Temperature, 
(volume, ml) “C 

CO, (260) 250 
COJMethanol (180) 250 
CO, /Toluene (150) 250 
Isobutane (100) 250 
Isobutane/Methanol (150) 250 
Isobutane/Toluene (50) 250 
Methanol (10) 60 
Toluene (10) 50 
Toluene (10) 25 
Toluene (60) 50 

Recovery, % 

66 
63 
66 
64 
68 
65 
62 
63 
54 
65 

Acid pretreatment/ultrasonic Toluene (16) 50 54 

RESULTS AND DISCUSSION 

WE study 

The efficiencies with which pyrene was 
extracted from the ash with COr, methanol- 
modified CO*, toluene-modified CO,, isobutane, 
methanol-modified isobutane, and toluene- 
modified isobutane are compiled in Table 1. The 
SFE systems studied exhibited virtually identi- 
cal extraction recoveries. Typically, the 95% 
confidence intervals for these extractions were 
cu. f4%. Hence, recoveries in the 6268% 
range (Table 1) are statistically equivalent, and 
the recovery of pyrene from this coal ash sample 
was remarkably independent of the extraction 
technique. 

Isobutane SFE systems required smaller vol- 
umes of solvent (So-100 ml) than did CO2 
systems (150-260 ml) to achieve equal recovery 
of pyrene; this is probably due to isobutane 
having a higher solvating power than COr for 
PAH.12 It should be noted, however, that essen- 
tially the same limiting recovery of adsorbed 
pyrene was obtained with CO2 and isobutane. 
Also, the addition of a polar (methanol) and a 
nonpolar (toluene) modifier did not significantly 
increase the extraction efficiency of either CO2 
or isobutane for adsorbed pyrene. 

With CO* SFE at 250”, the recovery of pyrene 
decreased from 66 to 51% as the CO2 pressure 
was decreased from 430 to 210 atm. Clearly, 
therefore, use of the higher pressure is essential. 

The use of temperatures >250” (to a maxi- 
mum of 440”) was studied with toluene-modified 
CO2 SFE. The use of toluene-modified CO2 at 
250” gave the same extraction efficiency (66%) 
for adsorbed pyrene as did toluene-modified 
CO* SFE at 440”. Therefore, increasing the 
extraction temperature of toluene-modified CO, 
from 250 to 440” did not improve recovery of 
pyrene from the coal stack ash. 

Each sample subjected to SFE was sub- 
sequently extracted by ultrasonic extraction 

with toluene. No detectable pyrene was removed 
from any of the samples mentioned above ex- 
cept that which had been extracted by COr at 
210 atm and 250” (51% recovery of pyrene), from 
which 3% of the initial quantity of pyrene was 
extracted by sonication with toluene after SFE. 

Collection study 

The extraction of vapor-deposited pyrene from 
silica gel has been shown to be quantitative.16 
Therefore, silica gel loaded with 122 pg of 
pyrene per g was used to monitor losses of 
extracted pyrene in the collection of extract by 
expansion of CO2 from the capillary restrictor. 
An 89% recovery of pyrene from silica gel was 
obtained by CO2 SFE at 250” and 430 atm with 
collection onto the head of a gas chromato- 
graphic column (held at 30”). Also, an 87% 
recovery of pyrene from silica gel with CO,/ 
methanol SFE (250” and 430 atm) was observed 
with collection into 10 ml of methanol. There- 
fore, relatively small amounts of extracted pyrene 
were lost when CO2 SFE was coupled directly to 
GC. 

On the other hand, liquid-modified CO, SFE 
directly coupled to GC gave complete loss of 
pyrene extract during collection. Silica gel, 
coated with 122 fig of pyrene per g, yielded no 
detectable pyrene by gas chromatographic 
analysis when the extract from SFE with CO, 
and 5% methanol (45”, 400 atm) was collected 
on the head of a GC column held at 30”. In 
another experiment, a sample of the carbon- 
aceous stack ash fraction (105 p g of pyrene per g 
of ash) was extracted by CO,/toluene SFE at 
65” and 400 atm. When the extract was collected 
into 10 ml of toluene, a 51% recovery of 
adsorbed pyrene was observed; when the extract 
was collected on the head of a gas chromato- 
graphic column, no detectable pyrene was 
observed. For this same stack ash sample, 
CO,/methanol SFE at 65” and 400 atm with 
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with collection into 10 ml of methanol yielded 
7% of adsorbed pyrene, while collection on the 
head of a GC column again gave rise to no 
detectable pyrene upon gas chromatographic 
analysis. Therefore, under these experimental 
conditions, pure CO* SFE could be directly 
coupled to GC without severe losses of ex- 
tracted pyrene. However, collection of extracts 
produced by use of CO2 modified with methanol 
or toluene, on the head of a gas chromato- 
graphic column, led to complete loss of pyrene, 
despite the use of a “retention gap” before the 
GC column. Methanol and toluene are liquids 
at room temperature and pressure, so expansion 
of a methanol- or toluene-modified CO2 super- 
critical fluid from a capillary restrictor produced 
liquid droplets of methanol or toluene. Sub- 
sequently, these liquid droplets impeded concen- 
tration of the extract at the head of a GC 
column. Whether the inapplicability of this 
technique to SFE systems that employ liquid 
modifiers is a significant limitation of the 
procedure remains to be determined. 

Traditional liquid extraction methods 

Recoveries of pyrene from carbonaceous stack 
ash particles by liquid extraction methods are 
listed in Table 1. Soxhlet extraction with 10 ml 
of methanol yielded 62% recovery of adsorbed 
pyrene, ultrasonic extraction with toluene 
yielded 63% recovery and exhaustive ultrasonic 
extraction with a total of 60 ml of toluene 
yielded 65%. These recoveries are not statisti- 
cally different from one another. Therefore, 
ultrasonic extraction with 10 ml of toluene is 
virtually an “exhaustive” extraction of the 
pyrene from this adsorbent. 

Batch extraction with toluene was capable of 
removing 54% of pyrene from the stack ash 
fraction. Hence, the ultrasonic extraction in- 
creased the recovery of adsorbed pyrene from 54 
to 63%. Acid treatment prior to ultrasonic 
extraction with toluene gave rise to 54% recov- 
ery. Thus, in contrast to previous observations,9 
acid pretreatment did not improve recovery 
of pyrene from coal stack ash by ultrasonic 
extraction with toluene. 

CONCLUSIONS 

For pyrene adsorbed on carbonaceous coal 
ash, supercritical fluid extraction, conventional 
soxhlet extraction with methanol, and ultrasonic 
extraction with toluene yielded virtually identi- 
cal recoveries. The use of modifiers (methanol, 

toluene) did not improve recovery of pyrene 
from the carbon-rich stack ash by the CO1 and 
isobutane systems at 250”. Isobutane systems 
required smaller volumes of solvent than CO* 
systems to yield equal recoveries of adsorbed 
pyrene. Acid treatment prior to ultrasonic ex- 
traction with toluene did not improve recovery 
of adsorbed pyrene from carbonaceous coal 
stack ash. Ultrasonic extraction was shown to 
produce a higher recovery (63%) than batch 
extraction with toluene (54%). Ultrasonic ex- 
traction of pyrene from the carbonaceous stack 
ash was shown to be as complete as possible 
even with only 10 ml of toluene. 

For collection of an SFE extract on a gas 
chromatographic column at an oven temperature 
of 30”, with methanol- and toluene-modified 
SFE systems there was complete loss of 
extracted pyrene upon collection, despite the 
use of a “retention gap” between the on- 
column injection port and the GC column. 
Unmodified CO2 SFE, however, could be suc- 
cessfully coupled to GC without significant 
losses of extracted pyrene. 

Approximately 35% of the pyrene on this 
stack ash appears “irreversibly” adsorbed. No 
extraction method that promises to improve 
the situation has been found. None of the 
commonly-used extraction methods were capable 
of removing more than ca. 65% of the initially 
adsorbed quantity of pyrene. SFE did not im- 
prove recovery of pyrene from this coal stack 
ash fraction, though it has been reported to 
provide improved recoveries of adsorbed PAH 
from other coal stack ashes.” Also, acid treat- 
ment prior to ultrasonic extraction has been 
reported to improve recoveries of PAH from 
coal stack ashes,9 yet was not capable of produc- 
ing improved recovery of adsorbed pyrene from 
this coal stack ash fraction. 

A possible reason for the increased recoveries 
of PAH from coal stack ash observed by other 
investigators using SFE and/or acid pretreat- 
ment’.” is that the stack ash used by them may 
have contained < 5% C. Thus, improved recov- 
ery of PAH may have been observed for PAH 
(deposited from solution) on mineral- or iron- 
rich particles. In this study, however, a stack ash 
consisting almost solely of carbonaceous par- 
ticles was used. Also, pyrene was deposited onto 
the coal stack ash particles from the vapor 
phase, rather than from a liquid solution. Com- 
petition between solvent molecules and PAH for 
strong adsorption sites when PAH is deposited 
from a liquid solution might cause the PAH to 
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be adsorbed on weak adsorption sites, thus 
enabling higher recoveries of adsorbed PAH. 
Deposition of the PAH from the vapor phase, 
however, eliminates such competition; thus, 
PAH are more likely to be adsorbed on the 
strongest adsorption sites, which could account 
for the lower recoveries. 

Carbonaceous particles are presumed to be 
responsible for irreversible adsorption of PAH 
on coal stack ash,’ and an increase in the 
molecular weight of the PAH often leads to a 
decrease in efficiency of extraction of PAH from 
coal stack ash.3 Hence, it is likely that PAH with 
higher molecular weight than pyrene are likely 
to be adsorbed irreversibly to an even greater 
extent than pyrene on coal ashes that contain 
large proportions of carbonaceous particles. 
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Summary-A liquid membrane comprising 510% bis(2,4,4-trimethylpentyl)phosphinic acid in dodecane 
that is supported between an aqueous sample at pH 4.7-6.0 and a O.lM HCl receiver results in uphill 
transport of Zn(II) from the sample into the receiver. With 2 ml of receiver, a 5 cm2 membrane and 60 
min dialysis time, Zn(I1) is preconcentrated by a factor of co. 13 when the initial concentration in the 
sample is in the range 1.5 x IO-‘-l.5 x 10e4M. The enrichment factor is directly proportional to time up 
to 30 min since the transport rate of Zn(I1) across the membrane is constant over this period. At longer 
times the flux is slowed as the system begins to approach equilibrium. The presence of other metals such 
as Cu(II), Co(II), Ni(II), Cd(II), Pb(I1) and Fe(I1) does not change the enrichment factor for Zn(II), even 
when the interferent is at a concentration high enough for the rate of transport (nmole/min) of the 
interferent and Zn(I1) to be about the same. The flux of Zn(I1) was about 40 times that of Cu(I1) and 
100 times that of Co(H) when their concentrations in the sample were equal. The other metal ions . , 
examined are not significantly transported. 

Coupled transport across supported liquid 
membranes is an emerging technology for the 
removal of trace metals from waste streams. The 
method is also being explored as a means of 
analytical preconcentration and separation. The 
procedure is analogous to performing extractions 
and back-extractions on a continuous basis. 
The membrane that separates the sample (feed 
solution) from the receiver (stripping solution) 
comprises a thin, microporous support that is 
impregnated with a water-immiscible solvent 
containing a complexing agent, typically a weak 
acid. At the sample/membrane interface, the 
target metal ion reacts to form a neutral com- 
plex that partitions into the membrane with the 
release of protons into the sample. The metal 
complex diffuses to the membrane/receiver 
boundary where, assuming that the receiver is 
acidic relative to the sample, the reverse reaction 
occurs. A pH gradient serves as the driving 
force; as long as this gradient exists the trans- 
port occurs regardless of the relative concen- 
trations of the target metal ion in the receiver 
and sample. Hence, “uphill” transport (flux of 
the target metal ion against its concentration 
gradient) can occur. If the receiver volume is less 
than that of the sample, the target metal ions 
can be preconcentrated. 

*To whom all correspondence should be addressed. 

Bloch’ and Cussle? described the process 
above in the early 197Os, but until recently, 
applications were limited to the removal of 
target species from water and wastewater. 
Among the significant reports were studies on 
the rate of Cu(I1) transport across supported 
liquid membranes (SLMs) that contained oxime 
mixtures as complexing agents,3*4 the recovery of 
uranium from leach solutions,’ and the transport 
of Pt(IV) from an acidic sample into a basic 
receiver across an SLM that contained trioctyl- 
amine.6 Using analogous chemistry, the removal 
of a variety of target analytes from aqueous 
samples has been accomplished with liquid sur- 
factant membranes, which were first employed 
by Li.7 

Applications related to analytical chemistry 
have almost exclusively dealt with separation of 
mixtures of target species. Sakamoto et af.* used 
SLMs containing crown ethers to preconcen- 
trate Li+ preferentially to Na+. By a related 
method, Bartsch et al. preconcentrated Na+ rela- 
tive to Li+ with a chloroform membrane that 
contained a crown ether.g Here, the organic 
phase was suspended between the aqueous 
sample and receiver solutions. Danesi and Rick- 
ert separated Co(I1) from Ni(I1) by preferential 
transport of the former across an SLM of 0.5M 
bis(2,4&triethylpentyl)phosphinic acid (Cyanex 
272) in 67% decalin-33% di-isopropylbenzene.” 
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These experiments employed preconcentration 
times sufficiently long to allow the systems to 
approach equilibrium. 

When membrane transport methods are used 
to improve trace dete~inations of target 
species, using times that allow an approach to 
equilibrium is not practical. Unless the receiver 
volume is on the ~&scale, the time needed is 
of the order of hours. In addition, the position 
of equilibrium, and, therefore, the enrichment 
factors will depend on the sample ~n~~tration 
of the species that provides the driving force. 
For example, in the case of coupled transport 
across an SLM that contains a weak acid or 
weak base as the complexing agent in the 
membrane, the sample pH will influence the 
position of equilibria but not the initial rate of 
transport across the SLM.” For these reasons, 
we used a fixed time kinetic model in our 
development of Donnan dialysis as an analytical 
pr~oncentration method.12 Here, an ion- 
exchange membrane is used in conjunction with 
an ionic strength differential as the driving force; 
the concentration of the analyte in the receiver 
after a fixed dialysis time is directly proportional 
to the initial concentration in the sample as 
long as the following conditions are observed: 
the sample volume is much greater than the 
receiver volume and the dialysis time is much 
shorter than that needed to approach Donnan 
equilibrium.‘3 

Danesi has shown that the fixed time kinetic 
model should be suited to coupled transport 
across an SLM.14 That is, the flux is predicted to 
be directly proportional to the concentration 
of the analyte in the sample. With the restric- 
tions of a large sample volume and a short 
dialysis time, the sample ~on~ntration will be 
essentially constant. 

In a study on the transport of Cu(II) across 
a membrane that contained a mixture of oximes 
(LIX 64N, Henkel Corp.), we demonstrated 
that the fixed time kinetic method was suitable 
for uphill transport by the proton-~upled 
mechanism.” The flux of Cu(II) across the 
SLM was about the same as that observed for 
Donnan dialysis when the membranes were 
about the same in area and thickness.” How- 
ever, further study revealed potential limitations 
of the liquid membrane method relative to 
Donnan dialysis. Unlike Donnan dialysis, the 
proton-coupled transport rate of a target cation 
across an SLM was changed in the presence of 
other cations that reacted with the complexing 
agent in the membrane.‘6*‘7 Moreover, with 

kerosene or dodecane as the liquid and 
diphenylthiocarbazone as the complexing agent, 
the flux of Zn(I1) was slowed because the com- 
plex was coordinatively unsaturated. Addition of 
an auxiliary ligand, such as. thi~yanate or 
thiosulfate, to the sample aheviated the prob- 
lem;17 however, the need to add a reagent to the 
sample obviates some important potential appli- 
cations of pre~on~ntration based on membrane 
transport. 

The present study was initiated to determine 
whether a different choice of immobii~d 
complexing agent could eliminate the need for 
an auxiliary ligand in the sample. More impor- 
tantly, the question of whether coupled trans- 
port across an SLM could allow simultaneous 
transport of two cationic species at the same 
rate as observed for the related single-com- 
ponent samples was addressed. 

The coupled transport experiments were 
performed with a simple assembly comprising 
a sample container, a glass tube closed at one 
end with Celgard 2400 (Celanese Corp.) micro- 
porous polypropylene membrane as the receiver 
container, and a magnetic stirrer. The sample 
container was rounded at the bottom to allow 
reproducible positioning of the magnetic stirring 
bar. The sample volume was 80.0 ml. The 
membrane was held with Teflon tape and an 
O-ring. The receiver volume was 2.0 ml, and 
the membrane area was 5.0 cm2. The membrane 
characteristics were 38% porosity, 0.02 pm 
effective pore size and 0.025 mm thickness. 

Unless otherwise stated, the liquid phase of the 
m~branes consisted of reagent grade dodeeane 
(Aldrich Chemical Co.) and bis(2,4,4-t~methyl- 
~ntyl)phosphinic acid, MPPA, available as 
Cyanex 272 (American Cyanamid Co.), as the 
mobile carrier. The liquid phase of these mem- 
branes consisted of 5-10% by weight MPPA in 
dodeeane. 

The supported liquid membranes were 
prepared by pitting the liquid phase onto the 
Celgard 2400 after the receiver cell had been 
assembled, When saturation was reached, the 
excess was removed and the cells were placed in 
contact with aqueous solutions to prevent loss of 
the organic phase by evaporation. The mem- 
branes were cleaned with ethanol and reloaded 
with organic phase between experiments, even 
though a single preparation can be used for 
several trials.” 
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The HCl was purified by placing reagent grade 
acid and distilled water in Petri dishes side-by- 
side inside a closed container (a desiccator is 
convenient) for 2 weeks. The concentration of 
HCl in the water was determined by titration of 
an aliquot. The remainder was subsequently 
diluted to O.lOM for use as receiver or back- 
extraction solutions. 

The membrane-transport experiments, herein 
termed mobile-carrier dialysis (MCD), were in- 
itiated by contacting the receiver cell with the 
stirred sample. After a prescribed time, 60 min 
unless otherwise stated, the receiver solution 
was removed, and its metal concentration deter- 
mined by atomic absorption spectrometry 
(Perkin Elmer 2280 system with either a flame or 
an HGA-300 furnace). The enrichment factor, 
EF, is calculated from the expression 

EF = cR /c, (1) 

where cR is the concentration of the analyte in 
the receiver at the end of the timed dialysis and 
cs is the initial concentration of the analyte in 
the sample. 

The experiments by which the extraction 
constants were determined were performed in a 
125 ml separatory funnel into which 5 ml of the 
sample was pipetted. The samples were pH 4.7 
acetate buffers that contained 1.0 mg/l. Zn(I1) 
or Cu(I1). A 5 ml aliquot of 5% by weight 
MPPA in dodecane was added by pipet. 
After agitation, the organic phase was removed, 
washed with three aliquots of water and back- 
extracted with 2 ml of O.lM HCl. The Zn or 
Cu concentration was determined by atomic 
absorption spectrometry. 

RESULTS AND DISCUSSION 

Initial experiments were performed to deter- 
mine whether uphill transport of Zn(I1) occurs 
across a liquid membrane that contains bis- 
(2,4,4-trimethylpentyl)phosphinic acid (MPPA). 
Samples that contained 15.3@f ZnfII) at pH 
4.7 were dialyzed into 0. I M HCl across an SLM 
that contained 10% MPPA in dodecane. With 
sample volumes of 80 ml, receiver volumes of 2 
ml and dialysis times of 0.25, 0.50, 1.0 and 2.0 
hr, the enrichment factors were 5.7, 11.2, 20.2 
and 32.2, respectively. With an initial concen- 
tration of 15.3@ Zn(I1) in the sample, the 
transport rates were 2.3, 2.3, 2.1 and 1.6 
nm01e.min-‘.cm-2 over the first 15, 30,60 and 
120 min, respectively. 

Consistent with the prediction by Danesi,i4 as 
long as the average sample concentration over 
the period of dialysis is virtually constant, the 
enrichment factor is directly proportional to the 
dialysis time; that is, the flux is constant. As 
detailed below, the relative standard deviation of 
these experiments is about go/o; therefore, these 
data demonstrate that the flux is constant for 
about 30 min under the experimental conditions 
we employed. Because the EF is independent of 
the initial con~ntration of the analyte in the 
sample, an unknown can be quantified by divid- 
ing the concentration of the analyte in the 
receiver after a prescribed dialysis time by the 
EF. Alternatively, a linear calibration curve can 
be prepared for the prescribed dialysis time. 

Earlier, we determined the flux of Cu(I1) 
across a well-characterized SLM comprising an 
oxime mixture (LIX 64N, Henkel Corp.) in 
kerosene” and the flux of Zn(I1) across an SLM 
of dithizone in kerosene.17 In the latter case 
~iosulfate was included in the sample to over- 
come the effect of water in unfilled coordination 
sites on the flux. In both cases the flux of the 
metal was 1.6 nmole .min-’ .cm-’ when the 
membrane support was that (Celgard 2400) 
used here. The transport rate with MPPA as the 
#mplexing agent compares favorably with that 
observed with these well-characterized systems. 
Therefore, we selected it for further evaluation 
as the basis for an analytical preconcentration 
method. 

The reproducibility of the MCD experiments 
was determined by mooing a series of 11 trials 
with 15.3pM Zn(H) in a pH 4.7 buffer as the 
sample, a 5% MPPAdodecane SLM, and a 
0. 10M HCl receiver with dialysis times of 30 min. 
The average and standard deviation of the EF 
was 12.8 + 1.1. The relative standard deviation, 
9%, is comparable to that of Donnan dialysis, 
8% when neither temperature nor stirring rate 
is carefully contro11ed.i8 Within these limits, 
variation of the MPPA content of the mem- 
brane between 5 and 10% has an insignificant 
influen~ on the EF, so in all subsequent exper- 
iments the lower amount was used. 

Because the pH differential across the mem- 
brane is the driving force of the transport, it was 
of interest to determine the influence of the pH 
of the sample on the EF. With O.lOM HCl as the 
receiver, the EF is independent of sample pH 
over the range 4.7-6.0. This suggests that the 
transport rate is limited by diffusion across the 
SLM under these conditions. At pH 3.5, the EF 
is 15% lower than the limiting value. 
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Table 1. Effect of the initial concentration in the sample on 
the EF for Zn(II) across an MPPA-containing SLM 

Sample cont., 
M EF n 

1.53 x 10-7 13.0 f 0.8 4 
1.53 x 10-G 13.6 f 0.3 3 
1.53 x 10-S 12.8 + 1.1 11 
7.65 x 10-j 12.5 _+ 0.1 3 
1.53 x 10-d 13.1 f 0.3 5 

Sample, 80 ml of Zn(I1) solution at pH 4.7; receiver, 2 ml 
of 0.1 M HCl; dialysis time, 30 min; membrane area, 5.0 
cm*; membrane composition, 5% MPPA by weight in 
dodecane. 

The hypothesis above that the process is 
limited by diffusion of the analyte across the 
membrane is consistent with the independence 
of EF on the MPPA concentration in the range 
S-10%. Moreover, it provides a basis for pre- 
dicting the influence of stirring rate and tempera- 
ture on the EF measurements;‘8 however, this 
was not a subject of the present investigation. 

For use in analytical preconcentrations it is 
convenient if the EF is independent of the initial 
concentration of the analyte in the sample, as 
discussed above. The data in Table 1 demon- 
strate that this behavior, which was predicted 
from the study of flux VS. dialysis time, is ob- 
served over at least three orders of magnitude of 
concentration. With a 30 min preconcentration, 
the average EF f standard deviation over the 
range 0.153-153pM was 13.0&0.7 (26 data 
points). 

The EFs for Zn(II) in Table 1 were not 
changed when other metal ions were present in 
the sample. The results in Table 2 summarize 
experiments where Cu(II), Co(II), Ni(II), Fe(II), 
Cd(II), and Pb(I1) were tested as interferents. 
In each case the test metal concentration was 
varied up to the tabulated value; higher concen- 
trations were not considered. No influence on 
the EF for Zn(I1) was observed when MPPA in 
dodecane was the liquid membrane. The only 
case where an interference was suspected was 
that with 179@f Fe(I1) in the sample; however, 
an F-test at the 95% confidence level suggested 

Table 2. Influence of other metals on the preconcentration 
of Zn(I1) across an MPPA-containing SLM 

Sample component(s) EF for Zn n 

15.3@4 Zn(I1) 
15.3j& Zn(I1); 157pM Cu(I1) 

15.3pM Zn(I1); 169pM Co(I1) 15.3pM Zn(I1); 170pM Ni(I1) 
15.3pM Zn(I1); 179@ Fe(I1) 
15.3pM Zn(I1); 89pM Cd(I1) 
I5.3pM Zn(I1); 48pM Pb(I1) 

12.85 1.1 II 
12.9 f 0.2 3 

12.8 f 0.6 12.7 f 0.6 : 
13.5 f 1.4 9 
13.0f0.5 3 
12.7 kO.3 3 

Conditions as for Table 1. 

that the difference between the EFs for Zn in 
the presence and absence of Fe(I1) was not 
statistically significant. 

With the general complexing agents diphenyl- 
thiocarbazone and diethylammonium dithio- 
carbamate (DDTC) as the mobile carriers, 
interference was observed. For example, when 
the SLM was diphenylthiocarbazone in kerosene, 
the presence of l.O@f Cu(I1) decreased the EF 
for Zn(I1) from 14.6 to 4.3 in a 60 min exper- 
iment with an 11.3 cm2 Celgard 2400 support.” 
Here, 1OmM thiosulfate was included in the 
sample to accelerate the rate of phase transfer of 
the Zn(I1). In the present study, DDTC was also 
tested as a general complexing agent. In this 
case Cu(I1) in the sample totally blocked trans- 
port of Zn(II), whether thiosulfate was present 
or not. 

The results of the interference study in 
Table 2 suggested that either MPPA was highly 
selective for Zn(I1) relative to Cu(II), Co(II), 
Ni(II), Fe(II), Cd(I1) and Pb(I1) or that our 
hypothesis that metals would mutually interfere 
with fluxes during MCD experiments with 
general complexing agentsi5*i7 was incorrect. To 
interpret the data in Table 2 it was necessary, 
therefore, to determine the EF-values for the 
other metals that were tested as interferents. 
With a 30-min dialysis the respective EF-values 
for Zn(II), Cu(II), and Co(I1) were 13,0.31, and 
0.12. Consistent with a previous report,19 the 
flux of Ni(II), as well as the other metals we 
studied, was significantly lower than that of 
Co(I1). 

The results above show that MPPA is selective 
for Zn(II), so the data in Table 2 do not disprove 
the hypothesis regarding interferences since the 
flux of the metals other than Zn across the SLM 
was small at the concentrations selected. Hence 
it was necessary to repeat the experiments, with 
the interferent at a high enough concentration 
to yield a flux comparable to that for Zn(I1) 
from a 15.3pM Zn(I1) sample. Of the metals 
other than Zn(I1) tested, Cu(I1) showed the 
fastest transport across the MPPA-containing 
SLM, so it was selected for these experiments on 
simultaneous transport. 

Table 3 includes a summary of experiments in 
which the Zn(I1) concentration was 15.3,uM and 
that of Cu(I1) was varied so that its flux across 
the SLM would be higher or lower than that of 
the Zn(II), assuming that fluxes calculated from 
results for single-component samples represent 
those that occur with mixtures. That the EF of 
Zn is independent of the concentration of Cu(I1) 
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Table 3. Simultaneous transport of i%(H) and Cu(I1) across 
an MPPA-containing membrane 

Sample EF 

Zrt(H), M Cu(II), M zn cu 

1.53 x 10-S 0 12.8 - 
0 6.30 x t0-4 - 0.28 

1.53 x 10-s 6.30 x IO-’ 12.7 0.24 
1.53 x 10-j 1.57 x 1o-J 12.8 - 
1.53 x 10-S 1.57 x 10-r 12.6 - 
1.53 x 10-4 6.30 x lO-4 - 0.18 

Conditions as for Table 1. 

in these cases suggests that, contrary to our 
previous hypothesis, simultaneous transport 
can indeed take place across an SLM. This con- 
clusion was supported by fact that the presence 
of Zn(I1) did not markedly decrease the EF for 
Cu {Table 3). Thus, simultaneous transport with 
equal fluxes at rates similar to those observed 
for the single-component systems is possible by 
the coupled transport mechanism. 

The MPPA-dodecane system is highly selective 
for Zn relative to the other metals in this study. 
In order to assess whether this selectivity in a 
membrane transport experiment is transferable 
to other applications of two-phase systems such 
as ion-selective electrodes, it is necessary to 
establish whether phase transfer kinetics or the 
equilib~um behavior (extraction consents is 
responsible. A series of solvent extraction exper- 
iments were performed on Zn(I1) and on Cu(I1) 
samples with mixing time as a variable. With 
1.0 mg/l. Zn as the sample, 98.5% of the metal 
was extracted in 3 min under conditions listed in 
the experimental section; this value did not 
change when the equilibration time was in- 
creased to 30 min. The extraction constant was 
66. With 1.0 mg/l. Cu as the sample the residual 
concentration was 0.25 mg/l. Cu at times from 
5 to 30 min. Hence, the extraction constant 
for Cu(I1) was 3. The ratio of the extraction 
constants accounts for the difference in EF- 
values for these metals, so phase transfer kin- 
etics do not determine the selectivity of this 
MCD system. 

The results of this study suggest that uphill 
transport across an SLM has more analytical 
utility than indicated by our previous work with 
diphenylthiocarbazone as the mobile carrier. 
Of general importance is the demonstration that 

simultaneous transport of two metals can be 
achieved without the flux of one affecting that 
of the other. In addition, with MPPA as the 
mobile carrier the MCD of Zn(I1) has the 
characteristics needed for analyticaily-u~ful 
preconcentrations without the need to include 
an auxiliary ligand in the sample. These two 
results are very important for the development 
of MCD-based water treatment methods as well 
as for applications to analytical chemistry. The 
present system will be tried with hollow fiber 
membranes in order to increase the enrichment 
factor. The hollow fiber geometry has a more 
favorable area-to-volume ratio than that of 
sheet membranes; in comparable Donnan dialy- 
sis systems, the efficiency was about 50 times 
greater when hollow fibers were used.M 
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Snnnnnry-The chemiluminescence produced by oxidation of thiamine by ferricyanide in alkaline medium 
has been investigated by using a simple continuous flow analyser and a procedure developed for the 
determination of thiamine hydrochloride or nitrate in the range 2.00 x 10-5-5.00 x lo-‘M (equivalent to 
6.75-169 pg/ml thiamine hydrochloride) with coefficients of variation ~2%. A measurement rate of 
112jhr can be obtained. When applied to pharmaceutical formulations, the only interferent among 
common excipients and coexisting drugs is ascorbic acid. The results obtained for the assay of dosage 
forms compared well with those obtained by an official method and demonstrated an error ~4%. 

There are numerous biological, microbiolo~~l 
and chemical methods which have been em- 
ployed for the determination of thiamine (vita- 
min B,) in a variety of samples.’ The chemical 
methods offer great accuracy and speed and 
thus are widely accepted for routine assays. The 
chemical method most commonly used involves 
oxidation of thiamine to thiochrome, which is 
then measured fluorimetrically. Potassium ferri- 
cyanide has been reported as the best oxidizing 
agent. This procedure is the official U&P. 
method.2 The fluorimetric determination of 
thiamine has been automats by using air- 
segmented continuous flow3 or flow injection4 
systems. A kinetic fluorimetric method has also 
been proposed.5 

Since thiochrome is a fluorescent compound, 
it is also a possible che~l~ine~n~ emitter. 
Chernysh et al. were the first to report that 
during oxidation of thiamine to thiochrome, a 
bright chemiluminescent radiation appears.6 
These authors investigated the use of the reac- 
tion for the assay of thiamine by a manual 
chemilu~ne~nce (CL) system. 

This work is concerned with the systematic 
study of the CL generated during oxidation of 
thiamine with potassium ferricyanide in alkaline 
medium. A continuous flow-through system is 
used to develop a simple, fast and sensitive 
anal~ic~ procedure, which has been satis- 
factorily applied to the assay of the vitamin in 
pharmaceutical preparations. 

*To whom correspondence should be addressed. 

Apparatus 

All measurements were made by using the CL 
analyser shown in Fig. 1. It consists of two basic 
units, the detector housing and the flow-throu~ 
system. 

The detector housing contains a spiral glass 
flow cell situated in front of the photomultiplier 
tube (PMT) at 90” to the direction of flow in the 
manifold. The spiral consisted of 3.5 turns of 
glass tubing (i.d. 2 mm) and its total height was 
22 mm (length 90 mm). The distance of the 
spiral from the PMT was 2 mm and it was 
backed by a self-adhesive plane mirror 1 mm 
away from it for maximum light collection by 
the PMT. High voltage (-670 V) was supplied 
to the PMT (EM1 9783R, S-5 response) by 
two Heath Universal Power Supplies (O-500 V) 
connected in series. The output of the PMT was 
fed to a current-to-voltage converter (RCA CA 
3140 operational amplifier). Damping was 
provided by inserting an RC circuit between 
the output of the converter and the recorder 
(Sargent-Welch, Model XI(R). 

The reacting solutions were transferred by a 
Technicon Proportioning Pump III and were 
mixed at a Y-junction, 20 mm before entering 
the flow cell, The final solution was carried into 
the flow cell by a Tygon tube with id. 2 mm. 
Samples were supplied to the manifold 
by a Technicon Sampler II with a 40-sample 
capacity. 
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Sampler Pump 
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ml /min PM1 

Oxidant 

r bh 
vo tags 

Recorder 

Fig. 1. Schematic diagram of continuous flow CL analyser (not to scale). 

Reagents and solutions 

Thiamine stock solution (O.OlOOM) was pre- 
pared by dissolving 0.355 g of thiamine hydro- 
chloride monohydrate (Sigma) in water and 
then diluting to 100 ml final volume. More 
dilute solutions were prepared by the least 
possible number of dilution steps. All thiamine 
solutions were protected from light. 

Ferricyanide stock solution (O.lOOM) was 
prepared by dissolving 16.5 g of potassium 
ferricyanide (Merck p.a.) in water and diluting 
to 500 ml final volume. Ferricyanide working 
solution (0.0050&f) was prepared daily in 2.OM 
sodium hydroxide by appropriate dilution. 

Procedures 

Assays of dosage forms. The samples were 
prepared according to the U.S.P. procedures.’ 

Measurement procedure. The instrument was 
set at the optimized conditions shown in Fig. 1 
but the sampling needle was kept in the wash 
position until the base line had been established 
on the recorder. The sampler was then activated 
and the analysis proceeded automatically. The 
calibration graph of emission intensity (I, mV) 
us. concentration of thiamine (C, M or pug/ml) 
was constructed and the thiamine content of 
the samples was determined. Each standard 
or sample solution was measured three times. 
Two standards should be included after every 30 
measurements. 

RESULTS AND DISCUSSION 

The oxidation of thiamine in alkaline medium 
proceeds by two competitive reactions to yield 
thiochrome and thiamine disulphide (Fig. 2). 
The latter is a non-fluorescent condensation 
product of thiamine. Since the best experimental 
conditions for the fluorimetric method and this 

CL method seem to be similar, it is probable 
that only reaction (a) (Fig. 2) is chemilumines- 
cent. However, this suggestion was not con- 
firmed experimentally. 

Previous workers6 have shown that potassium 
ferricyanide is the most suitable oxidant for CL 
measurement of thiamine. This observation was 
confirmed by us. Other oxidants operating in 
alkaline medium such as hypochlorite did not 
produce measurable CL emission with the ana- 
lytical system used. When permanganate was 
introduced into the manifold, the emission 
intensity was so weak that only 5.0 x 10m4M 
thiamine gave a measurable signal. Hydrogen 
peroxide produced intense emissions but the 
recorded signals were irreproducible owing to 
oxygen formation and deterioration of the 
oxidant under alkaline conditions. 

A series of experiments was conducted to 
establish the optimum analytical conditions for 
the chemiluminescent oxidation of thiamine by 
ferricyanide. The parameters studied were re- 
agent and sample flow rate as well as oxidant 
and alkali concentration. 

Eflct ofpow rate 

The effect of flow rate on the emission inten- 
sity is shown in Fig. 3. The optimum values for 
reagent and sample flow rate are 2.50 and 2.90 
ml/min, respectively. These flow rates allow the 
solutions to react for about 0.7 set before 
entering the cell, depending on the manifold 
configuration. 

E#ect of ferricyanide concentration 

The relative CL signals for 1.00 x 10e3M 
thiamine were 80.0, 88.0 and 84.0 for 0.0020, 
0.0050 and O.OlOM ferricyanide, respectively, in 
l.OM sodium hydroxide, and 0.0050M ferri- 
cyanide is sufficient to oxidize thiamine and 
generate the most intense radiation. At higher 
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concentrations the emission intensity decreases 
slightly. This is probably due either to decompo- 
sition of thiochrome or absorption of the radi- 
ation from the deeply coloured solution. 

Effect of alkali concentration 

A study of the effect of OSO-3.OM sodium 
hydroxide on the CL intensity demonstrated 
that 2.OiU sodium hydroxide was optimal. The 
relative CL signals for 1 .OO x 10m3M thiamine in 
the presence of 0.0050M ferricyanide were 84.9, 
85.0, 100.0 and 90.2 for 0.50, 1.0, 2.0 and 3.OM 
sodium hydroxide, respectively. 

Analytical results 

Figure 4 shows a typical recording for a series 
of thiamine standards. The sampling and wash 
times were set to 14 and 18 set, respectively, 
allowing the introduction of 112 solutions into 
the manifold per hour. The sampling time is 
sufficient for the response to reach the value for 
the steady state. The wash time allows return 
to the base line between consecutive peaks. 
The calibration graph is linear in the range 
2.00 x 1O-5-5.OO x 10m4M thiamine nitrate or 
hydrochloride. The regression equation is 
Z = (-0.6 f 0.1) + (97621 f 523)C; r = 0.99991, 
n = 8. The limit of detection (signal-to-noise 
ratio = 3) was 9.00 x 10e6M. The correlation 
coefficients for 6.00 x lo-’ and 3.00 x 10m4M 
thiamine were 1.8 and 0.7%, respectively 
(n = 12). Aqueous solutions of thiamine (hydro- 
chloride and nitrate) were analysed as samples 
of unknown concentration with a mean relative 
error of 1.6% (range 0.2-2.1%). 

Interference studies 

In order to apply the method to the assay of 
thiamine in dosage forms, the effect of some 
common excipients and coexisting compounds 
in pharmaceutical preparations was studied by 
analysing synthetic sample solutions containing 
20.0 and 100.0 pg/ml of thiamine hydrochloride 
and excess amounts of each potential inter- 
ferent. The undissolved material, if any, was 
filtered off before measurement. The results are 
shown in Tables 1 and 2. Ascorbic acid is the 
only serious interferent since it reacts with, and 
therefore consumes, ferricyanide. An attempt 
was made to reduce its effect by increasing 
the concentration of oxidant to 0.050M to 
counterbalance its consumption by ascorbic 
acid. However, the interference was not 
eliminated (Table 2). Therefore, the method can 
not be applied to samples that also contain 
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Fig. 3. Effect of oxidant flow rate on the CL intensity from 5.00 x low4 (broken line) and 1.00 x lO-“M 
(solid line) thiamine hydrochloride at (1) 1.60, (2) 2.00, (3) 2.50, and (4) 2.90 ml/min sample flow rate. 
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Fig. 4. Typical recorder output for the ferricyanide-thiamine CL reaction under the recommended 
conditions (the numbers above each set of peaks multiplied by 10T5 correspond to the thiamine molarity). 
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Table 1. Analytical results for two levels of 
thiamine hydrochloride (A, 20 &ml; II, 100 
pg/ml) in solutions containing 10 times as much 

additive (mean of 3 results) 

Recovery of thiamine, % 

ascorbic acid. Riboflavine interferes since its 
coloured solution absorbs the emitted radiation. 
The sensitivity of the method allows extended 
dilution and, thus, the effect is reduced (Table 2). 

Additive A B 

Glucose 99.2 102.0 
Galactose 101.0 101.6 
Lactose 103.5 102.8 
Sugar 102.5 103.5 
Sorbitol 102.5 98.7 
Carbowax* 98.5 98.7 
Carbopolt 101.0 103.3 
Starch 100.5 98.6 
Talc 102.2 98.6 
NaCl 102.0 103.2 
CaCl, 102.0 100.4 
CaSO, 103.5 100.1 
RH,PQ 95.0 97.1 
EDTA 100.0 102.1 
CAHPf 99.0 100.1 
Magnesium stearate 96.0 95.6 
Sodium lauryl sulphate 98.0 100.0 

*Polyethylene glycol 4000. 
tCarboxypolymethylene. 
$Cellulose acetate hydroxyphthalate. 

Accuracy 

The accuracy of the proposed continuous 
flow CL method was examined by performing 
recovery experiments on solutions from 
thiamine formulations (Table 3). A mean recov- 
ery of 100.2% (range: 98.0-103.4%) was found, 
The method was also evaluated by analysing 
commercial formulations of thiamine. The 
results were compared with those obtained with 
the B.P. gravimetric method.7 A satisfactory 
agreement was obtained (Table 4) with a mean 
relative difference of 2.4% (range: 0.5-3.7%). 

CONCLUSIONS 

The proposed automated CL method is 
very simple, accurate and highly selective, 

Table 2. Analytical results for thiamine hydrochloride (A, 20 fig/ml; B, 100 
pg/ml) in solutions containing some other vitamins (mean of 3 results) 

Recovery of thiamine, % 
Concentration ratio 

Vitamin (vitamin/thiamine) A B 

Cyanocobalamin 0.2 99.9 98.3 
Riboflavine 1 97.8 82.6 
Nicotinamide 5 100.6 97.6 
Pyridoxine.HCl 5 102.8 101.8 
Ascorbic acid 10 0 (16.8)* 9.9 (18.8)2 

*Measurement with 0.050M ferricyanide instead of 0.0050M. 

Table 3. Recovery experiments for thiamine hydrochloride added to 
samde solutions of commercial formulations 

Thiamine’HCl, pg/rn/ 

Formulation 
Initially Recovery, % 
present Added Recovered (n = 3) 

Tablets: 
Benerva 

Elixirs: 
Becozyme 

Injections: 
Benerva 

Multi B 

Vioneurin 6F 

Vioneurin F 

Neurobion 

Becozyme 

Triforte 

39.1 50.0 50.5 
100.0 102.6 

22.4 50.0 51.4 
100.0 98.9 

101.0 
102.6 

102.8 
98.9 

29.9 50.0 50.1 100.2 
100.0 98.5 98.5 

20.6 50.0 49.8 99.6 
100.0 98.2 98.2 

24.3 50.0 50.4 100.8 
100.0 98.7 98.7 

45.2 50.0 50.7 101.4 
100.0 98.0 98.0 

26.9 50.0 51.3 102.6 
100.0 101.7 101.7 

21.9 50.0 51.7 103.4 
100.0 98.6 98.6 

51.3 50.0 49.4 98.8 
100.0 98.1 98.1 

Average 100.2 
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Table 4. Determination of thiamine hydrochloride in commercial formu- 
lations by the proposed method and the official B.P. method 

Thiamine, mg 

Found 
Relative 

Proposed method Official difference 
Formulation Claimed* f sdt (n = 3) method % 

Tablets: (mg/tablet) 
Benerva 300 306.0 f 3.0 300.2 +1.9 
Multi B 15 14.4 f 0.2 14.6 -1.4 

Injections: (mg/injection) 
Becozyme 10 10.3 f 0.1 10.5 -1.9 
Multi B 20 19.7 f 0.2 19.0 +3.7 
Vioneurin 6F 50 49.8 f 0.5 51.6 -3.5 
Neurobion 100 107.1 f 1.5 106.6 +0.5 
Benerva 100 107.6 f 1.4 104.3 +3.2 
Vioneurin F 250 259.1 f 3.1 250.7 +3.3 
Triforte 250 258.0 f 2.8 253.1 +1.9 

Average 2.4 

*Each formulation also contains: Becozyme, elixir (5 ml): 2 mg riboflavine, 
20 mg nicotinamide, 2 mg pyridoxine, 3 mg dexpanthenol; injection (2 ml): 
4 riboflavine, mg 40 mg nicotinamide, 4 mg pyridoxine, 8 pg cyano- 
cobalamin, 0.5 mg biotin, 6 mg dexpanthenol; Multi B, injection (2 ml): 
6 mg pyridoxine, 5 mg benzyl alcohol; Vioneurin 6F, injection (3 ml): 
250 mg pyridoxine, 10 mg cyanocobalamin; Vioneurin F, injection 
(3 ml): 1 mg cyanocobalamin; Neurobion, injection (3 ml): 100 mg 
pyridoxine, 1 mg cyanocobalamin; Triforte, injection (3 ml): 1 mg 
cyanocobalamin, 100 mg pyridoxine. 

tsd = standard deviation. 

since various accompanying substances do not 
interfere. Ascorbic acid is the only severe inter- 
ferent but it is not very commonly found in ‘. 
thiamine formulations, although it could often 
be present in multivitamin formulations. An 2. 
additional advantage of the method is that one 
calibration graph allows the determination 3. 
of thiamine as either the hydrochloride or the 
nitrate. 

In comparison with the manual CL method,’ 
4. 

this method has all the advantages of con- 5. 
tinuous flow CL methods.* The apparatus is 
simple compared to fluorescence instruments. In ‘. 
conclusion, CL seems to be a more attractive 7 

’ procedure for the determination of thiamine in 
pharmaceutical preparations. 8. 
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Summary-A fluorimetric method for the determination of cyanide, based on its reaction with pyridoxal- 
S-phosphate and the use of an anion-exchange resin (QAE Sephadex) located in the detector flow-cell, 
is proposed. The merging-zone flow-injection manifold used allows simultaneous injection of the sample 
and reagent, development of the reaction along the transport system, and retention of the reaction product 
in the flow-cell. The calibration graph for cyanide is linear over the range from 50 ng/ml to 3.0 fig/ml 
and the relative standard deviation and sampling frequency are 1.4% (for 2 fig/ml cyanide) and 10 per 
hr, respectively. The selectivity of the method is much better than that of the conventional fluorimetric 
and photometric flow-injection methods for cyanide. 

Flow-through chemical sensors have roused the 
interest of analytical chemists in recent years.’ 
This type of sensor is made by filling a flow- 
through cell with a suitable support, usually an 
ion-exchange resin or controlled-pore glass 
beads with diameters of about 100 pm. Chemi- 
cal reaction (and/or physical retention) and 
optical detection take place at a microzone in 
the sensor and the analytical signal is obtained 
as the sample passes through the cell and comes 
into direct contact with the support. Flow- 
through sensors can be classified into three 
groups according to the reaction or retention 
mechanism used in the flow-cell. (a) Dynamic 
retention of the analyte,’ which is then detected 
by means of its native absorbance or fluor- 
escence. (b) Permanent immobilization of the 
reagent or catalyst on the support by chemical 
binding, such as in the photometric determi- 
nation of copper,3 the chemiluminescence deter- 
mination of peroxides4*’ and peroxyoxalate,6 the 
fluorescence determination of sodium, pot- 
assium and calcium,’ and the enzymatic assays 
for adenosine-S-triphosphate, creatine phos- 
phokinase and creatine phosphate,8 glucose’ 
and ethanol.” (c) Transient retention of a reac- 
tion product previously formed in the manifold, 
as in the determination of iron,” chromium,‘2 
bismuthI and fluoride.‘4 The analytical per- 
formance is always improved, relative to that of 
conventional flow-injection methods, especially 
as regards sensitivity. 

*Permanent address: Department of Chemistry, Wuhan 
University, Wuhan, People’s Republic of China. 

The determination of cyanide is of signifi- 
cance in environmental research and industry. 
Flow-injection analysis has been applied for this 
purpose, ‘s-33 with electrochemical’5-23 and opti- 
ca124-33 detection. Distillation or gas diffusion 
separations are generally required to overcome 
interference problems, however. The chemi- 
luminescence system developed by Yamada and 
co-workers24-26 has the highest sensitivity re- 
ported, but its selectivity is limited by intrinsic 
features of the detection procedure used.” Spec- 
trophotometric methods27J2 for cyanide deter- 
mination are superior to electrochemical 
detection as they are subject to fewer memory 
effects. However, anions with chemical proper- 
ties similar to those of cyanide, such as iodide, 
bromide and thiocyanate, interfere seriously 
with both spectrophotometric27-29 and electro- 
chemical” methods, although determinations 
of two or three species in the same sample 
have been accomplished.30-32 In this respect a 
spectrofluorimetric method developed in our 
laboratory seems to be better suited to the 
determination of cyanide. 

The present work was aimed at enhancing the 
sensitivity and selectivity of cyanide deter- 
mination, by using a flow-through chemical 
sensor. The determination is based on the reac- 
tion of cyanide with pyridoxal-5-phosphate. 
The oxidation product, 4-pyridoxic acid-5- 
phosphate,” resulting from the catalytic action 
of cyanide in the presence of oxygen, is 
formed in the flow-injection manifold and led 
to a flow-through cell filled with an anion- 
exchange resin, QAE Sephadex. Use of 0.05M 
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hydrochloric acid in the reagent system en- 
hances the sensitivity. The fluorescence signal is 
much higher than that obtained without the 
ion-exchanger present and the selectivity is also 
improved. The interaction between the reaction 
product, the resin and the hydrochloric acid 
solution indicates that the signal-enhancing 
mechanism is completely different from that 
typical of retention procedures based on flow- 
through chemical sensors.2-‘4 

Cyanide, at a concentration of 0.05-3.0 
pg/ml, and 0.005M pyridoxal-5-phosphate sol- 
ution are simultaneously injected by the double- 
valve system (sample volume, 500 ~1) into the 
manifold shown in Fig, 2C. The reaction occurs 
in the 500~cm long reactor tube, the product 
formed being merged with a stream of 0.05M 
hydrochloric acid before reaching the flow-cell. 
The fluorescence signal (A,, 318 nm, I, 455 nm) 
yielded by the analyte is corrected by subtrac- 
tion of the blank signal. The baseline is auto- 
matically restored by passage of hydrochloric 
acid through the flow-cell. 

EXPERIMENTAL 

Reagents 

A potassium cyanide solution (1.000 g/l. 
cyanide) and a 0.005M pyridoxal-5-phosphate 
solution, (prepared daily by dissolving 
0.1326 g of the reagent in 100 ml of 0.25M 
H,PO;/HPO:- buffer, pH 7.60) were used. All 
the resins tested were from Sigma. 

All reagents were of analytical grade and 
solutions were prepared with doubly distilled 
water. 

Apparatus 

Fluorescence measurements were made with a 
Kontron SFM 25 spectrofluorimeter equipped 
with a Radiometer REC 80 recorder. A Gilson 
Minipuls-2 peristaltic pump, a Rheodyne Teflon 
double rotary injection-valve system and 
a fluorescence flow-through cell were used to 
construct the manifold. The cell (10 ~1 inner 
volume) was blocked with a porous plastic plug 
and the light-path was filled with QAE 
Sephadex anion-exchanger, 40-l 20 pm bead 
size (Fig. 1). 

in out 

in out 

l! 

RESULTS AND DJSCUSSION 

Flow -injection manifold 

Three different configurations were tested 
(Fig. 2). In configuration A, pyridoxal-5- 
phosphate (Py-5P) was first immobilized on the 
QAE Sephadex resin in the flow-cell by passing 
a stream of O.OOSM Py-5P through it for 1 hr, 
but when a cyanide solution was injected into a 
carrier stream of water, no signal was obtained, 
irrespective of whether the carrier stream was 
merged with 0.05M hydrochloric acid or pH 7.6 
phosphate buffer. This can be accounted for as 
follows. First, the bolus of cyanide dwelt in the 
flow-cell too short a time for formation of a 
detectable quantity of product. Furthermore, 
the immobilization of the Py-5P was not perma- 
nent and there was not enough reagent for the 
reaction. Evidently it was necessary for the 
reaction to take place before the detector was 
reached. Hence, Py-5P was continuously passed 

resin 
level 

hex 
Light beam 

support 
hem 

A B 

Fig. 1. Fluorescence flow-through cell filled with support: A, front view; B, perspective. 
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along the main channel as in configuration B. 
The reaction took place in the reactor, but the 
signal from the product trapped on the resin was 
very small and no better than that obtained 
without the resin. This was because the resin 
was saturated with the Py-SP (which was con- 
tinuously passed through it), so the reaction 
product was difficult to absorb. This led us to 
design configuration C, where the cyanide and 
a fixed amount of Py-SP are injected simul- 
taneously. The signal obtained is considerably 
improved, as the product is formed before it 
reaches the flow-cell, and is retained on the resin 
when it gets there. After the maximum signal 
has been obtained, the hydrochloric acid elutes 
the product and the baseline is restored. The 
blank value is obtained by injecting only the 
reagent. 

It is interesting that there are two optimal pH 
values in the system: one for the derivatization 
reaction (pH 7.6, phosphate buffer) in reactor 
L,, and the other (pH < 2) for enhancing the 
fluorescence of the reaction product and eluting 
it rapidly from the flow-cell. 

Choice of support 

Various resins were tested under the same 
experimental conditions (Fig. 3), including 
anion-exchangers (DEAE Sephadex, Dowex 1 
X2-200, QAE Sephadex) and neutral sorbents 
(XAD4 and XAD-7). The blank signal was first 
obtained and then that corresponding to 2.0 
pg/ml cyanide (in triplicate). Conventional 
flow-injection analysis without a support in the 
flow-cell was used as a reference to evaluate the 
support efficiency. Slight differences between 

I py-5P in OAE 

0.05M 

HCI 

- 
AI 

B 

0.05 M 

H Cl 

Fig. 2. Configurations tested for the determination of cyanide with a flow-through sensor: P, pump; 
L, reactors; W, waste. 



1052 DANHUA CHEN et al. 

the blank signal and that yielded by the cyanide 
solution were observed when XAD-4 and 
XAD-7 were used, but the signals obtained for 
cyanide were no better (or were even worse) 
than the signal obtained without resin. This was 
because the resin takes up most of the space in 
the flow-cell, so if it is inactive it reduces the 
signal intensity for the product in the solution 
phase. Anion-exchangers proved to be active 
in retention because the reaction product, 
4-pyridoxic acid-5-phosphate, was negatively 
charged under the working conditions. Among 
the anion-exchangers, QAE Sephadex was the 
best both in reproducibility (compared with the 
other two resins) and in signal intensity (com- 
pared with DEAE Sephadex). 

Type of carrier 

Experiments showed the best carrier for the 
injections from the double valve to be distilled 
water, which has no influence on the pH of the 
chemical reaction. The carrier used in the third 
channel influenced the signal value, so it was 
optimized (Fig. 4). Small signals were obtained 
when only water was used; the signal intensity 
increased (although the baseline was also raised) 
when hydrochloric acid/sodium acetate buffer 

150 

125 

25 

0 

was used as the carrier. This gave a clue that an 
acidic medium might favour the retention and 
detection steps, so different concentrations of 
hydrochloric acid were tested. The signal inten- 
sity increased considerably when dilute hydro- 
chloric acid was used as the medium. The 
efficiency of elution of the product from the 
resin increased with increase in acid concen- 
tration, and this resulted in inadequate signal 
enhancement, while higher concentrations were 
excessive for elution, so the retention was some- 
how affected. Conventional FIA experiments 
with water and 0.05iU hydrochloric acid as 
carriers (flow-cell without resin) were also per- 
formed to check the influence of the acid on the 
reaction. The results indicated that the signal 
was not significantly affected, so the role of the 
hydrochloric acid in this chemical sensor is to 
enhance the signal and the elution. 

FIA parameters 

The following values for certain FIA par- 
ameters were selected as a compromise between 
sensitivity and analytical efficiency: sample 
loop volumes both 500 ~1; reactor lengths L, 
500 cm, L, 150 cm; flow-rate 0.5 ml/min in each 
channel. 

6 

5 

-TIME 

Fig. 3. Behaviour of the different types of resins used for retention of the reaction product of the 
pyridoxal&phosphate/cyanide system. [Py-SP] = 5 x 10-‘M; [cyanide] = 0 for blank and 2.0 fig/ml for 
analytical signal. (1) Without resin; (2) XAD-4; (3) XAD-7; (4) DEAE Sephadex; (5) Dowex 1(X2-200); 

(6) QAE Sephadex. 
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- TIME 

Fig. 4. Influence of the different carriers and/or their concentrations on the analytical signal. 
[py-SP] = 5 x 10e3M; [cyanide] = 0 for blank and 2.0 rg/ml for analytical signal. (1) 0.2M HCl; (2) O.lM 
HCl; (3) 0.05M HCl; (4) 0.02M HCI; (5) O.OlM HCI; (6) HCl/sodium acetate buffer pH 3.7; (7) H,O. 

Sensitivity enhancement mechanism 

The interaction between the reaction product, 
QAE Sephadex and dilute hydrochloric acid can 
be inferred from the recordings shown in Fig. 5. 
When only the reagent in phosphate buffer, or 
a plug of this buffer, was injected, the signal 
decreased as the plugs reached the detector, as 
a result of the change in the pH of the medium, 
because the baseline was established with the 
hydrochloric acid stream (the resin was more 
fluorescent in acid than in basic medium). After 
the plug of buffer had passed through the 
flow-cell the baseline was restored, but when the 
reagent plug passed through the cell, the carrier 
slightly increased the fluorescence of the re- 
tained reagent and a small peak was obtained 
prior to the elution. When the analyte and the 
reagent were simultaneously injected, the 
product formed along reactors L was retained in 
passing through the flow-cell, but the fluor- 
escence only increased when the hydrochloric 
acid solution reached the flow-cell and formed 
the fluorescent product, which was then rapidly 
eluted. 

QAE Sephadex seems to be much more selec- 
tive towards the reaction product than to pyri- 
doxal-5-phosphate, as the increase in the signal 
yielded by the reagent blank was only 3.6 times 

larger than that obtained without resin, while 
the signal for the reaction product was 11.5 
times more sensitive than that obtained without 
this support. Furthermore, the resin adsorbed 
no pyridoxal or its reaction product with 
cyanide (Cpyridoxolactone), as their maximum 
signals were obtained over the same interval as 
without resin, and no further signal increase was 
obtained on replacing the buffer with the acid 
solution. 

Resin level 

Different packing heights of QAE Sephadex 
resin in the flow-cell were tested. The signal 
increased with increasing resin level up to the 
recommended packing. Filling levels above this 
height had no influence on the signal intensity. 

Calibration graph 

The calibration graph (triplicate measure- 
ments for each point) was linear between 
50 ng/ml and 3.0 pg/ml cyanide, with a slope of 
41.5% Zr .ml.pg-’ and an intercept of 1.9% Zr, 
with a regression coefficient of 0.9991. The 
relative standard deviation for 11 samples of 
2 pgglml cyanide, each injected in triplicate, was 
1.4%. The sampling frequency achieved was 
lO/hr. 
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Fig. 5. Recordings obtained in the experiments performed to 
elucidate the mechanism of development of the analytical 
signal for the determination of cyanide by using configur- 
ation C in Fig. 2. From (1) to (4): [py-SP] in H,PO:/HPOi- 
buffer, pH 7.6. Without resin: (1) blank, (2) 2.0 pg/ml 
cyanide. With QAE Sephadex: (3) blank, (4) 2.0 pg/ml 
cyanide. For (5) and (6), pyridoxal in H,PO;/HPO:- 
buffer, pH 7.6. With QAE Sephadex: (5) blank; (6) 2.0 pg/ml 

cyanide. 

Interferences 

The influence of 20 cations and anions on the 
determination of cyanide was studied. The 
results are summarized in Table 1. The maxi- 
mum level tolerated was taken as that causing a 
difference in signal of not larger than f 5%. 
None of the anions and only some of the cations 
interfere with the determination: Fe(III), Fe(I1) 
and Co(I1) interfere seriously by forming com- 
plexes with cyanide. The selectivity is greatly 
improved relative to that of the conventional 
method33 or the pyridine-barbituric acid 
method,28 mainly because of the retention of 
the reaction product by the resin, and the 
consequent separation from the matrix. 

CONCLUSION 

The proposed method increases the sensitivity 
and selectivity for cyanide determination with 
flow-through chemical sensors.‘5-33 The detec- 

Table 1. Interference study 

Ion-to-cyanide weight ratio 

Conventional FIA methods 
Proposed 

Ion method Fluorimetrid’ Photometric? 

PO:- 400 loo 
I- 100 75 1 
Cl- 800 loo 
Br- 100 75 1 
SCN- 50 50 cl 
CH,COO- 800’ 100 
so:- 400 100 
NO, 400 100 
Cd(II) 200 35 50 
Zn(I1) 200 35 50 
EDTA*- 400 loo 
Sr(I1) 200 35 
Mn(I1) 40t 2 1 
Cr(II1) 40 100 
Ni(I1) 20t 1 <1 
Co(I1) 1 1 <I 
Cu(I1) 10 1 <1 
Fe(II1) <1 Cl <1 
Fe(I1) <1 <1 
S- <1 

*Maximum ratio tested. 
tin the presence of EDTA’-. 

used with flow-through chemical sensors based 
on analytical systems in which the reaction 
product is retained on the resin and the matrix 
is eluted. The signal is greatly increased by use 
of a hydrochloric acid medium. 
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Sununary-A variety of liquid chromatographic, solution fluorescence, and extraction data were obtained 
in an attempt to correlate solution interactions with solid-matrix interactions for solute+?-cyclodextrin 
complexes. From the chromatographic data, dissociation constants were calculated for the complexes. 
Fluorescence spectral characteristics were obtained for sodium chloride, glucose, and /&cyclodextrin 
solutions of several solutes. In addition, extraction experiments were performed in an attempt to remove 
the solutes from the /Icyclodextrin solid matrix. Generally, the results revealed that there were no simple 
correlations between the solution data and solid-matrix luminescence data. However, the extraction results 
yielded important information related to the solute interactions in the solid matrix. 

Cyclodextrins (CDs) are cyclic oligosaccarides 
comprised of glucose units connected by a-l ,4 
linkages. The three most commonly used are a-, 
/I-, and y -cyclodextrins, made up of 6, 7, and 
8 glucose units, respectively. The cyclic nature 
of cyclodextrins gives them the shape of 
a truncated cone. Cyclodextrins possess a 
hydrophobic interior cavity and the top and 
bottom of the cone are lined with hydroxyl 
groups which provide a hydrophilic exterior 
environment.’ The ability of cyclodextrins to 
sequester or include molecules within their 
hydrophobic cavity has led to their increasing 
use in a variety of research projects.‘” 

Cyclodextrins have been used both as a com- 
ponent of the mobile phase and bonded to the 
stationary phase in chromatography.‘-” Also, 
cyclodextrins have been effective in the separ- 
ation of enantiomeric mixtures,” and the for- 
mation constants for the inclusion complexes 
of several compounds have been determined 
by high performance liquid chromatography 
(HPLC).13 Solution fluorescence has been used 
to study interactions between CDs and analyte 
species. W” Patonay et al.” have employed 
pyrene as a fluorescent probe to investigate 
cyclodextrin complexation in the presence of 
various alcohols. Cline Love and co-workers’9*20 
have used cyclodextrins in the presence of 
a heavy atom to induce room-temperature 

*To whom all correspondence should be addressed. 

phosphorescence (RTP) from solutions of poly- 
aromatic hydrocarbons (PAHs) and nitrogen 
heterocycles. Alak et al.” demonstrated that 
filter paper pretreated with cyclodextrin resulted 
in enhanced RTP signals from the surface. 
Bello and Hurtubise22 showed that a-cyclo- 
dextrin/sodium chloride (a-CD/NaCl) mixtures 
could be used to analyse mixtures of PAHs at ng 
levels. 

Recently, Richmond and Hurtubisez3 demon- 
strated that /?-CD/NaCl mixtures also induced 
RTP from a variety of compounds. They 
reported that unlike a-CD/NaCl mixtures, 
which showed maximum RTP from the matrix 
when a saturated solution of a-CD was used in 
a sample preparation step, the signal intensity 
from the /?-CD/NaCl matrix continued to in- 
crease after saturation of the 50:50 methanol/ 
water solvent employed in the sample prep- 
aration step. An increase in RTP intensity was 
found for mixtures containing ten times the 
amount of B-CD necessary for saturation of the 
solution. This demonstrated that maximization 
of the signal required the solid matrix to contain 
more B-CD than would correspond to satu- 
ration of the test solution used to provide 
effective packing of the dry matrix for optimum 
RTP signals. This paper presents the results of 
studies undertaken to obtain better understand- 
ing of the relationships among solution inter- 
actions of the analyte, the 50:50 MeOH/H,O 
solvent, and the 30% fi-CD/NaCl mixture used 
in solid-surface luminescence work. 
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EXPERIMENTAL 

Instrumental 

All fluorescence spectra in solution were ob- 
tained with a Fluorlog 2 + 2 sp~trofluorometer 
(Spex Industries, Edison, NJ). The detector 
was a water-cooled R928 photomultiplier tube 
(Hamamatsu Corp., Middlesex, NJ). The source 
was an ozone-free 450-W xenon lamp. 

The absorbance values in the determination 
of unbound analyte on the /3-CD/NaCl matrix 
were obtained with a Hitachi 100-80 spectro- 
photometer (Sunnyvale, CA). 

The liquid chromatographic system employed 
for the determination of formation constants 
consisted of a Waters (Milford, MA) Model 
6000A pump connected to a Waters U6K 
injector valve. The detector was a Waters 
Associate Model 440 fixed wavelength ab- 
sorbance detector set at 254 nm. The recorder 
used was an Omniscribe recorder (Houston 
Instruments, Austin, TX). The column 
employed was a 10 pm C,, (300 mm x 3.9 mm) 
column (Phenomenex, Torrance, CA). 

Reagents 

Phenanthrene, Cphenylphenol, and p-amino- 
benzoic acid (PABA) were purchased from 
Aldrich (Milwaukee, WI) and recrystallized 
from ethanol prior to use. Benzo(f)quinoline 
[B(f)Q] and benzo(a)pyrene [B(a)P] were gold- 
label quality from Aldrich and used as received. 
The methanol was HPLC grade from Burdick 
and Jackson (Muskegon, MI), and the water 
used for the solution fluorescence studies was 
also obtained from Burdick and Jackson. The 
diethyl ether employed in the extraction exper- 
iments was HPLC grade (99.9%) and purchased 
from Aldrich. The B-CD was from Aldrich and 
sodium chloride from J. T. Baker (Phillipsburg, 
PA). The glucose was A.C.S. reagent grade and 
was purchased from Aldrich. 

Procedures 

HPLC. Methanol and water were filtered 
through a Millipore typ FH 0.5 pm filter. 
The P-CD was vacuum dried at 0.78 atm 
pressure and 75” for 8 hr prior to use. The 
B-CD was then dissolved in purified water, and 
methanol was added to it. Solutions of 1, 2, 3, 
and 4mM B-CD in 50:50 v/v MeOH/H~O were 
used as mobile phases. The concentration of the 
samples injected was 1 mg/ml. The void volume 
was determined by using a methanol solution 
of potassium nitrite. A flow rate of 1 ml/min 

was used in the experiments with PABA, 4- 
phenylphenol, phenanthrene, and B(f )Q. A flow 
rate of 2 ml/min for 50:50 MeOH/H,O and 1.5 
ml/min for 4mM /J-CD in 50:50 MeOH/H,O 
was used for B(a)P. 

Solution j3uorescence. To obtain solution 
fluorescence spectra appropriate amounts of 
/?-CD were dissolved in MeOH/H,O (50:50) 
to yield 1 and 4mM B-CD solutions. A 
specific volume of freshly prepared analyte 
solution was added to the /J-CD solution and 
the mixture brought to known volume with 
MeOH/H,O (50:50) to give a 0.1 pgg/ml analyte 
concentration. The effect of sodium chloride 
on the solution fluorescence spectrum was 
determined by exa~ning corresponding P-CD 
solutions made up with MeOH/H,O (50:50) 
saturated with sodium chloride. The effect of 
glucose was similarly examined with an 
MeOH/H,O (50:50) glucose solution containing 
the same concentration of hydroxyl groups as 
the /?-CD solution, but no sodium chloride. 

Ether extraction. Solutions (800 ,ug/ml) of 
PABA, 4-phenylphenol, phenanthrene, B(f)Q 
and B(a)P were prepared. Five ~1 of analyte 
solution and 0.2 ml of MeOH/H,O (50: 50) were 
added to each of three test-tubes, the first 
containing only this solution, the second the 
solution plus sodium chloride, and the third the 
solution plus 30% /?-CD/NaCl mixture. All 
three tubes were sonicated, then heated in an 
oven at 1 lo” for 40 min, removed from the oven, 
and cooled in a desiccator. The contents of 
the tubes were then extracted with three l-ml 
portions of diethyl ether, each set of extracts 
being combined in a separate .5-ml standard 
flask and diluted to volume with diethyl 
ether. The absorbances were measured and the 
amounts of analyte present read from a cali- 
bration graph prepared by measuring the 
absorbances of ether solutions of the analytes 
in the concentration range O-800 hg/ml. This 
allowed determination of unbound analyte on 
the 30% fl-CD/NaCl surface. The experiment 
with analyte alone was repeated three times. 

RESULTS AND DISCUSSION 

High performance liquid chromatography 
(HPLC) 

All the compounds except B(a)P showed a 
decrease in retention with increasing B-CD con- 
centration in the reversed-phase chromato- 
graphic system employed. B(a)P was very 
strongly retained on the C,, column and was not 
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eluted after 6 hr at a flow rate of 2 ml/min with 
50:50 MeOH/H,O, or after 5.5 hr at a flow rate 
of 1.5 ml/min with 4mM /I-CD in 50:50 MeOH/ 
H,O. This indicated very little interaction 
between B(a)P and D-CD under the experimen- 
tal conditions. B(a)P was removed from the 
column with pure methanol. 

Table 1 shows the effect of increasing /?-CD 
concentration on the capacity factors (k’) for 
the four compounds studied. From Table 1, it 
can be seen that PABA showed essentially no 
change in k’ as the concentration of B-CD 
increased in the mobile phase. This indicated a 
rather weak interaction of PABA with B-CD in 
the 50:50 MeOH/H,O mobile phase. Because 
the k’ value is so small for PABA in the mobile 
phase without /I-CD, any meaningful corre- 
lations with /I-CD added to the mobile phase 
are hard to develop. For example, the change in 
k’ when the /?-CD concentration in the mobile 
phase increases from 0 to 4mM is only 0.11. 
Obviously, PABA is more strongly attracted to 
the mobile phase than to the stationary phase or 
/I-CD. This is most likely due to the tendency of 
the polar PABA molecule to form hydrogen 
bonds with the MeOH/H,O mobile phase. 

4-Phenylphenol showed the most dramatic 
change in capacity factor (46%) with increasing 
/I-CD concentration from 0 to 4mM. This is 
indicative of relatively strong interaction be- 
tween Cphenylphenol and B-CD in solution. 
B(f)Q demonstrated little change in capacity 
factor with increasing B-CD concentration; 
however, phenanthrene showed an 18% change 
in capacity factor with increase from 0 to 4mM 
/I-CD. In general, the results for PABA, B(f)Q, 
and phenanthrene implied weak interactions 
between these compounds and /I-CD in the 
mobile phase. B(f)Q and phenanthrene are 
more bulky than PABA and 4-phenylphenol 
and would only partially fit into the P-CD 
cavity.” 

The dissociation constants for the /?-CD com- 
plexes of 4-phenylphenol, phenanthrene, and 
B(f)Q were obtained by the approach discussed 

Table 1. Capacity factors (k’) for model compounds with 
and without B-CD present in the mobile phase 

50:50 MeOH/H,O 

Compounds 0’ 1 2 3 4 

PABA 0.36 0.29 0.24 0.25 0.25 
4-Phenylphenol 8.85 7.79 6.54 5.66 4.81 
WQ 14.16 14.57 13.98 13.73 13.17 
Phenanthrene 44.86 44.54 42.09 40.20 36.78 

l mM B-CD in mobile phase. 

0.25 - 

0.05 - 

I I I I 
0 0.2 0.4 0.6 0.6 

Cg-COI, mM 

Fig. 1. Change in capacity factor (k’) for Cphenylphenol as 
a function of the equilibrium concentration of B-CD present 

in the mobile phase. 

by Mohseni and Hurtubise.i3 Equation (1) 
shows the relationship between the capacity 
factor and other parameters: 

l/k’ = l/k,, + KCDhnl/k,~~ (1) 

where k’ is the capacity factor in the presence of 
B-CD, k,, is the capacity factor with no /I-CD 
present, J&, is the dissociation constant for the 
inclusion complex and [(CD),] is the equi- 
librium concentration of P-CD. Figure 1 shows 
a typical graph obtained for 4-phenylphenol. 
Because of the very small changes in capacity 
factors for PABA, the accuracy of the data in 
Table 1 would not permit the determination of 
a K. value for PABA. 

Table 2 gives the dissociation constants ob- 
tained graphically and the formation constants 
for the model compounds. 4-Phenylphenol 
showed the largest formation constant, thereby 
illustrating that a stronger inclusion complex 
was formed in solution compared to the other 
three compounds. With use of earlier solid- 
surface RTF and RTP relative intensity data 
for PABA, 4-phenylphenol, B(f)Q and phenan- 
threne,23 no simple correlation was found 
between the RTF and RTP relative intensity 
values and the dissociation constants of the 
compounds. In fact, on 30% b-CD/NaCl 
PABA gave much higher RTF and RTP inten- 
sity values than the other three compounds,23 

Table 2. Dissociation constants (Ko) 
and formation constants (K,) for /3- 
CD complexes in 50:50 M&H/H,0 

Compound Kn iv 

4-Phenylphenol 8.25 x 1O-4 1212 
WQ 7.58 x lo-’ 132 
Phenanthrene 2.88 x lo-’ 347 

+K, = 1/K,. 
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but the HPLC data indicated that FABA 
gave the weakest interaction with P-CD in 
solution. Several other compounds would have 
to be investigated to determine if there are 
correlations between KD values and solid- 
surface RTF and RTP intensities. In solution, 
1: 1 complexes are generally formed between the 
guest and host (P-CD) molecules.’ However, in 
the solid state, it is possible for two or more 
@-CD molecules to interact with one guest 
molecule.2s Based on the results in this work and 
the type of complexes that are formed in sol- 
ution and in the solid state, it was concluded 
that the solution chemistry of B-CD and the 
interactions of the guest and host in the solid 
state are not related in a simple fashion. Events 
during the evaporation of the solvent in the 
sample preparation step would have to be stud- 
ied to clarify more exactly what is occurring 
between molecules in the solvent and the mol- 
ecules in the solid matrix as the solvent is 
evaporating from the liquid-solid suspension. 

Tke eflecrs of glucose, /?-CD and NuCl on the 
solution fluorescence of model compounds 

The effects of #I-CD and glucose on the 
solution fluorescence of FABA, 4-phenylph~ol, 
phenanthrene, and B(f)Q were investigated to 
see if there were any unique relationships be- 
tween solution interactions and solid-matrix 
RTF and RTP. In all of the solutions investi- 
gated, the analytical concentration of the solute 
was the same. In addition, concentrations 
>4mM/l-CD could not be investigated because 
/I-CD was not soluble in 50:50 MeOH/H@ at 
such concentrations. It should be mentioned 
that in water PABA is 10.5% in zwitterion 
fotmz6 However, in 50% ethanol only 0.27% 
is present as zwitterion. 26 Also, the fluorescence 
excitation and emission spectra of PABA in 
50% methanol, in this work, gave no evi- 
dence of any ionic species present in solution” 
Thus, it was concluded that the predominant 
PABA species in solution was the acid form, 
~Phenylphenol is a very weak acid, and it 
would not be expected to ionize to any extent in 
50% methanol. Our fluorescence data and 
HPLC data gave no evidence of the anion of 
4-phenylphenol in solution. 

The excitation and emission spectra of B(f)Q 
and phenanthrene showed only very slight 
changes in the presence of @-CD or glucose, 
However, PABA and 4-phenylphenol showed 
somewhat greater spectral changes due to the 
presence of /?-CD and glucose. Figure 2 shows 

4.15x10”’ 

Fig. 2. The effect of j&CD on the solution ftuorescewe of 
~p~enylphenoi (0. t pgiml): (---) no /?-CD, +--) ImM 
jl-CD, and (-a--) 4mA4 &CD. The solvent was 5050 v/v 

MeOH/H,O. 

the effect of B-CD on the solution fluorescence 
of 4-phenylphenol. PABA, 4”phenylphenol, and 
phenanthrene showed little change in fluor- 
escence intensity with the addition of /Y-CD 
(0-4mM). B(f)Q showed about a 26% increase 
in solution fluorescence intensity with the ad- 
dition of @-CD. PABA, 4-phenylphenol, and 
B(f )Q showed essentially no change in solution 
fluorescence intensity with the addition of 
glucose (0-28mM). Phenanthrene gave about a 
13% decrease in fluorescence intensity with the 
addition of glucose. The concentrations of hy- 
droxyl groups were the same in the respective 
/Y-CD and glucose solutions. From the solution 
spectral shift data and the solution fluorescence 
intensity data, it was concluded that there were 
no simple correlations between the solution 
fluorescence data and the relative magnitude of 
the solid-matrix luminescence data. This is not 
su~~sing given the fact that solution inter- 
actions are quite different from solid-matrix 
interactions. 

It has been shown that inorganic salts can 
influence the fo~at~on of &-CD-guest com- 
plexes. 27*3% In this work, the effect of NaQ on the 
solution fluorescence of the model compounds 
was studied in the presence of j&CD. With only 
sodium chloride and no /?-CD present in the 
solvent (50: 50 MeOH/H,O), a small decrease in 
fluorescence signal was observed for all the 
compounds. Upon the addition of B-CD to the 
solutions containing sodium chloride, the same 
trends were found as when no sodium chloride 
was present in the solutions. Thus, the presence 
of sodium chloride had very little effect on the 
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Table 3. Percentages of analyte extracted with ether under different experimental 
conditions 
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Compound recovered*, % 

Substrate PABA 4-Phenylphenol B(f)Q Phenanthrene B(a)P 

None 91 f 0.7 95 f 2.0 87 f 1.0 92 f 0.6 91 f 0.7 
NaCl 61 f 1.0 78 f 0.8 70 f 1.6 78 f 0.2 76 * 0.7 
30% b-CD/NaCl 0.6 f 0.03 0.7 f 0.05 0.8 f 0.2 0.3 f 0.03 0.6 & 0.2 

*Average results of triplicate runs f 95% confidence limits. 

solution fluorescence of the model compounds 
and no correlations could be made with the 
solid-matrix luminescence. However, NaCl can 
break intermolecular hydrogen bonds between 
B-CD molecules in solution, which would pre- 
vent the B-CD from aggregating in the solid 
matrix.29 Also, in the solid state, NaCl can 
increase the modulus of the solid matrix and 
enhance the RTF and RTP signals.29 

Conjirmation of inclusion complex formation 
with 30% p-CD/NaCl mixture 

In order to determine if complex formation 
occurred with the 30% /?-CD/NaCl solid matrix 
used to induce RTP, the amount of unbound 
analyte (physically adsorbed analyte) was 
determined by an ether extraction method 
described earlier. 3o To test the validity of the 
extraction procedure, two other samples were 
run simultaneously with the 30% /?-CD/NaCl 
mixture. The efficiency of the procedure is rep- 
resented in Table 3 by the percentages of analyte 
extracted with no substrate present. For the 
compounds, the range of recoveries was from 87 
to 95%. The amount of compound adsorbed 
on the NaCl was also determined. Table 3 
shows that a relatively large amount of analyte 
was extracted from the pure NaCl matrix. How- 
ever, Table 3 showed that < 1% of a given 
compound was extracted from the 30% B-CD/ 
NaCl mixture. These results indicate that the 
compounds were not simply adsorbed onto the 
surface but were held very tightly by the matrix, 
i.e., included within the P-CD cavity. The ether 
extraction data show that molecules having 
dimensions that exceed those of the B-CD 
cavity, and which exhibit little interaction with 
B-CD in solution, are none the less held very 
tightly by the 30% /I-CD/NaCl mixture, indi- 
cating that more than one /?-CD molecule is 
directly interacting with the analyte within the 
matrix. Of particular interest are the results 
obtained for B(a)P, which is a five-membered 
fused aromatic ring system, with molecular di- 
mensions exceeding those of the B-CD cavity 

but is held tightly by the /I-CD/NaCl matrix. 
This is evident since < 1% of analyte is ex- 
tracted from the matrix (Table 3). 

CONCLUSIONS 

Solution fluorescence of the analyte with 
B-CD present in MeOH/H,O (50:50) with and 
without sodium chloride present showed larger 
changes in intensity for PABA and 4-phenyl- 
phenol compared to B(f)Q and phenanthrene. 
The formation constant of 4-phenylphenol was 
the largest for the model compounds studied. Of 
interest, however, is that well resolved solid- 
surface luminescence spectra were obtained for 
the more bulky compounds, B(f)Q and phen- 
anthrene, with 30% /3-CD/NaC1.23 In fact, it has 
been shown that room-temperature and low- 
temperature luminescence spectra obtained with 
the 30% /3-CD/NaCl matrix show very good 
resolution.23 

The most important conclusions were that the 
solution results offered no clear correlations 
between the solution interactions of analyte and 
B-CD and the luminescence intensity observed 
from the analyte adsorbed on 30% fl-CD/NaCl 
matrix. Also, the results for ether extraction 
from the solid matrix showed that more than 
one /?-CD molecule was interacting with the 
analyte in the solid matrix. This correlates with 
recent crystallographic data which show that 
in the crystalline state /?-CD inclusion com- 
plexes prefer an arrangement where there 
are at least two /I-CD molecules per analyte 
mo1ecule.25 
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Summary-Indophenol, produced in proportion to the amount of ammonia present, can be quanti- 
tatively extracted into chloroform as an ion-pair with tetradodecylammonium (TDA+) bromide and 
determined by spectrophotometry. The molar absorptivity of the indophenol-TDA+ complex is 2.5 x 10” 
l.mole-’ .cn-’ (maximum absorption at 653 nm), which is 25% greater than that for the indophenol- 
TDA+ complex in aqueous medium. This procedure is applicable to determination of pi/m’ levels of 
atmospheric ammonia, with I-hr sampling periods. 

Atmospheric concentrations of ammonia are 
typically under 10 plI/m3 but are subject to rapid 
temporal variations.‘” The determination of 
ammonia by the commonly used indophenol 
procedure is highly reliable, but has limited 
sensitivity, so sampling periods of several hours 
are necessary. The sampling frequency is there- 
fore very restricted unless several sampling units 
are operated in parallel (at staggered starting 
times) at the same site.‘,‘*’ The present work 
aimed to develop a sensitive procedure for the 
analysis of solutions of ammonia, collected by 
bubblers. The method is based on production of 
indophenol in alkaline solution by the reaction 
between phenol, sodium hypochlorite and am- 
monia, with sodium nitroprusside as catalyst.3 

In a previous study, we reported a new 
solvent-extraction method for indophenol with 
trioctylmethylammonium (TOMA) as counter- 
ion for extraction of the ion-pair into cyclo- 
hexane.6 Here, we describe the analogous system 
with tetradodecylammonium (TDA + ) bromide 
and chloroform. This method has higher sensi- 
tivity than other indophenol methods’ and is 
free from interference by certain gases found in 
the atmosphere. The method can be applied to 
the determination of ammonia levels at I-hr 
sampling intervals, and is adequate for most 
applications. 

EXPERIMENTAL 

Reagents 

All reagents were analytical-reagent grade 
except where otherwise stated. Reagent 

solutions were prepared with demineralized 
water. 

Standard ammonia solution (equivalent to 1000 
,ul/ml NH, at 0” and 760 mmHg). A stock 
solution was prepared by dissolving 2.948 g of 
ammonium sulfate, dried at 130”, in 1 litre of 
water, and further diluted with 3-g/1. boric acid 
solution as required. 

Phenol-sodium nitroprusside solution. Pre- 
pared by dissolving 5 g of phenol and 25 mg of 
sodium nitroprusside in 500 ml of water. 

Sodium hypochlorite solution. Enough com- 
mercial sodium hypochlorite solution (Wako 
Pure Chemical Industries, Japan) was dissolved 
in 500 ml of alkaline buffer solution (consisting 
of 17.9 g of disodium hydrogen phosphate 
12-hydrate and 5.5 g of sodium hydroxide in 500 
ml of water) to give an equivalent chlorine (Cl,) 
concentration of O.OlM. This concentration was 
periodically checked. 

Tetradodecylammonium bromide (TDAB) 
solutions. Prepared by dissolution in chloroform, 
benzene or dichloroethane (purities > 99%). 

Apparatus 

Spectrophotometric measurements were 
made with a Hitachi U-2000 or U-100 spectro- 
photometer with l-cm and 5-cm cells. The pH 
was measured with a Toa Denpa pH-meter. 
Shaking was done with a Taiyo Service Shaker. 

Procedure 

Indophenol formation.3 To 10 ml of sampling 
solution (3-g/1. boric acid solution, freshly 
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prepared daily), containing from 0.2 to 2 ~1 of 
ammonia, 5 ml of phenol solution and 5 ml of 
hypochlorite solution were added, with mixing 
after each addition. The color was allowed to 
develop at 40” for 40 min. 

Extraction of the ion-pair. A 20-ml volume of 
indophenol solution was transferred into a 50- 
ml centrifuge tube and 2 or 4 ml of 0.04M TDA 
in chloroform were added and the mixture was 
shaken for 5 min. After phase separation, the 
tube was centrifuged for 5 min. The absorbance 
of the organic phase was measured at 651 nm 
against chloroform, in l-cm cells. 

Sampling method for atmospheric ammoniaS3v4 
Ammonia was collected in two bubblers in 
series, each containing 20 ml of 3-g/1. boric acid 
solution, with a Teflon prefilter, at a flow-rate 
of 2 l./min. Measurements were performed in 
duplicate, by use of parallel sampling systems. 

The solutions in each bubbler were analysed 
as described above, and also by a non-extraction 
method.3 

RESULTS AND DISCUSSION 

Extraction solvent and absorption spectra 

The indophenol-TDA+ complex was readily 
extracted by chloroform, dichloroethane or ben- 
zene, and the stability and intensity of the color 
developed in these solvents, measured at the 
wavelengths of maximum absorbance, are 
shown in Fig. 1. Although the color is more 
stable in dichloroethane and benzene, the ab- 
sorptivity is greater in chloroform, which is 
therefore the preferred solvent. The indo- 
phenol-TDA+ complex in chloroform has an 
absorption maximum at 653 nm and its molar 
absorptivity is much higher than that of indo- 
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Fig. 1. Color intensity and stability of the indo- 
phenol-TDA+ complex in various solvents. 
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Fig. 2. Absorption spectra of indophenol. A, Indo- 
phenol-TDA+ complex in chloroform; B, indophenol in 

aqueous solution. 

phenol in aqueous solution (Fig. 2). The con- 
ditions for quantitative extraction of the 
ion-pair with chloroform were examined and 
absorbance measurements were made within 20 
min after the extraction. 

Eflect of TDA + concentration on the extraction 

The effect of varying the TDA+ concentration 
over the range O.Ol-O.O5M, on the degree of 
extraction with 4 ml of TDA+ solution in 
chloroform, was examined. The best results 
were obtained with 0.04-0.05M TDA+, as 
shown in Fig. 3 and 0.04M was selected as the 
optimal concentration. The extraction was 
found to be quantitative with shaking for 4 min, 
so a 5 min shaking time was chosen for use. 

Calibration, sensitivity and precision 

The calibration graph for ammonia was linear 
over the range O-4 ~1 (regression coefficient 
0.998). The relative standard deviation was 4% 
for 0.2 ~1 of ammonia. The molar absorptivity 
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Fig. 3. Effect of TDA+ concentration on the extraction of 
the indophenol-TDA+ complex into chloroform. Indo- 
phenol solution 20 ml; Organic phase, 4 ml; reference, 

chloroform. 
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Table 1. Effect of coexisting SO1 and NO* on 
absorbance from 2 11 of NH, per 20 ml of 

final solution 

Coexisting Concn. of gas,* 
gas ~I/20 ml Absorbance 

None 0.582 

SGZ 2 0.567 
20 0.580 

NO, 2 0.597 
20 0.567 

*In the final solution measured. 

Table 2. Comparison of determination of atmospheric NH, 
in 120 1. of sample by the extraction method and a non- 

extractive method 

Concn. of NH,, PI/m’ 
Sampling 
date Concentration methodt Non-extraction$ 

19 Sept. 1989* 
11:30-12:30 11.0 + 0.3 12.0 f 0.3 
12:30-13:30 10.2 + 2.4 11.4f2.7 
13:30-14:30 8.5 k 0.1 8.4 + 1.4 

2 Dec. 198% 
11:3&12:30 2.7 + 0.5 2.4 f 0.1 
12:3&13:30 3.6 f 1.1 3.5 f 0.6 
13:30-14:30 4.4 f 0.3 3.3 f 0.6 

5 Dee 198% 
11:30-12:30 11.0* 1.9 9.5 * 1.2 
12:30-13:30 5.4 * 0.2 5.6 f 0.3 
13:3&14:30 9.2 f 0.1 8.8 f 0.3 

*Extractant volume 2 ml. 
t1-cm cells. 
$S-cm cells. 
@Extractant volume 4 ml. 

of the indophenol-TDA+ complex in chloro- 
form at 653 nm was 2.5 x lo4 l.mole-’ .cm-‘, 
which was 25% greater than that of the complex 
in aqueous solution (2.0 x 104 1. mole-’ . cm-‘). 
The sensitivity could be increased further by use 
of a smaller volume of extractant, e.g., 2 ml. 

E#ect of foreign substances 

Nitrogen dioxide and sulfur dioxide can coex- 
ist with ammonia in the atmosphere; their usual 
concentrations in the urban atmosphere of 
Yokohama are 10-20 and 30-40 pl/m3 respect- 
ively. Although very high concentrations 
of these gases interfere considerably in the 
indophenol reaction3 the usual concentrations 
of those gases in the atmosphere do not 
(Table 1). 

2. l . 
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Fig. 4. Diurnal variaton of atmospheric ammonia concen- 
tration in Yokohama in January 1990. 

Determination of ammonia in the atmosphere 

The proposed method was applied to the 
determination of ammonia in the urban atmos- 
phere of Yokohama. Ammonia concentrations 
in samples collected for 1 hr at I-hr sampling 
intervals, were determined as described, with 
l-cm cells for absorbance measurements. The 
results obtained were compared with those from 
a non-extraction method,3 used with 5-cm cells 
(Table 2) and found to be satisfactory. The 
diurnal variation of ammonia concentration, air 
temperature and relative humidity in January 
was measured, as shown in Fig. 4. The detection 
limit for ammonia by use of 2 ml of extractant 
in the proposed method was 0.6 pl/m3, with a 
sampling volume of 120 litres. 

REFERENCES 

1. B. R. Appel, S. M. Wall, Y. Tokiwa and M. Haik, 
Atmos. Environ., 1980, 14, 549. 

2. S. H. Cadle, R. J. Countess and N. A. Kelly, ibid., 1982, 
16, 2501. 

3. N. Yamamoto, E. Nakazuka and T. Shirai, Nippon 
Kagaku Kaishi, 1983, 1226. 

4. L. M. Hildemann, A. G. Russell and G. R. Cass, Armos. 
Environ., 1984, 18, 1737. 

5. N. Yamamoto, N. Kabeya, M. Onodera, S. Takahahi, 
Y. Komori, E. Nakazuka and T. Shirai, ibid., 1988, 22, 
2621. 

6. N. Yamamoto, N. Kabeya, N. Yamaguchi and T. 
Shirai, Bunseki Kagaku, 1989, 38, 6. 

7. M. D. Krom, Analyst, 1980, 105, 305. 



Talonto, Vol. 37, No. 11, pp. 1067-1070, 1990 0039-9140/90 $3.00 + 0.00 
Printed in Great Britain Pergamon Press plc 

DETERMINATION OF THE FLOTATION 
COLLECTOR ETHYL XANTHATE BY FLOW-INJECTION 

ANALYSIS 

MILOGLAV KOPANICA, VERA STARA and ANTON~ TROJ~EK 

UNESCO Laboratory of Environmental Electrochemistry, J. Heyrovsky Institute of Physical Chemistry 
and Electrochemistry, Czechoslovak Academy of Sciences, Dolejlkova 3,18223 Prague 8, Czechoslovakia 

(Receiued 3 July 1989. Revised 1 March 1990. Accepted 28 May 1990) 

Summary-A flow-injection method for determination of xanthate with amperometric detection is 
presented. A composite carbon electrode modified with silica gel is used for detection. Very good 
reproducibility (1.5% r.s.d.) results from renovation of the electrode surface by three potential scans 
between measurements. In the analysis of flotation liquor, the interfering effect of metal complexes, formed 
by leaching of the ore in water, is eliminated by addition of EDTA. The method can be used to determine 
ethyl xanthate in the concentration range 0.10-10.0 mg/l, with a detection limit of 0.04 mg/l. 

For effective control of a flotation process in 
the ore industry it is necessary to be able to 
determine the flotation collector potassium 
ethyl xanthate (PEX) continuously or at least 
periodically. The polarographic methods are 
not very suitable owing to their relatively low 
sensitivity, since the concentration of PEX in 
the flotation cells ranges from 1 to lOmg/l. 
Very low detection limits can be attained 
by cathodic stripping voltammetry? but the 
potential/current response is too complex to 
be useful for continuous xanthate monitoring. 
Spectrophotometric methods,3 although sensi- 
tive, can be applied only with clear solutions. 

Composite carbon-paste electrodes modified 
with silica gel4 are, however, suitable for the 
voltammetric determination of xanthate in a 
flow-through system. 

EXPERIMENTAL 

Reagents 

Potassium ethyl xanthate, Cz HS CSK (PEX) 
was the product of the ZUPA Company 
(Yugoslavia). Because of their limited stability, 
aqueous PEX solutions were freshly prepared 
daily with doubly distilled water. All reagents 
were of analytical grade. The carrier solution for 
the flow-injection analyses was deaerated with 
helium. 

Apparatus 

The flow-injection measurements were per- 
formed in a system composed of a Spectra- 

Physics Model SP 8770 isocratic pump and 
Rheodyne 7125 injection valve equipped with a 
100 ~1 sample loop. The voltammetric detector 
was connected by 0.25~mm bore stainless- 
steel tubing. The voltammetric (amperometric) 
measurements were made with a Model PA-4 
polarographic analyser (Laboratorni pfistroje, 
Prague, Czechoslovakia) in conjunction with a 
Model TZ 4100 chart recorder from the same 
manufacturer. 

Flow-through cell. A wall-jet type cell made of 
“Plexiglas” is shown in Fig. 1. Sample solution 
is introduced through inlet capillary G onto the 
carbon-paste disc electrode, 2 mm in diameter, 
at the tip of the Teflon paste-holder D. The 
working reference and auxiliary electrodes are 
placed in the electrolyte contained in the bottom 
part A of the detector body. The upper part B 
is fixed to the bottom part, with a rubber gasket 
between them, by three screws (not shown). It 
contains openings for the saturated Ag/AgCl 
reference electrode and the paste-holder hous- 
ing. The capillary holder E serves two purposes. 
First, together with the screw F it ensures 
that the inlet capillary is fixed and sealed, and 
secondly it ensures constant geometry of the 
cell. Since the paste electrode is prepared out- 
side the cell, to obtain reproducible results it is 
necessary to keep the position of the working 
electrode constant with respect to the inlet 
,capillary. In the arrangement shown in Fig. 1, 
this is achieved simply by screwing the paste 
holder down until it touches E. 
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Fig. 1. The flow-through cell. A, R--detector body, C-opening for reference electrode, I-paste holder, 
E-inlet capillary holder (top view), F-screw, G-inlet capillary, H-stainless-steel outlet capillary, id. 

0.5 mm (auxiliary electrode). 

The modified composite carbon-paste elec- 
trode was prepared by mixing a homogenized 
mixture of graphite and silica gel into melted 
ceresine and pressing the mixture into the body 
of the paste holder. The optimum composition 
(O/O w/w) was 14 silica gel (30 pm particles), 43 
ceresine and 43 graphite (12~pm particles). 

The unmodified electrode was prepared 
similarly, from equal weights of ceresine and 
graphite. 

RESULTS AND DISCUSSION 

In slightly acidic (pH 6.6) or neutral media 
PEX is electrochemically oxidized on graphite 
electrodes.5 The composite carbon-paste elec- 
trodes modified with silica gel yield a well 
developed voltammetric response of sigmoidal 
shape which can be used for analytical pur- 
poses.4 In the preliminary experiments, samples 
containing PEX at a concentration of 5 mg/l. 
were injected into the O.lM potassium nitrate 
carrier solution at a flow-rate of 0.5 ml/min, 
and the current signal at +0.8 V was recorded. 
Under these conditions, a sensitive response was 
obtained with both modified and unmodified 

electrodes, the current signal yielded by the 
unmodified electrode being larger by a factor 
of -3. The modified electrode, however, gave 
better reproducibility. Without mechanical or 
electrochemical pretreatment, the unmodified 
electrode gave a response reduced by - 65% on 
consecutive injection of PEX samples, whereas 
with the modified electrode the decrease was 
only - 18%. In both cases, the reproducibility 
of response could be improved by polishing 
the electrode surface on a piece of card. For the 
modified electrode an electrochemical procedure 
was also found to be very effective, and this, 
owing to its simplicity, was adopted for routine 
use. The procedure was to apply three potential 
scans over the range from -0.15 to 0.9 V, and 
back to -0.15 V, at a scan rate of 0.5 V/set. 
With this electrochemical reactivation between 
successive injections of twenty identical samples, 
the responses had a relative standard deviation 
of 1.5%. Mechanical renovation of the modified 
electrode surface, although effective, was not 
used, because the successful electrochemical pre- 
treatment was greatly advantageous in the flow- 
through system. 



Determination of ethyl xanthate 

With flow-rates of 0.2-l.OmI/min, the 
response amplitude of the modified electrode 
was scarcely affected by the flow-rate. 

The optimum flow-rate and sample volume 
were chosen with respect to sample through- 
put and electrode surface reactivation. Higher 
flow-rates did not influence the measurement 
sensitivity substantially. Higher sample volumes 
(500-1000 ~1) yielded, as expected, a poorly 
shaped response, and the consequent longer 
residence time of the sample in the detector 
(at flow-rates of 0.3-0.6 ml/min) resulted in the 
formation of more of the reaction product on 
the electrode surface and thus complicated 
reactivation of the electrode. Hence, a sample 
volume of 100 ~1 and Sow-rate of 0.6 mlfmin 
were used in later experiments. 

Figure 2 shows the dependence of the 
modified electrode response on the applied 
potential, for a flow-rate of 0,6ml/min. The 
shape of the curve is in accordance with pre- 
vious findings from batch experiments4 that 
for successful amperometric detection of PEX, 
a potential more positive than + 0.7V must 
be applied. The hydrodynamic voltampero- 
gram measured under identical conditions but 
without injection of the PEX samples (back- 
ground) shows the current obtained at a 
given detection potential at zero PEX concen- 
tration. The salt concentration in the carrier 
stream has some effect on the response of the 
modified electrode. For instance, changing the 
potassium nitrate concentration from 0.01 to 
0.3M caused the response to increase by 
approximately 30%. Thus, to obtain a linear 
calibration graph, it is necessary to inject 
samples of approximately the same salt content 
as that of the carrier. 

The following conditions for FIA of xanthate 
samples can be recommended. Carrier O.lM 
potassium nitrate, flow-rate 0.6 ml/min, sample 
volume 100 ~1, detection potential +0.8 V. 
Pretreatment before each injection consists 
of three polarization scans in the range 
from -0.15 to +0.9V and back to -0.15V 
at the rate of 0.5 V/set. Under these conditions 
a linear calibration graph was obtained 
for 0.1-10 mg/l. PEX, with a slope of 
5.8 nA . I . mg-‘, and correlation coefficient 
0.9998. The procedure permits 20 determi- 
nations per hour (with electrode reactivation). 

Surprisingly, sulphide ions do not interfere 
even when present in large excess (lOO-300-fold 

6.3 0s 0.9 E(V) 

Fig. 2. Hydrodynamic voltamperogram of PEX on the 
modified composite carbon-paste electrode. Flow-rate 
0.6 ml/min, (a) 100 gl of sample containing 10 mg/l PEX. (b) 
background (the- response corresponding to the measure- 
ment at varkxl detection potential vaiues, witkout injectiori 

of the sample). 

ratio to PEX). Interferences from metal ions 
(e.g. Cu’“) that form insoluble compounds 
with PEX can be eliminated by addition of 
EDTA.Q 

Determination of PEX in ore samples 

To test the proposed method in the analysis 
of flotation liquor, PEX was determined in ore 
samples according to the procedure described 
above. The model samples consisted of sus- 
pensions of three kinds of sulphide ores in a 
tap water, with 10 g of ore in 200 ml of water. 
The ores were milled to a suitable grain size 
for the ffotation process, and PEX was added 
to the suspensions to give concentrations in 
the range 0.1-10 mgfl. After being stirred for 
30min, the suspensions were allowed to settle 
and an aliquot of the supernatant was taken for 
analysis. To 5 ml of the sample solution, 4.5 ml 
of 0.2M potassium nitrate and OS ml of O.OSM 
EDTA were added and the resulting solution 
was injected, A linear relationship between 
PEX concentration and detector response was 
obtained for all three types of ore, with an 
average slope of 5.3 nA .l. mg-‘. EDTA is 
added to eiiminate the background anodic 
signal, probably caused by the oxidatian of 
metal complexes formed in water during 
leaching of the ore. 

In routine analysis the flotation liquor is 
sampled manually and, after a short settling 
time* analysed as proposed. The FIA principle, 
however, allows automatic analysis of the 
flotation liquor in the by-pass used for 
monitoring the pH of the liquor (on-line 
measurement). 
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Table I. Determination of PEX in model flotation liquor 
samples 

PEX added. PEX found.t Recoverv. 
Sample mg/l. mg/l. ” % - 

Sulphide ore I 0.50 0.51 102.0 
1.50 1.45 96.6 
4.50 4.44 98.6 

Sulphide ore II 2.50 2.50 100.0 
5.00 5.10 102.0 
8.00 7.95 99.3 

Sulphide ore III 0.10 0.09 94.0 
0.40 0.41 102.5 
0.70 0.71 101.4 

tMean of three measurements. 

Table 1 summarizes the results of the analysis 
of the model samples. The recoveries were 
close to lOO%, validating the applicability of the 
method for the analysis of the flotation liquor. 
The ore samples used for preparation of the 
model liquids were two types of iron ore (I, II) 
and a nickel ore (III) all from Czechoslovakia. 

The modified composite carbon electrode, 
when used for amperometric detection of PEX 
in FIA, can be regenerated readily by potential 
scans. In this way, very good reproducibility 
of response is achieved. The measurement is 
thus very simple, enabling a high throughput 
of samples and the possibility of on-line 
measurement. 
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Summnry-A simple voltammetric method for the determination of phosphonate ion is described. A 
12-molybdodiphosphonate complex is formed in a 50mM Mo(VI)O.SM HCl-70% (v/v) CH,CN system 
containing phosphonate ion. The yellow heteropolyanion undergoes apparent two-step reductions at a 
glassy carbon electrode. The voltammetric reduction currents depend linearly on the phosphonate 
concentration in the range 1 x lO-5-l x IO-)M. 

Almost all the methods for the determination of 
phosphonate ion are based on indirect methods 
which include oxidation of phosphonate ion to 
orthophosphate ion. ‘** The resultant orthophos- 
phate ion has been determined spectrophoto- 
metrically through the formation of a yellow 
molybdophosphate complex or a mixed-valence 
blue complex with the use of proper reducing 
agents.3-s Hirai et al. have developed a flow 
injection system for the determination of 
phosphonate ion6 in which sodium hydrogen 
sulphite is used as an oxidizing agent and ortho- 
phosphate ion thus formed is determined with 
the MO(W)-MO(V) reagent method.’ Phospho- 
nate ion can also be determined by oxidation 
with excess standard iodine to orthophosphate 
ion and titration of excess of iodine with stan- 
dard reducing agents such as thiosulfate.* 

In the course of a series of preparative studies 
of heteropolymolybdates, we have found that 
phosphonate ion reacts directly with MO(W) to 
form a yellow heteropoly complex with a com- 
positional ratio of MO/P = 12/2 in acidic sol- 
utions containing water-miscible organic 
solvents such as acetone and acetonitrile. 
Rosenheim and co-workers have obtained alkali 
metal salts of a yellow molybdodiphosphonate 
complex such as 2Na, 0 - P, O3 - 12Mo0,. 1 9Hz 0 
by heating an acidic mixture of MOO, and 
H3P03,9 although the chemical properties have 
not been elucidated so far because of the lack of 
proper solvents to dissolve it. 

*To whom all correspondence should be addressed. 

The present study has demonstrated that the 
12-molybdodiphosphonate complex is stable in 
aqueous solutions mixed with water-miscible 
organic solvents. In such aqueous organic 
media, the 12-molybdodiphosphonate complex 
is electroreduced to a blue species at the glassy 
carbon (GC) electrode. The reduction current is 
found to be linearly dependent on the concen- 
tration of phosphonate ion. This work was 
undertaken to establish a method for the 
voltammetric determination of phosphonate 
ion. 

EXPERIMENTAL 

Apparatus and reagents 

Voltammetric measurements were made with 
a PAR 174-A polarographic analyser. The 
voltamperograms were recorded on a Yoko- 
gawa 3023 X-Y recorder. The working elec- 
trode was a glassy carbon rod (GC-30S, Tokai 
Carbon) mounted in a Teflon tube by means of 
silicone rubber tubing. The surface area was cu. 
0.071 cm’. A saturated calomel electrode (SCE) 
was used as the reference and a platinum wire 
as the counter-electrode. Controlled potential 
electrolysis (CPE) was done with a Hokuto 
Denko HA-501 potentiostat. A Hokuto Denko 
HF-202D coulometer was used for coulometric 
measurements. IR spectra were recorded on a 
Hitachi 270-30 spectrophotometer with KBr 
disks. TG-DTA was performed with a Rigaku 
Denki 8002~SD thermal analyser. 

All the chemicals were of reagent grade and 
were used as received. 
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RESULTS AND DISCUSSION 

Identification of the molybdodiphosphonate com- 
plex 

The molybdodiphosphonate complex was iso- 
lated as the tetrabutylammonium (n-Bu.,N+) 
salt by the following procedure. Twelve g of 
Na, MOO,. 2H,O were dissolved in 155 ml of 
water, and 45 ml of concentrated hydrochloric 
acid were added, followed by 300 ml of aceto- 
nitrile. The solution turned yellow on the ad- 
dition of 1 .O g of Na,HPO, . SH,O. After 1 hr of 
stirring at room temperature, 15 g of n-Bu,NBr 
were added. The yellow salt thus precipitated 
was collected by filtration, washed with water 
and ethanol, and dried over Drierite in a desic- 
cator. The yield was ca. 4 g. Found: MO, 43.0%; 
P, 2.25%; C, 20.9%; H, 4.1%; N, 1.7%; H,O, 
3.1%. H(n-Bu,N),(HP),Mo,,O,,*4H,O re- 
quires MO, 42.84%; P, 2.30%; C, 21.45%; H, 
4.46%; N, 1.56%; H,O, 2.68%. Molybdenum 
was determined spectrophotometrically at 
390 nm as the complex with 1,2-dihydroxy- 
benzene-3,5-disulfonic acid.‘O Phosphorus was 
determined by the usual molybdenum-yellow 
method after oxidation to orthophosphate with 
perchloric acid.’ The water content of the salt 
was determined by TGA and by heating at 150”. 

Figure 1 shows an IR spectrum of the 12- 
molybdodiphosphonate complex. The spectrum 
was characterized by strong bands at 1085, 938, 
810 and 525 cm-‘. The 1085 cm-’ band can be 
attributed to the PO, group.” Bands in the 
1500-1350 cm-’ region are due to the Bu,N+ 
unit. The band at 1640 cm-’ can be assigned to 
the water of hydration. 

I I I I I I I 
1600 1400 1200 1000 600 600 

Wavenumber / cm-’ 

Fig. 1. An IR spectrum of the 12-molybdodiphosphonate 
complex in a KBr pellet. 

I I I I 

0.6 0.4 0.2 0 

E/V vs. SCE 

Fig. 2. Cyclic (a,b) and nonual pulse (c) voltamperograms 
of a 1OmM Mo(VI)-O.4M HCl-70% (v/v) acetone system in 
the absence (a) and presence (b) of l.OmM phosphonate. 
Scan rate, (a,b), 100 mV/scc; (c) 5 mV/sec. The 4 yA scale 

is for curves (a,b). 

The results of the elemental analysis suggest 
that the Bu,N+ salt contains the same hetero- 
polyanion as that in the Na+ salt prepared by 
Rosenheim and co-workers.’ This is further 
confirmed by the IR spectroscopic measure- 
ments for both the Bu,N+ and Na+ salts. 

Electrochemical characteristics of the 12-molyb- 
dodiphosphonate complex in solution 

Figure 2 shows cyclic voltamperograms of 
1OmM Mo(V1) in 0.4M HCI containing 70% 
(v/v) acetone. The solution was pale yellow 
owing to the formation of [Mo,~,,]~-.‘~ As 
shown in curve (a), no reduction waves were 
observed until the sharp current rise around 0 V, 
which was due to the reduction of [Mo,01,]2-.‘3 
On the addition of 1 .OmM HPO:- , the solution 
turned from pale yellow to yellow, and an ap- 
parent two-step reduction wave appeared with 
peak-potentials of +0.31 and +O.l 1 V [curve 
(b)]. The current increased with time, attaining 
a constant value around 10 min after the ad- 
dition of phosphonate ion. After the IO-min 
current increase period, the yellow species was 
stable in the solution, as evidenced by no cur- 
rent change. Each reduction current depended 
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on the square root of the voltage scan rate molybdodiphosphonate anion. Attempts to 
(20-200 mV/sec), indicating that each step apply coulometric analysis to the second wave 
was diffusion-controlled. These voltammetric were unsuccessful because of the overlap with 
characteristics indicate the formation of the the reduction wave of [Mo,O,,]*-. As shown in 
12-moly~o~phosphonate complex. curve (c), however, the limiting current ratio in 

In order to confirm this, a cyclic voltampero- normal pulse polarography was 2: I, which 
gram was taken for a IOmM Mo(VI)-O.41M suggests that the second wave is due to a 
HCl-70% (v/v) CH,COCH, system containing two-electron reduction of the 12-molybdo- 
0.5mM orthophosphate instead of phospho- diphosphonate anion. 
nate; it is shown in Fig. 3. Three reduction The first reduction wave in curve (b) of 
waves of different height were obtained with Fig. 2 is somewhat distorted, su~esting that the 
peak-potentials of + 0.340, +0.242 and +O. 153 wave is due to multistep charge-transfers.‘5 
V. As already reported, i4 these waves are due to Therefore, a logarithmic analysis was made of 
the reduction of a mixture of a - and /I-12- the first normal pulse voltammetric wave shown 
molybdophosphate complexes. From a com- in curve (c). Plots of log[(i, - i)/i] vs. E for the 
parison of Fig. 2 with Fig. 3 it follows that the first wave yielded two separate straight lines 
yellow species responsible for curve (b) of Fig. 2 with slopes of 42 and 47 mV. These results 
is not the I2-molybdodiphosphonate anion, but suggest that the reduction waves shown in 
the 12-molybdodiphosphonate anion. curves (b) and (c) in Fig. 2 are composed of 

Coulometric analysis of the cyclic voltam- three two-electron transfers, with the first two 
perogram in curve (b) of Fig. 2 showed that the close together. 
first reduction consumed two electrons per Hereafter, the apparent four-electron re- 
HPO:- anion added, which means that the duction wave is regarded as the first wave, and 
reduction consumes four electrons per 12- is used for the determination of phosphonate 

ion. 

( 1 
molybdodiphosphonate complex were studied 
with 50mM Mo(VI)-O.4M HCl-O.SmM phos- 

I I I I I 
O.! 5 0.4 0.3 0.2 0.1 0 

phonate solutions containing acetone, aceto- 

WV vs SE 
nitrile, ethanol or 1,Cdioxan. Figure 5 shows 

Fig. 3. Cyclic voltamperograms of a IOmM Mo(VI~.rlM 
the normal pulse voltammetric first reduction 

HCI-70% (v/v) acetone system in the absence (a) and currents as a function of the concentration of 

presence (b) of O.SmM orthophosphate. Scan rate, 100 acetone or acetonitrile as the organic solvent. 
mV/sec. No voltammetric wave was observed, until at 

TAL 37/l I-D 

Optimization of formation conditions for the 
~~-moiy~dod~hosphonate complex in an MocvI)- 
IiCZ-Cl?, CN system 

In order to obtain the limiting conditions for 
the formation of the 12-molybdodiphosphonate 
complex, normal pulse voltammetric measure- 
ments were made for a series of 5OmiM 
Mo~I~.2m~ phosphonat~70% (v/v) acet- 
onitrile systems containing various concen- 
trations of HCI (0.08-l.SM). 

Curve (a) of Fig. 4 shows the limiting currents 
of the first wave as a function of the HCl 
concentration. As can be seen, the complex 
forms in the 0.15-0.6M HCl concentration 
range. For comparison, curve (b) shows normal 
pulse voltammetric second reduction currents 
in the presence of 0.2mM orthophosphate to 
illustrate the conditions for formation of 12- 
molybdodiphosphonate. 

The effects of the nature and concentration of 
organic solvents on the formation of the 12- 
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Fig. 4. Normal pulse voltammetric reduction currents for 
50mM Mo(VI~70% v/v acetonitrile systems containing (a) 
0.2mM phosphonate; (b) 0.2mM orthophosphate, as a 

function of the HCl concentration. 

least 25% v/v of one of these solvents was 
present, which indicates that the presence of 
organic solvent is essential for the formation 
of the molybdodiphosphonate complex. The 
voltammetric wave increased in height as the 
concentration of organic solvent was increased, 
until two separate phases resulted. In the pres- 
ence of 1,4-dioxan or ethanol, on the other 
hand, the voltammetric waves due to the re- 
duction of the 12-molybdodiphosphonate com- 
plex were not observed. 

The effect of the phosphonate concentration 
was also investigated. With an increase of the 

24 

a 14 

i 

(3 10 

8 

6 

0’-3040 

COrponic solvent 3 /% (v/v I 

Fig. 5. Effect of concentration of organic solvents on the 
first normal pulse voltammetric reduction current for a 
5Om~ Mo(VI)-O.4M HCl4.5mM phosphonate system 

containing (a) acetone, (b) acetonitrile. 

phosphonate concentration while other con- 
ditions were kept unchanged, the yellow colour 
due to the 12-molybdodiphosphonate complex 
gradually decreased. Simultaneously the cyclic 
voltam~rogram was distorted, with a current 
decrease. These results suggest decomposition 
of the 12-molybdodiphosphonate complex. In a 
previous study,i6 we isolated a colourless 6- 
molybdopentaphosphonate complex formu- 
lated as Na~H~[(C*H~)~~~(HP)~ Mo,O,, from 
an Mo~~H~~~ system confining acetone. 
The colourless complex is not electrochemically 
reduced. It is concluded that the 12-molyb- 
dodiphosphonate complex is stable only in the 
presence of a large excess of Mo(V1). 

On the basis of these findings, a 5OntM 
Mo~I~.5~ HCl-70% (v/v) CH,CN system 
was selected as optimum for the voltammetric 
determination of phosphonate ion. It was found 
that the normal pulse polarographic limiting 
currents of the first wave were linearly depen- 
dent on the phosphonate con~ntration in 
the range 1 x lO-s-l x 10V3M; the calibration 
line curves downwards at above 1 x 10m3N 
under these conditions. An advantage of this 
method is that removal of dissolved oxygen 
from the solution is not required because the 
reduction potentials of the 12-moly~odiphos- 
phonate complex are more positive than those 
of oxygen. 

Thus, the present study has shown that phos- 
phonate ion can be determined directly as a 
heteropoly complex, without prior oxidation to 
o~hophosphate ion. The proposed voltammet- 
ric method is promising for practical uses, e.g., 
as a detection system for high-performance 
liquid chromatography. 
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Summary-A highly sensitive and novel polarographic method has been developed for determination of 
ultratrace. amounts of osmium, based on the catalysis of the cerium(I~arsenic(III) reaction by osmium- 
(VIII). The reaction rate is monitored by measuring the arsenic(III) with a single-sweep oscillopolaro- 
graph. Osmium concentrations from 7.0 x 10-i’ to 5.0 x 10V9M can be determined by the initial rate 
method. The method has been applied to determination of osmium in refined ore and chlorination residues 
with satisfactory results. 

Because osmium ions are easily reduced by 
mercury, they are rarely determined polaro- 
graphically.‘-3 Catalytic kinetic methods are of 
very high sensitivity for the determination of 
osmium.4-8 Recently, iron,’ vanadium,‘&” 
manganese’3*‘4 and silver’5*‘6 have been deter- 
mined by polarographic monitoring of their 
catalytic reactions. The present study was un- 
dertaken to find whether a similar method could 
be used for osmium. It has been found that the 
cerium(IV)-arsenic(III)-osmium(VIII) system 
can be utilized for the purpose. In the present 
work, single-sweep oscillopolarography was 
used to monitor the changes in concentration 
of arsenic(II1) by means of the wave at - 0.62 V. 
A novel and highly sensitive method has thus 
been developed for the determination of os- 
mium between 7.0 x lo-” and 5.0 x 10e9M. 
Good results were obtained when the method 
was applied to the determination of osmium in 
refined ore and chlorination residues. 

EXPERIMENTAL 

Reagents 

A O.OlM cerium(IV) solution in O.lM 
sulphuric acid, and a 100 pgg/ml arsenic(II1) 
solution are used. 

Standard solution of osmium (10 pg/ml). 
Weigh out 11.54 mg of (NH.&kC16 and place 
it in a 250-ml beaker. Add 50 ml of 10M 
sulphuric acid, heat till fumes have evolved for 
5 min, cool, then transfer to a 500-ml standard 

flask and dilute to the mark with doubly dis- 
tilled water. The solution is stable for 40 days. 
Prepare working solutions by dilution shortly 
before use. 

Apparatus 

A model JP-2 oscillopolarograph (Chendu 
Instrumental Factory) with a three-electrode 
system (dropping mercury electrode, SCE and 
platinum electrode) was used, with a lo-ml 
constant-temperature polarographic cell.” 

General procedure 

In the polarographic cell, place 0.20 ml of 
10M sulphuric acid, 0.20 ml of 100 ,ug/ml 
As(III), 0.50 ml of 5% mercuric sulphate sol- 
ution and 7.0 x 10-‘3-5.0 x 10-i’ mole of os- 
mium, then dilute to 9.0 ml with water. Keep the 
temperature of the cell at 25”. After 5 min add 
1.0 ml of O.OlM cerium(IV) (also at 25”) and 
mix. Set the initial scanning potential at -0.40 
V and the scan in the negative direction. Record 
the second-derivative of the peak current (1;) as 
a function of time. Plot the slopes of the initial 
straight-line portion of these curves against 
osmium concentration to prepare a calibration 
graph. Run a reagent blank in the same way. 

Sample preparation” 

Weigh accurately a 0.1-g sample, mix it with 
5 g of sodium peroxide and heat at 700” for 
about 15 min. Cool, leach the cooled melt with 
water, transfer the solution into a distillation 
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Fig. 1. The second-derivative of the single-sweep oscillo- 
graphic wave for As(II1): A, uncatalysed reaction (reaction 
time, 4 mitt); B, catalysed reaction (2.0 x 10e9M OS, reac- 

tion time 4 min). 

flask and acidify with 10M sulphuric acid. Add 
hydrogen peroxide as selective oxidant, and 
distil the osmium as 0~0, into dilute sodium 
hydroxide solution. Acidify the distillate with 
dilute sulphuric acid, transfer it into a 500-ml 
standard flask and dilute to the mark with 
water. Analyse a suitable aliquot as described 
above, after further dilution if necessary. 

RESULTS AND DISCUSSION 

Ce(IV)-As(ZIZ)-Os( system 

This system has been studied spectrophoto- 
metrically by many workers.‘* The system for 
determination of osmium has high sensitivity 
and good selectivity, and low blank values. But 
relatively high concentrations of As(II1) are 
needed in these methods. 

It has been found that a sensitive polaro- 
graphic As(II1) wave appears at -0.62 V trs. 
SCE, and that As(V), Ce(IV), and Ce(II1) do 
not interfere with it. The reaction rate can thus 
be determined by oscillopolarographic monitor- 
ing of the depletion of As(II1) (Fig. 1). Os(VII1) 

0 1 2 3 
t, min 

Fig. 2. The second-derivative of the peak current vs. time: 
A, uncatalysed reaction; B, catalysed reaction (1.0 x 10W9M 

OS). 

Fig. 3. Variation of initial rate with concentration of H,SO, . 
A, uncatalysed reaction; B, catalysed reaction (5.0 x lo-ioM 

OS). 

and OS(W) both have the same catalytic effect 
on the reaction. Figure 1 shows the second-de- 
rivative of the wave for As(II1) in the un- 
catalysed and catalysed reaction systems. Figure 
2 shows the second derivative us. time curve for 
the catalysed and uncatalysed reactions. 

Polarographic character of As(IZZ) 

Under the experimental conditions used, the 
peak current is proportional to As(II1) concen- 
tration between 0.05 and 5.0 pg/ml, and is 
greater than that for the anodic wave. The 
electrocapillary curve is lower in the presence 
than in the absence of As(II1). The mean tem- 
perature coefficient is -2S%/deg. The wave 
disappears when poly(viny1 alcohol), cetyltri- 
methylammonium bromide, Triton X-10 or Tri- 
ton X-100 is present. These results indicate the 
adsorptive character of the peak for As(II1) at 
-0.62 V. 

Selection of acid 

The acids tested were sulphuric, phosphoric, 
perchloric, nitric and hydrochloric. Sulphuric 

B 
40 3 -C.--*-L 

E 30- 
\ 
‘: 
* 20 - 

45 
B 

10 - 
L,-.- 

.-0-0 
/-. 

I I I 
0 1 2 3 4 

CeUV), r10-3M 

Fig. 4. Variation of initial rate with concentration of cc(W). 
A, uncatalysed reaction; B, catalysed reaction (5.0 x lo-“M 

OS). 
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Fig. 5. Variation of initial rate with concentration of As(II1). 
A, uncatalysed reaction; B, catalysed reaction (5.0 x lo-“M 

OS). 
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Fig. 6. Effect of temperature. A, uncatalysed reaction; B, 
catalysed reaction (5.0 x lo-“M OS). 

acid gave a lower blank than the others and was 
chosen for use. Figure 3 shows that the rates of 
both the catalysed and uncatalysed reactions 
decrease with increase in sulphuric acid concen- 
tration, but the effect is more pronounced for 
the catalysed reaction. A concentration of 0.2M 
sulphuric acid was selected. 

InfIuence of reagent concentrations 

The effect of variation of the Ce(IV) concen- 
tration on the rate is shown in Fig. 4. The 
uncatalysed reaction rate increases slowly with 
Ce(IV) concentration, but that of the catalysed 

Table 1. Intluence of foreign ions on determination of 
5.0 x 10-‘Oll4 0s 

Molar 
tolerance 
ratio, 

0onMW Ion added 

1000 Li(I), Be(B), Sr(II), Ba(II), Ca(II), Cd(H), 
Al(W), Fe(III), Cr(III), Ni(II), Cu(II), Pb(II), 
Sb(III), Zn(II), V(V), Bi(III), Sn(II), F-, Br-, 
PO:-, ClO,-, Cl-, CH,OO- 

500 Mo(VI), W(W), SW), Mn(II), WIII), TKI), 
Rb(I), La(U), Zr(IV), Co(I1) 

200 Te(IV), S& , IO;, IO,, SCN- 
100 AgO), Au(III) 
60 I- 

reaction rate is not affected. A Ce(IV) concen- 
tration of O.OOlM, which gives a lower blank, 
was chosen as optimal. 

Increasing the As(II1) concentration increases 
the rates of both the catalysed and the un- 
catalysed reactions (Fig. 5), but the effect on 
the uncatalysed reaction rate is only slight. 
An As(II1) concentration of 2.0 pg/ml 
(2.67 x 105M) was selected. 

Influence of temperature 

The dependence of the reaction rate on tem- 
perature is shown in Fig. 6. A temperature of 
25” was selected, to decrease the blank. 

Eflect of foreign ions 

The interference of 40 foreign ions in the 
system was investigated with 5.0 x lo-“M OS. 
The results are summarized in Table 1. Other 
platinum metal ions interfere in the determi- 
nation when present at substantially higher 
concentration, but their interference can be 
eliminated by separation of OS as 0~0, by 
distillation under appropriate conditions. Ad- 
dition of 0.50 ml of 50 mg/ml mercuric sulphate 
solution was used to prevent the interference of 
iodide. 

Table 2. Analytical results and recovery 

Content, g/ton 

Sample 
OS added, OS found, Recovery, Spectrophotometric 

w w % This method method* 

Refined ore - 
1.00 
2.00 

Chlorination - 
residue 1.00 

2.00 

*Ce(lV)-As(III)Os(VIII) system. 

1.05 - 
2.00 95 
2.94 95 5.26 x 10’ 5.25 x 10) 
0.95 - 
1.86 91 
2.91 98 474 468 
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Calibration graph 2. P. Bcran, M. Burian and J. Dole&xl, Chem. Zuesfi, 1963, 

The initial rate method under optimal exper- 
17, 517. 

3. Y. Zhang and Y. Sheng, Gui-jin-shu, 1986, 7, 33. 
imental conditions gave a calibration graph that 4. H. Weisz and H. Ludwig, Anal. Chim. Ada, 1972, 60, 

was linear for osmium between 7.0 x lo-*’ and 385. 

5.0 x 10-9M. The relative standard deviation of 5. I. I. Alekseeva, N. K. Ignatova, A. P. Rysev and A. I. 

the method for 5.0 x 10-‘OM osmium was 2.4% 
Yakshinskii, Zh. Analit. Khim., 1974, 29, 335. 

(11 determinations). 
6. I. N. C. Ling and G. Svehla, Tafanta, 1984, 31, 61. 
7. E. G. Khomutova, N. A. Khvorostukhina, A. P. Rysev 

and I. N. Samulenkova, Zh. Analif. Khim., 1985, 40, 
301. 

Applications 8. A. E. Burgess and J. M. Ottaway, Talanta, 1975, 22, 

The results obtained for quintuplicate analy- 
401. 

9, 
sis of two samples are given in Table 2, and are 
in good agreement with those obtained by the 
spectrophotometric catalytic method. The re- 
covery of OS added to the samples was also 
determined, and the results are also given in 
Table 2. 

T. Nomura, J. Electroad. Chem. Interfac. Elecfro- 
them., 1981, 124, 213. 
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Summary-Some new pyraxolones have been synthesized and their copolymers with styrene, methyl- 
methacrylate and methacrylic acid prepared. The pyraxolones and their styrene and methylmethacrylate 
copolymers are insoluble in water but form chelate complexes with some alkaline-earth and transition 
metal ions. The water-soluble methacrylic acid copolymers do not form complexes with these elements, 
however, probably because of hydrogen-bonding of the chelating groups to the methacrylic acid carboxyl 
groups. Special attention was paid to the complexation of Au(III), which was assumed to proceed mainly 
through the nitrogen atoms of the pyrazolone ring. 

Several pyrazolone reagents are known to act as 
extractants and sorbents with good complexa- 
tion properties. ‘A They react with metal ions 
either through available chelating groups,z*3 or 
through the nitrogen atoms of the pyrazolone 
ring,5 providing selective or group complexation 
of metal ions, according to the conditions used. 

The polymerization of vinyl derivatives is 
widely used in the synthesis of ion-exchange 
resins, since it yields products of uniform struc- 
ture and high capacity.6 Chelating sorbents, 
however, have rarely been prepared by this 
procedure, owing to difficulties in the prep- 
aration of the monomers and to the complex 
nature of the polymerization.4 

The purpose of the present work was the ana- 
lytical characterization of the reagents 3-methyl- 
1-phenyl-4-crotonoylpyrazolone-5 (MPCP) and 
3 - methyl - I- phenyl - 4- cinnamoylpyrazolone - 5 
(MPCyP) and of their copolymers with styrene, 
methylmethacrylate and methacrylic acid. 

EXPERIMENTAL 

The pyrazolones were synthesized according 
to Todorova et al.’ Their purity was checked by 
TLC on Merck GFZS4 silica gel plates, with 
iron(II1) chloride as developing agent. The 
purity and molecular weights of the polymeric 
products were determined by gel-permeation 
chromatography on a Waters apparatus 

equipped with a WISP 712 automatic injector 
and either ultrastyragel columns with pore sizes 
of lo’, 104, lo3 and 500 A, or a linear ultrahy- 
drogel column. The structural studies were 
performed on samples in KBr discs or in 
chloroform solution with a Bruker IFS 113V 
Fourier transform IR spectrometer. The 
polymer composition was determined by 
elemental analysis for nitrogen and titrimetric 
analysis for carboxylic groups. The analytical 
characterization of the products involved 
studies of the pH-dependence, capacity and 
kinetics of complexation with various metal 
ions. The metal ion solutions (1 mg/ml) were 
prepared from Merck “Titrisol” solutions. 

Dependence of the distribution coeficients on pH 

Extraction studies. A 5-ml portion of solution 
at fixed pH (adjusted with hydrochloric acid or 
a buffer solution) containing 10 pg of the ana- 
lyte element and 1 ml of a 0.05% aqueous 
solution of the reagent were extracted with 5 ml 
of methyl isobutyl ketone (MIBK). The concen- 
tration of metal ion in the extract was deter- 
mined by flame atomic-absorption spectrometry 
(AAS). The degree of extraction R was calcu- 
lated from 

R= 
1 OOD 

D + K&g 

1081 
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where D is the distribution coefficient of the 
metal ion and I/orp and Vag are the volumes of 
the organic and aqueous phases, respectively. 

Sorption studies. A lo-mg portion of the 
sorbent was stirred with 10 ml of an aqueous 
solution (at fixed pH) containing 50 pg of the 
analyte element, until equilibrium was reached. 
The concentration of metal ion (Me) left in 
solution was determined by flame AAS. The 
distribution coefficient D was calculated from 

D= 
amount of Me on the sorbent 

amount of Me in solution 

ml of solution 

’ g of dry sorbent 

Sorption capacity 

The capacity was determined under the opti- 
mum sorption conditions by stirring 10 mg of 
the sorbent with a solution containing 1 mg of 
the metal ion until equilibrium was reached, and 
determining the residual concentration of metal 
ion in solution by flame AAS. 

RESULTS AND DISCUSSION 

Characterization of the monomeric andpolymeric 
products 

The reaction of 3-methyl-l-phenylpyrazolone- 
5 with crotonic and cinnamic acid chlorides 
yielded the compounds MPCP (1) and MPCyP 
(2) containing a chelating group of fl-diketonate 
type. The copolymerization of MPCP and MP- 
CyP with styrene (St), methylmethacrylate 
(MMA) or methacrylic acid (MAA) yielded 
products (3)-(8). The structures are shown in 
Scheme 1. 

In the infrared spectra of the copolymers, the 
vibrational bands characteristic for the pyra- 
zolone ring (1552-1484 cm-‘) were preserved, 
which indicates that the polymerization pro- 
ceeded through the double bond of the acyl 
residue of the monomers (1) and (2), without 
breakage of the pyrazolone ring. The 
vibrational bands of the carbonyl group (1600- 
1736 cm-‘) were also present in the spectra of 
the copolymers, which signified that the /?-dike- 
tonate chelating groups were preserved. As a 
result, the copolymers should exhibit complexa- 
tion behaviour analogous to that of the 
monomeric pyrazolones. 

The pyrazolone content and weight average 
molecular weights of the copolymers are pre- 
sented in Table 1. Clearly, the type of vinyl 
monomer strongly affects both characteristics. 

Table 1. Charactersitics of the copolymers 

Copolymer 
Pyrazolone, 

% 

Weight average 
molecular 

weight 

MPCP-St (3) 34.4 3.6 x 104 
MPCP-MMA (4) 10.5 3.8 x 104 
MPCP-MAA (5) 19.7 6.5 x 104 
MPCyP-St (6) 42.2 2.8 x lo4 
MPCyP-MMA (7) 11.2 1.5 x 104 
MPCyP-MAA (8) 50.3 5.7 x 104 

The products (3), (5), (6) and (8) were ob- 
tained in powdered form, (5) and (8) being 
water-soluble owing to the free carboxylic 
groups. Products (4) and (7) were obtained in 
film form. The solids did not swell noticeably in 
water. 

Extraction properties 

The extraction curves are shown in Fig. 1. 
Only the monomeric pyrazolones extracted all 
the metal ions examined. The polymers ex- 
tracted only Au(II1) to a significant extent. The 
crotonoyl derivative (MPCP) was more efficient 
than the cinnamoyl one, and its extraction 
efficiency was comparable to that of 1-phenyl-3- 
methyl-4-benzoylpyrazolone-5 (PMBP), which 
is the most widely used pyrazolone,‘s* forming 
chelate complexes of /?-diketonate type with the 
elements examined. Like PMBP, MPCP gives 
>95% extraction, but over a narrower pH 
range. This can be attributed to the MPCP 
complexes being less stable than those with 
PMBP, as a result of which hydrolysis prevails 
over complexation at higher pH values. The 
lack of extraction by products (5) and (8) can be 
attributed to blockage of the chelating groups 
by the free carboxylic groups of MAA, through 
intramolecular hydrogen bonding. The broad 
and intense band at 2500-3700 cm-’ (character- 
istic of hydrogen bonding) in the infra- 

1 

Fig. 1. Extraction curves for use of the pyrazolones MPCP 
(l), MPCyP (2) and the water-soluble copolymers 

MPCP-MAA (5) and MPCyP-MAA (8). 
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red spectra of these products supports this 
assumption. 

The extraction of Au(II1) (see Fig. l), is 
assumed to take place by another mechanism. It 
is known that pyrazolones readily react with 
Au(II1) not through the /I-diketonate groups, 
but through the nitrogen atoms of the 
pyrazolone ring.5g8 On the other hand, Au(II1) is 
extracted from hydrochloric acid medium by or- 
ganic oxygen-containing solvents (S), e.g., MIBK, 
as the solvated ion-pair H +[(H, O),S, AuCl,] - .9 
The greater extraction of Au(II1) by the two 
pyrazolones can be attributed to the co-ordina- 
tion of these reagents through the nitrogen 
atoms of the pyrazolone ring to Au(II1) by 
substitution for water molecules in the solvated 
complex anion. The polymeric reagents (5) and 
(8) were also co-ordinated to Au(II1) (a colour 
change in the aqueous phase was observed), but 
their limited solubility in both the acid and the 
organic phase caused the appearance of a third 
phase, which contained some of the extracted 
species (the presence of Au in the third phase 
was proved qualitatively). The solubility of the 
two pyrazolones and the polymeric reagents and 
of the corresponding complexes was lower in 
o-xylene than in MIBK, and a third phase 
containing the Au(II1) complexes was formed in 
all four cases. This would be in accord with the 
fact that o-xylene would be unable to solvate the 
AuCl; anion in the same way as MIBK. 

Sorption properties of the solid copolymers 

The dependences of the sorption efficiency on 
pH are shown in Fig. 2. Most of the elements 
tested were quantitatively sorbed from neutral 
or slightly alkaline medium. Pd(I1) was insignifi- 
cantly sorbed over the whole range examined. 
Au(II1) was quantitatively sorbed between pH 3 
and 7. 

The sorption efficiency of the copolymers was 
the same irrespective of the type of vinyl com- 
pound and of the form of the sorbent (powder 
or film). 

The sorption capacity of the sorbents was 
determined for Au(II1) and Mg. The expected 
and experimentally determined values are pre- 
sented in Table 2. The expected values were 

I. . . I I. * . . 
s 

013 5 7 
I. . . I 

13 5 7 1357P 

Fig. 2. Sorption curves for use of the solid copolymers. The 
curves are representative for all these reagents. 

calculated on the basis of a stoichiometric reac- 
tion between the sorbent and the metal ion, and 
the content of pyrazolone in the sorbent. 

The capacity found was higher than expected, 
and this is attributed to non-stoichiometric 
interaction, probably by sorption of metal ions 
at non-chelating active sites. Partial reduction of 
Au(II1) to Au(I) on the sorbent is also possible. 
The powdered sorbents had a higher capacity 
than the film sorbents. This could be attributed 
both to the lower content of pyrazolone com- 
ponent in the MMA-based copolymers (c$ 
Table 1) and to the lower accessibility of the 
functional groups in the dense structure of these 
copolymers. This will only affect the complete- 
ness of sorption at high concentrations. 

The kinetic studies also showed a difference 
between the powdered and film sorbents: con- 
tact for 3-5 min was sufficient for equilibrium to 
be reached with the powdered sorbents, whereas 
for the film sorbents equilibration required 2-3 
times longer contact. 

Complexation behaviour of the pyrazolones and 
the copolymers 

Comparison of Figs. 1 and 2 reveals that the 
complexation properties of the pyrazolone 
monomers are preserved in the solid copoly- 
mers, but not in the water-soluble copolymers. 

The difference between reagents (1) and (2) is 
a methyl (1) or phenyl (2) group in the side- 
chain of the molecule. These substituents affect 
the chelation properties of the pyrazolones but 
have no effect on the properties of the solid 

Table 2. Sorption capacity, meq/g 

MPCP-St MPCP-MMA MPCyP-St MPCyP-MMA 

Species Expected Found Expected Found Expected Found Expected Found 

Au 0.5 1.0 0.1 0.03 0.5 0.4 0.1 0.02 
Mg 0.7 7.3 0.2 1.2 0.7 6.7 0.2 0.4 
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copolymers. This may be attributed to delocal- 
ization of the electron density over the network 
of the solid copolymers. 

The same applies to the complexation with 
Au(II1) taking place through the nitrogen atoms 
of the pyrazolone ring. The difference in the 
extraction and sorption behaviour of the re- 
agents towards Au(II1) in the acidic range may 
also be related to the lower electron density of 
the pyrazolone rings in the structure of the solid 
copolymer. The increase in the degree of sorp- 
tion of Au(II1) in the pH range 3-7 correlates 
with the deprotonation of the /I-diketonate 
groups in this pH range, which leads to an 
increase in the electron density of the pyra- 
zolone ring and thus to an increase in the 
basicity of the nitrogen atoms. At pH > 7 
partial hydrolysis of Au(II1) takes place. 

CONCLUSIONS 

The reagents 3-methyl-l -phenyl4-crotonoyl- 
pyrazolone-5 and 3-methyl- 1 -phenyl4-cin- 
namoylpyrazolone-5 react with some transition 
elements, lead and palladium through chelating 
groups of /I-diketonate type and extract these 
elements from neutral or slightly alkaline 
medium. Selective extraction of gold takes 
place in acidic medium, through co-ordination 
with the nitrogen atoms of the pyrazolone ring. 

The complexation properties of the pyra- 
zolones and their solid copolymers with styrene 
and methylmethacrylate are analogous. These 
copolymers may be used for the simultaneous 
preconcentration of alkaline-earth and transi- 
tion metals, lead and gold from neutral medium. 

The chelating groups of the initial reagents 
are also preserved in the water-soluble 
methacrylic acid copolymers, but are blocked by 
hydrogen bonding to the carboxylic groups of 
the acid. 
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DERIVATIVES 

A. M. EL-BRASHY 

Department of Analytical Chemistry, Faculty of Pharmacy, Mansoura University, Mansoura, Egypt 

(Received 30 May 1989. Revised 30 May 1990. Accepted 14 June 1990) 

Summary-An indirect titrimetric method is described for the determination of chlorprothixene, 
methixene and thiothixene. A known and excessive volume of 24odylbenxoate is added and after a 
specified time the surplus is determined iodometrically. The method has been applied to the analysis of 
pharmaceutical preparations containing these drugs and the results obtained compare favourably with 
those from the pharmacopoeia1 methods. The method is simple, accurate and precise. 

Thioxanthene derivatives have gradually re- 
placed phenothiazines as neuroleptics.’ This 
paper describes the assay of three of them, 
chlorprothixene, methixene and thiothixene. 
There are many reports on their identification,2 
and their determination by precipitation,3s4 
titrimetry,5-9 colorimetry,10-‘4 fluorimetry,1s*‘6 
polarography,“*‘* gas chromatography’9v20 and 
high-pressure liquid chromatography.6*2’~22 In 
the present study, 2-iodylbenzoic acid is used 
for their determination. 

thiothixene to their corresponding sulphones 
and for their titrimetric determination in pure 
form or in formulations. The method has the 
advantage that it is applicable to small amounts 
of the compounds. 

Reagent 

The electrode potentials of the 2-iodyl- 
benzoate/2-iodosobenzoate system at 25” are 
1.33, 0.61 and 0.56 V at pH 1, 4 and 7 respect- 
ively, whereas those of the 2-iodosobenzoate/2- 
iodobenzoate system are 1.21, 0.53 and 0.48 V 
at these pH values. 2-Iodylbenzoate is reduced 
by a two-electron change to 2-iodosobenzoate, 
which may undergo a further two-electron 
change to yield 2-iodobenzoate.23 

2-Iodylbenzoic acid was prepared as de- 
scribed by Banerjee et aL2’ and used as a 
5 x 10e3M solution made by dissolving 1.4 g of 
the acid in about 6 ml of 1M potassium hydrox- 
ide and diluting to 1 litre with demineralized 
water. The solution was standardized iodo- 
metrically. 

H02C.C6H4.10, + 2H+ + 2e- 

-+H02C.C6H4.10 + H,O 

The pure drugs were obtained from several 
manufacturers. The purity of the chlorprothix- 
ene (NF grade), methixene hydrochloride and 
thiothixene (NF grade) was established by the 
official methods. Pharmaceutical preparations 
were obtained from commercial sources and 
analysed by the recommended official methods.6 

H02C.C6H4.10 + 2H+ + 2e- Procedure 

2-Iodosobenzoate has been used as a general 
oxidimetric titrant24 and 2-iodylbenzoate has 
been used for the determination of isoniazid in 
the presence of 4-aminosalicylic acid and 
vitamin C,23 and for the spectrophotometric 
determination of paracetamo125 and some 
phenothiazine derivatives.26 

In the present work, 2-iodylbenozate is 
used to oxidize chlorprothixene, methixene and 

Prepare a 1.0 mg/ml solution of the com- 
pound to be studied, in 3M hydrochloric acid 
(containing 20% v/v acetic acid for chlorpro- 
thixene). Add an aliquot of the solution to a 
known volume of 0.005M 2-iodylbenzoate sol- 
ution in a glass-stoppered Erlenmeyer flask. 
Shake the mixture occasionally and after the 
specified time (10 min for chlorprothixene and 
thiothixene, 15 min for methixene hydrochlor- 
ide), add 10 ml of 100 mg/ml potassium iodide 
solution and titrate the liberated iodine with 

EXPERIMENTAL 
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0.02M sodium thiosulphate, using starch as 
indicator. Repeat the experiment without the 
thioxanthene. 

Calculate the amount of drug present from 
the equation: 

Amount of drug (mg) = (V, - V2) MR/4 

where V, and VZ are the volumes of thiosulphate 
solution (ml) used in titration of the blank and 
sample respectively, R is the molecular weight of 
the drug and M is the molarity of the thiosul- 
phate solution. 

Assay of dosage forms 

Extract an accurately weighed amount of the 
pulverized tablets, equivalent to 100 mg of the 
drug, with three 20-ml portions of 3M hydro- 
chloric acid (containing 20% v/v acetic acid for 
taractan tablets). Filter the combined extracts 
into a loo-ml standard flask and dilute to 
volume with the solvent used. Transfer an accu- 
rately measured volume of this solution, equiv- 
alent to 5-12 mg of the drug, into an iodine flask 
and proceed as described above. 

RESULTS AND DISCUSSION 

2Iodylbenzoate (IODB) oxidizes the com- 
pounds studied to their corresponding sul- 
phones. 

Chlorprothixene 

CH-CH2-CH2-N 3 

&y’ ::a 
Thlothlxene Methlxene 

CH-Cl+CH2-N 

&y$2~ &yH 

The reaction can be represented by: 

-S- +HO&.C,H,.IOz 

+-SO,- +H02C.C6H,.I 

and the molar reaction ratio is 1: 1. The drugs 
studied can be determined either in bulk or in 
tablets (Tables 1 and 2). 

Hexa-amminocobalt(II1) tricarbonatocobal- 
tate(II1) oxidizes chlorprothixene and thiothix- 
ene only to their sulphoxides and methixene to 
its sulphone.* Dibromohydantoin, N-bromo- 
succinimide and N-bromophthalimide are re- 
ported to act as brominating agents in the 
titration of the three drugs? converting the 
tertiary nitrogen group into an N-bromo-de- 
rivative and not attacking the ring sulphur 
atom. The present work adds a new oxidizing 

Table 1. Determination of thioxanthene derivatives with 2-iodyl benzoate 

Proposed method OtTicial method6 

Mean Mean 
Taken, recovery, Taken, recovery, 

Compound mg % * mg %* 

Chlorprothixene 3 98.7 100 99.0 
5 99.8 200 98.3 
8 100.7 300 99.8 

10 100.1 
12 99.3 
15 99.3 

Mean f C.Vt recovery 99.7 + 0.7 99.0 f 0.8 

Methixene hydrochloride 3 100.9 100 100.7$ 
5 99.0 200 101.4 
8 99.5 300 99.2 

10 100.7 
12 98.8 
15 99.8 

Mean f C.V.t recovery 99.8 f 0.9 100.5 f 1.1 

Thiothixene 3 99.8 
5 101.0 100 102.2$ 
8 99.8 200 100.1 

10 100.3 300 100.1 
12 98.9 
15 100.6 

Mean f C.V.7 recovery 100.1 f 0.7 100.8 f 1.2 

*Results are the average of at least 3 separate experiments. 
tC.V. is the coefficient of variation. 
$Non-aqueous titration as for chlorprothixene.6 
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Table 2. Determination of thioxanthene derivatives in their dosage forms 

Proposed method 
official method6 

Taken, Mean mean 
Preparation mg recovery, %* recovery, %* 

Taractant 5 101.4 98.2 
(5 mg chlorprothixene per tablet) 8 98.7 98.6 

10 100.2 98.6 
Mean recovery f CV 100.1 f 1.3 98.5 f 0.2 

Navanl 5 100.3 1Ol.Q 
(10 mg thiothixene per tablet) 8 100.6 98.9 

10 101.0 99.0 
Mean + C.V. recovery 100.6 f 0.4 99.7 f 1.3 

Tremarilq 5 100.3 lOO.@ 
(5 mg methixene HCl per tablet) 8 99.8 101.4 

10 102.9 
Mean f C.V. recovery 99.?:0.7 101.4 f 1.5 

*Results are the average of 3 separate experiments. 
tHoffmann La Roche, Switzerland. 
$Pfixer, Inc., Brooklyn, New York. 
$Non-aqueous titration as for chlorprothixene.6 
TWander, Beme, Switzerland. 

Table 3. Statistical analysis between the proposed and official methods 

Methixene 
Chlorprothixene hydrochloride Thiothixene 

Proposed Official Proposed Gtlicial ROpOsed ofiicial 

No. of variates 3 3 6 3 
Mean recovery, % 9967 99.0 
Variance 0:so 0.58 

9968 

0:79 
100.5 100.0 100.8 

1.28 0.53 1.46 
Student-t 1.19* 0.99* 1.45* 
Variance ratio (F-test) 1.15* 1.61’ 2.75. 

*The tabulated values at P = 0.05 are 2.36 and 5.79 for the Student-t and F-test, respectively. 
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agent for conversion of these thioxanthenes into 
their sulphones. 

The results for determination of the pure 
compounds and analysis of their dosage forms 
are abridged in Tables 1 and 2 respectively, and 
are in good agreement with those obtained by 
the official USP methods6 Statistical analysis** 
of the results (Table 3) shows no significant 
differences in precision and accuracy between 
the proposed and official’ methods. Moreover, 
the proposed method is simpler than the official6 
methods, which recommend a non-aqueous 
titration for chlorprothixene, HPLC for thio- 
thixene and its tablets, and a tedious, lengthy 
procedure for chlorprothixene tablets. In ad- 
dition, small amounts (3-15 mg) of the drug 
can be determined with good results by the 
proposed procedure. 

When the chlorprothixene reaction product 
was chromatographed on a silica gel plate with 
30 mg/ml ammonium acetate solution in 
methanol-water (100 + 20) mixture it gave only 
one spot (R, 0.45), whereas chlorprothixene and 
chlorprothixene sulphoxide (prepared by oxi- 

TN. 37,11-E 

dation of the former with alkaline permanga- 
natei6), gave spots with RI values of 0.66 and 
0.55 respectively, so the reaction product is not 
the sulphoxidei6 but presumably the sulphone. 

The most striking feature of the reagent is its 
stability; in the dry form it is stable for many 
years, and in alkaline aqueous solution is stable 
for about 2 months and is thus recommended 
for use in routine analysis in control labora- 
tories. 
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Summary-The 1: 2 complexes formed between molybdenum and 7,8dihydroxy-4-methylcoumarin in the 
presence and absence of cetyltrimethylammonium bromide (CTAB) have been studied. The binary 
complex formed at pH 5.6-6.0 in the absence of CT’AB exhibits an absortion maximum at 360 in with 
a molar absorptivity of 5.1 x 104 l.mole-‘.cm-‘. The complex formed at pH 4.8-6.0 in the presence of 
CTAB has a molar absorptivity of 1.32 x IO5 1 .mole-’ .cm-’ at 400 nm, the wavelength of maximum 
absorption. Optimum conditions for complex formation were investigated and a rapid, sensitive and 
relatively selective method for the determination of up to -70% of MO in diverse alloys and steels is 
described. Small amounts of zirconium and tungsten interfere. 

The classical spectrophotometric methods for 
determination of molybdenum, based on its 
reaction with thiocyanate in the presence of a 
reducing agent’ and with toluene-3,4-dithiol,’ 
are not too selective, because they are subject 
to interference from many other elements. In 
recent years, various surfactants have been 
employed to enhance the sensitivity of spectro- 
photometric methods for molybdenum3-‘8 but 
many of these methods also lack selectivity 
because of the use of common unselective chro- 
mogenic reagents such as phenylfluorone and 
its derivatives”” and flavonols” (morin and 
quercetin). Little attention has been paid to 
the reaction of the isomeric coumarin-based 
chromogenic reagents with molybdenum and 
other metal ions. 

Consequently, the present study was under- 
taken to determine whether 7,8-dihydroxy-4- 
methylcoumarin (DHMC) might yield greater 
sensitivity and selectivity in the presence of 
various surfactants. This paper describes the 
results of these studies and a new rapid method 
for the determination of molybenum in diverse 
alloys and steels. 

*To whom all correspondence should be addressed. 

Reagents 
EXPERIMENTAL 

All chemicals used were analytical-reagent 
grade and doubly distilled water was used 
throughout. 

7,8-Dihydroxy-4-methylcoumarin (DHMC) 
was synthesized according to Horn’s pro- 
cedureM and recrystallized from methanol (m.p. 
236”). The purity of the reagent was checked by 
paper chromatography with 1:4 v/v diethyl 
ether-petroleum ether (b.p. 40-60”) mixture as 
eluent. A single yellow band was obtained for 
the pure product and elemental analysis showed 
that the purity was >99%, (calculated, C 
62.50%, H 4.17%; found, C 62.4%, H 4.1%). 
No changes in the structure of the solid reagent 
occurred within one year, as shown by infrared, 
ultraviolet and NMR spectroscopic measure- 
ments. A 5 x 10m3M solution of the reagent was 
prepared by dissolving 0.3300 g in 85 ml of 
warm methanol and diluting to 250 ml with 
water. This solution was stable for more than 
two weeks. 

Molybahum(VI) solution, IO-%I. Prepared 
by dissolving 1.2359 g of ammonium hepta- 
molybdate tetrahydrate in water and diluting 
the solution to 1 litre. The solution was stan- 
dardized complexometrically*’ and a working 
solution was prepared by dilution. 
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Cetyltrimethylammonium bromide (CTAB) 
solution, 10-34. Prepared by dissolving 1.822 g 
of CTAB in warm water and diluting the sol- 
ution to 500 ml. 

Acetate buffer, pH 5.8. Prepared by mixing 
equal volumes of 0.75M sodium acetate and 
0.05M acetic acid. The pH was adjusted by 
addition of small amounts of concentrated 
sodium hydroxide solution or glacial acetic 
acid. 

EDTA solution, 0. I M. 
Mixed acid solution. Prepared by adding 150 

ml of concentrated phosphoric acid and 150 ml 
of concentrated nitric acid to 700 ml of concen- 
trated perchloric acid, with stirring. 

Sulphuric acid, 50% v/v. 

Apparatus 

A Perkin-Elmer Lambda 3B double-beam 
spectrophotometer and l-cm fused-silica cells 
were used for the absorbance measurements. 
The pH measurements were made with a Schott 
Gergte CG 710 pH-meter and an N37A combi- 
nation glass*alomel electrode. 

Determination of molybdenum in alloys and steels 

Decompose an accurately weighed amount of 
sample, containing up to to 30 mg of molyb- 
denum, as described in the ASTM procedure for 
steels,** by heating g ently with 30 ml of the 
mixed acid solution. Evaporate the solution to 
fumes of perchloric acid, then add 1.5 ml of 
concentrated hydrochloric acid and evaporate 
to fumes again to volatilize chromyl chloride. 
Repeat the addition of hydrochloric acid and 
the fuming step until no more red fumes are 
evolved, then evaporate the solution to ca. 15 
ml, cool and add 50 ml of water and 70 ml of 
50% v/v sulphuric acid. Heat the solution to 
boiling, then cool it to room temperature in a 
water-bath and dilute it to volume with water 
in a I-litre standard flask. Transfer up to 
0.5 ml of this solution to a 25-ml standard flask, 

add 0.5 ml of O.lM EDTA, 2 ml of 5 x 10e3M 
DHMC and 5 ml of O.OlM CTAB and dilute to 
volume with acetate buffer (pH 5.8). Mix 
thoroughly, allow the solution to stand for 
5 min, then measure the absorbance at 
400 nm in l-cm cells against a similarly prepared 
reagent blank. Determine the molybdenum 
concentration by reference to a calibration 
curve covering the range O-O.6 pgg/ml 
molybdenum. 

RESULTS AND DISCUSSION 

Eflect of direrent surfactants 

From Table 1, which shows the effect of 
different types of surfactants on the absorption 
characteristics of the molybdenum DHMC 
complex, it is apparent that the anionic and 
non-ionic surfactants tested were relatively in- 
effective in sensitizing the complex. However, 
the cationic surfactants tested resulted in 
N 2-2.5-fold increases in sensitivity, with 
bathochromic shifts of -30-40 nm in the ab- 
sorption maximum. Because CTAB yielded the 
greatest increase in sensitivity, it was chosen for 
further work. 

Figure 1 shows the absorption spectra of 
the molybdenum DHMC complexes formed in 
the absence (curve III) and presence (curve IV) 
of CTAB and those of the corresponding re- 
agent blanks (curves I and II, respectively), 
which do not absorb to any significant extent 
at the wavelengths of maximum absorption 
(360 and 400 nm, respectively) of the two 
complexes. Increasing the ionic strength of the 
test solutions from 0.2 to 0.4M had no effect 
on complex formation, and the addition of 
hydroxylamine hydrochloride or ascorbic acid 
in 500-700-fold molar ratio to molybdenum did 
not produce any spectral changes, suggesting 
that both Mo(V1) and MO(V) form similar 
complexes. 

Table 1. Effect of surfactants on the absorbance of the molybdenum DHMC complex* 

1, mu, 6, 
Surfactant Type nm Absorbance I.mole-’ .c111-’ 

None - 360 0.204 5.10 x lo4 
Cetyltrimethylammonium bromide (CTAB) cationic 400 0.528 1.32 x lo5 
Cetylpyridinium bromide (CPB) cationic 390 0.416 1.04 x 105 
Tetradecyldimethylbenzylammonium chloride (Zephiramine) cationic 400 0.484 1.21 x 105 
Polyoxyethylene-p-rerr-octylphenol (Triton X-100) non-ionic 360 0.230 5.15 x lo4 
Ethoxylated fatty alcohol (Emulsifier S) non-ionic 360 0.235 5.87 x lo4 
Sodium lauryl sulphate (SLS) anionic 360 0.185 4.62 x lo4 
Sodium alkylbenzene sulphonate (SAS) anionic 360 0.169 4.22 x lo4 

*Taken: 4 x 10e6M MO, 4 x 10e4M DHMC and 2 x lo-)M surfactant (1% for non-ionic types) at pH 5.8; l-cm 
cells. 
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and 1.32 x lo5 l.mole-‘.cm-‘. The detection 
limit found was O.O16pg/ml molybdenum. 

Stoichiometry of the complexes 

340 380 420 460 500 540 

Wavelength (nm) 

The mole-ratio method could not be used to 
determine the composition of the complexes 
formed in the absence and presence of CTAB, 
because the broad dependence of the ab- 
sorbance on the mole fraction of MO limited 
accurate evaluation of the metal to ligand ratio. 
However, the continuous-variations method in- 
dicated a metal to ligand ratio of 1:2 for both 
complexes. The binary complex formed in the 
absence of CTAB was retained on an anion-ex- 
changer, indicating that it is negatively charged. 
Infrared measurements on the solid complex 
confirmed the presence of both Mo=O and 
Mo-0 bonds.24 On the basis of these data, the 
following structure is proposed: 

Fig. 1. Absorption spectra of molybdenum DHMC 
complexes in the presence and absence of CTAB. MO] = 
4 x 10-6M; [DHMC] = 4 x 10-4M; [CTAB] = 2 x 10-3M; 
pH = 5.8; l-cm cells. (I) Reagent blank in the absence of 
CTAB, us. buffer solution; (II) reagent blank in the presence 
of CTAB, vs. CTAB + buffer solution; (III) MO complex in 
the absence of CTAB, us. reagent blank; (IV) MO complex 

in the presence of CTAB, vs. reagent blank. 

Factors influencing complex formation 

Tests showed that the optimum pH ranges for 
the molybdenum complexes formed in the ab- 
sence and presence of CTAB are 5.6-6.0 and 
4.8-6.0, respectively. In these tests the pH was 
controlled by using 0.4M acetate buffers of 
different pH. The optimum DHMC concen- 
tration was found to be l-5 x 10e4M for both 
systems and maximum sensitization of the 
complex occurred at CTAB concentration 
> 1 x 10e3M. Consequently, a pH of 5.8 and 
DHMC and CTAB concentrations of 4 x 10e4 
and 2 x 10e3M, respectively, were chosen for 
subsequent work. 

The critical micelle concentration (CMC) of 
CTAB under these experimental conditions, as 
determined by conventional surface tension 
measurements, was 9.4 f 0.2 x lo-‘M, which 
* in good agreement with the value 
i.2 x 10e4M) reported by Mukherjee and 
Mysels.23 The formation of the complexes in the 
absence and presence of CTAB was instan- 
taneous at room temperature and the ab- 
sorbances remained constant for up to 90 and 
150 min, respectively. Beer’s law was obeyed for 
up to 0.6 pg/ml molybdenum both in the ab- 
sence and presence of CTAB, and the corre- 
sponding molar absorptivities were 5.1 x 104 

Similar structures have been proposed for the 
formation of molybdate-hydroxamic acid com- 
plexes.*“’ 

Effect of diverse ions 

Tests showed that up to a 700-fold molar 
ratio (to MO) of Co*+, 500-fold ratio of Ba, Cd, 
La, Mg, Zn, I-, SCN-, S20:-, SO:-, malonate 
and oxalate, and lOO-fold ratio of Ag, As(V), 
Ca, Hg2+, Mn*+, Sr, F- and PO:- did not 
interfere in the determination of 7.5 pg of 
molybdenum. 

In the presence of 0.5 ml of O.lM EDTA as 
masking agent, up to a 500-fold ratio of Al, 
300-fold ratio of Cu*+ and Ni*+, 200-fold ratio 
of Cr3+ and Fe3+ a 50-fold ratio of V(V) and 
15-fold ratio of Pi*+ and Ti4+ do not interfere. 
However, Zr“+ and W(V1) interfere seriously 
and can only be present in 7- and 2-fold ratio to 
MO, respectively. 

Applications 

Table 2 shows that the results obtained by the 
proposed method for molybdenum in various 
diverse alloys and low and high alloy steels are 
in excellent agreement with those obtained by 
the ASTM method** involving spectrophoto- 
metric measurement of the butyl acetate extract 
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Table 2. Determination of molybdenum in alloys and steels 

Molybdenum found, % 

By ASTM 
Comoosition. % method This work’ Samole 

Cobalt-chromium alloy Si 0.2: Mn 0.2: 

Cobalt-chromium-nickel alloy 

Nickel-chromium alloy 

Nickel-chromium-molybdenum alloy 

Ferromolybdenum 

Low alloy steel 

Low alloy steel 

Low alloy steel 

Low alloy steel 

High alloy steel 

High carbon chromium steel 

Low carbon chromium steel 

Low carbon molybdenum steel 

Al 0.i; Fe 0.9;~ 
Ni 1.7; Cr 28.2; 
Co 62.9 
Si 0.4; Fe 1.5; 
Ni 14.9; Cr 26.9; 
Co 50.6 
Si 0.4; Mn 1.3; 
Fe 6.8; Cr 22.0; 
Ni 63.0 
Si 0.4; Mn 0.3; 
Fe 5.0; W 4.4; 
Cr 15.4; Ni 57.5 
C 0.2; Si 0.2; 
Cu 0.1; Fe 27.0 
C 0.1; Cr 0.1; 
cu 0.3; w 0.1; 
Ti 0.1; Fe 99.0 
C 0.4; Mn 0.9; 
Si 0.3; Ni 0.5; 
Cr 0.5; Fe 97.0 
C 0.1; Mn 0.6; 
Si 0.5; Cr 1.4; 
Cu 0.2; Fe 96.6 
C 0.1; Mn 0.1; 
Si 1.0; Cr 1.3; 
cu 0.2; v 0.4; 
Ni 0.6; Fe 95.2 
C 1.5; Mn 0.1; 
Si 0.6; Cr 4.8; 
cu 0.1; v 0.9; 
Fe 90.8 
C 1.6; Si 0.4; 
Cr 12.1; Fe 84.6 
C 0.3; Mn 0.1; 
Si 0.3; V 1.2; 
Cr 5.2; Fe 91.3 
C 0.6; Si 0.3; 
W 1.4; Cr 3.9; 
V 1.1; Fe 84.7 

5.64 

5.39 5.40 f 0.01 

6.12 6.11 kO.1 

16.85 16.83 f 0.04 

12.23 72.18 f 0.12 

0.10 0.10 f o.OOt 

0.26 0.26 * O.OOt 

0.50 0.50 + 0.00 

0.83 0.83 f 0.00 

0.95 0.95 f 0.00 

0.97 0.97 f 0.08 

1.42 1.42 f 0.01 

7.86 7.84 f 0.02 

5.64 f 0.01 

*Mean f standard deviation of five values. 
tMolybdenum separated by a-benzoinoxime extraction.** 

of the molybdenum thiocyanate complex. For 
steels containing ~0.5% of molybdenum, the 
preliminary separation of molybdenum from 
the matrix elements by chloroform extraction of 
the a-benzoinoxime complex, as described by 
Donaldson,” was necessary. The extract was 
evaporated to dryness in a water-bath, the 
residue was treated with 2 ml of concentrated 
nitric acid to destroy organic material and the 
solution was evaporated to dryness. The result- 
ing residue was dissolved in the minimum 
amount of O.OlM hydrochloric acid, 0.5 ml of 
O.lM EDTA solution was added and molyb- 
denum was determined as described in the pro- 
posed method. 

Table 3 shows that the proposed method is 
more sensitive than many other methods involv- 
ing the use of surfactants and common chro- 
mogenic reagents such as Catechol Violet, and 
derivatives of gallein and phenylfluorone. It 
is also more selective than those methods. 
Methods involving the use of o-hydroxy- 
hydroquinonephthalein and salicylfluorone in 
conjunction with LT-221 and CTAB, respect- 
ively, are slightly more sensitive. 

Acknowledgements-The authors thank Helwan Engin- 
eering Industries, General Metal Co., Delta Steel Mill and 
Egyptian Iron and Steel Co. (Cairo, Egypt) for providing 
the alloy and steel samples. 
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Table 3. Spectrophotometric characteristics of molybdenum complexes in micellar media 

Reagent surfactant* k9 l(r x I.?&?-‘.cm-’ Reference 

Catechol Violet CTAB 4.60 3 
Pyrocatechol Violet? DMBAC 560 6.25 4 
Pyrocatechol Violet Zephiramine 690 4.24 5 
Gallein CTAB 618 3.69 6 
Dibromogallein PPGSA 642 10.8 I 
Dibromoalixarin Violet CfAB 635 12.0 10 
Sodium 2-bromo-4,5-dihydroxyaxobenxene-4’-sulphonate CTAC 525 6.10 11 
o-Hydroxyhydroquinonephthalein LT-22 1 520 13.7 12 
6,7-Dihydroxy-2-phenylbenzopyrylium chloride CP 525 7.01 13 
Phenylfluorone Tween 80 536 10.6 14 
Phenylfluorone Triton X-100 520 11.1 15 
4,5I%bromophenylfluorone CTAB 538 12.0 16 
Salicvlfluorone CTAB 530 14.0 17 
Thiocyanate 
7,8-Dihydroxy-4-methylcoumarin 

Triton X-100 468 1.70 
CTAB 400 13.2 

18 
Proposed 
method 

*Dialkylmethylbenxylammonium chloride (DMBAC); poly@ropylene oxide)-a -stearyldimethylammonium chloride 
(PPOSA); cetyltrimethylammonium chloride (CTAC); polyoxyethylene sorbitan monolaurate (LT-221); cctylpyridinium 
(CP); polyoxyethylene sorbitan mono-oleate (Tween 80). For others see Table 1. 

TExtraction procedure. 
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Smmary-A method for determination of titanium by a reverse titration with EDTA in the presence of 
hydrogen peroxide, with 2-(5-chloro-2-pyridylazo)-5-dimethylaminophenol as indicator, is presented, use 
of the method for analysis of titanium paints is also described. 

Direct methods for complexometric titration 
of titanium are uncommon, although various 
means of end-point detection have been devel- 
oped.im3 The usual methods are indirect, with 
back-titration of excess of EDTA with various 
cations.4*5 

It has been shown that most of the indirect 
back-titration methods which do not use hydro- 
gen peroxide suffer from errors due to the 
precipitation of hydrous titanium oxide, which 
begins to form at pH 2.6 A possible mechanism 
for this side-reaction is the initial formation of 
a titanium-EDTA-oxo (or hydroxo) complex, 
followed by polymerization through oxygen 
bridges. This process would continue by the 
formation of sufficiently large aggregates to 
produce colloidal hydrous titanium oxide and 
finally a precipitate. Adding hydrogen peroxide’ 
to a Ti(IV) solution containing EDTA inhibits 
the precipitation and the solution remains clear 
during the titration. There is also a stabilizing 
effect of hydrogen peroxide on the Ti(IV)- 
EDTA complex by formation of ternary 
Ti(IV)-hydrogen peroxide-EDTA complexes, 
in which hydrogen peroxide displaces the 
0x0 (or hydroxo) group in the Ti(IV)-EDTA 
complex. 

The most frequently used metallochromic 
indicators are PAN or Calcein,9*‘o Xylenol 
Orange,” Methylthymol Blue and Methyl- 
calcein Blue.5 The titrants are EDTA and 
DCTA; the latter has the advantage of greater 
selectivity when Nb(V),12 Ta(V)13 and V(V)” are 
present, though the reaction is said to be slower 
than that with EDTA.4 The method has also 
been combined with a prior separation step to 
increase its range of application. 

In previous work” we noted the formation of 
a ternary complex between 2-(5chloropyridyl- 
azo)-5-dimethylaminophenol (5-CIDMPAP), 
hydrogen peroxide and Ti(IV) in buffered 
aqueous ethanol solutions at pH 5.5. This reac- 
tion is instantaneous, yielding a 1: 2: 2 Ti(IV)- 
hydrogen peroxide-5-ClDMPAP ternary com- 
plex. The complex is purple, with maximum 
absorption at 534 nm; its molar absorptivity 
is 4.59 x 104 l.mole-’ .cm-‘. The stability con- 
stant is 3.47 x IO”. The complex remains stable 
for up to an hour. 

In the present work we show the feasibility 
of using this pyridylazo reagent as indicator 
in the reverse complexometric determination of 
Ti(IV), since the stability constant of the 
complex is considerably lower than that 
of the ternary Ti(IV)-H,O,-EDTA complex 
(2.51 x 1020).s 

EXPERIMENTAL 

Reagents 

5-CIDMPAP was prepared by coupling m- 
dimethylaminophenol with sodium 5-chloro-2- 
pyridyldiazotate, according to the method of 
Shibata et a1.,16 and purified by repeated dissol- 
ution-reprecipitation cycles with aqueous 
ethanol. A 25% solution of the pure material 
was prepared, and further diluted with ethanol 
as required. All solutions were kept away from 
light. A 5 x 10m4M solution is stable for at least 
25 days. 

A standard Ti(IV) solution was prepared 
according to Roseman and Thornton.” To 
obtain reproducible results the solution must be 
prepared daily. 

TAL 3711 I-P 1097 
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A 30% hydrogen peroxide solution was pre- 
pared by dilution of a “200 volume” solution. 

A 0.01 M EDTA solution was prepared by 
dissolving the salt in distilled water, and stan- 
dardized by potentiometric titration with a stan- 
dard Cu(I1) solution. 

A 0.05M acetic acid-ammonium acetate 
buffer (pH 5.5) was prepared. 

Apparatus 

Spectrometric titrations were done with 
special cells built according to Sweetser and 
Bricker,‘* a Varian spectrophotometer, model 
634, and a Metrohm Dosimat F422-P automatic 
burette. 

Procedure 

A preliminary titration is needed to establish 
the volume of strong base required to keep the 
pH of the titrant solution between 5 and 5.5 
near the end-point. For this, place 5.0 ml of 
O.OlM EDTA, 3 ml of 30% hydrogen peroxide, 
and 0.4 ml of 0.003M indicator in a 250-ml 
conical flask. Add 40 ml of buffer solution 
(pH 5.5) and an equivalent amount of the Ti(IV) 
solution in sulphuric acid medium and measure 
the pH near the end-point. Find the volume of 
2M sodium hydroxide needed to restore the pH 
to 5.5. 

For the determination place 5.0 ml of O.OlM 
EDTA, 3 ml of 30% hydrogen peroxide and 
0.4 ml of 0.003M indicator in the special cell for 
spectrometric titrations. Add 40 ml of the buffer 
and the volume of 2M sodium hydroxide deter- 
mined as above. Dilute to 100 ml with distilled 
water and titrate with the sample Ti(IV) sol- 
ution, monitoring the absorbance at 534 nm. 

The end-point can also be detected visually, 
the colour change being from yellow to violet; 
the solution must be vigorously stirred through- 
out the titration. 

Analysis of paint 

Weigh out a sample of paint containing be- 
tween 100 and 200 mg of TiO, and place it in a 
250-ml conical flask. Moisten the sample with a 
few drops of alcohol, add 40 ml of hydrochloric 
acid (1 + 1) and boil gently for 5-10 min. Dilute 
the contents of the flask to 100 ml with hot 
water, boil for a few minutes, filter (paper), and 
wash with 100 ml of hot water. 

Transfer the insoluble material (TiO,, silica, 
silicates) into a 250-ml conical flask. Add 20 ml 
of concentrated sulphuric acid and 10 g of 
ammonium sulphate. Mix well, and heat until 

I I I 
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nm 

Fig. 1. Spectra of (1) 5-CIDMPAP; (2) Ti(IwH,O,-EDTA; 
(3) Ti(IV)-H,O,S-ClDMPAP. 

white fumes appear. Cool, dilute to about 
100 ml, filter with a sintered glass filter, and 
wash the residue with 5% v/v sulphuric acid and 
hot water. Treat the residue with sulphuric acid 
in the same way and combine the filtrates. 
Dilute the solution to volume in a standard flask 
of suitable size and apply the determination 
procedure. 

RESULTS AND DISCUSSION 

In the presence of hydrogen peroxide and 
5-ClDMPAP, Ti(IV) forms three ternary com- 
plex species with compositions varying accord- 
ing to the pH of the medium. In the present 
work, the complex formed between pH 2.5 and 
6.5, which has maximum absorbance at 534 nm, 
was selected because it has the highest molar 
absorptivity. Figure 1 shows the spectra of (1) 
the indicator, (2) the Ti(IV)-H,O,-EDTA com- 
plex, and (3) the Ti(IV)-H,O,-5ClDMPAP 
complex. 

To determine the optimum pH for the 
direct titration of Ti(IV), several spectrometric 
titrations at different pH values (between 1 and 
6.5) were performed. From the resulting curves, 
shown in Fig. 2, a pH of 5.5 was selected for use, 
as giving the greatest increase in absorbance. 

The optimum indicator concentration was 
similarly selected. Titrations with different con- 
centrations of indicator showed that a final 
indicator concentration of about lo-‘M is best, 
giving an adequate absorbance change and very 
good definition. Higher concentrations render 
the absorbance measurements practically im- 
possible and lower ones do not define the 
end-point adequately. 

It was not necessary to use a large volume of 
ethanol to keep the various species in solution, 
since all the reactants were present at low 
concentration. It was found experimentally that 
0.04% v/v ethanol was enough to keep all 
species soluble. 
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Fig. 2. Effect of pH on the spectrophotometric titration 
of Ti(IV). (1) pH l-2; (2) pH 2.5-3; (3) pH 4.5; (4) pH 5.5; 

(5) pH 6.5; (6) pH 9. 

The effect of ionic strength was tested up 
to 1M concentration of sodium perchlorate, 
nitrate, chloride, acetate, sulphate or iodide as 
inert electrolyte, and no difficulties were experi- 
enced. When PAN is used as indicator, however, 
the buffer concentration should be kept as low 
as possible, because of ionic strength effects on 
the detection of the end-point. 

Table 1 shows the optimal conditions for 
reverse titration of Ti(IV) with EDTA in 
the presence of hydrogen peroxide, with 
Cu(II)-PAN and 5ClDMPAP as indicators. 
Table 2 shows the results obtained for Ti(IV) by 
use of the methods proposed here and the 
Wilkins procedure.’ 

Use of DCTA as complexing agent gave 
similar results to those obtained with EDTA, 
with regard to the titration characteristics. 

Under the conditions required for the com- 
plexation of Ti(IV) with 5-ClDMPAP and hy- 
drogen peroxide, some other metal ions also 
give coloured products. Also, the selectivity is 
poor, as is usual in complexometric methods 

Table 2. A comparison of results obtained in the visual 
titration of Ti(IV), with 5-CIDMPAP as indicator, by the 

Wilkins method and the present method (6 replicates) 

Ti(IV) found, mg 

Ti(V) present, Present Wilkins 
mg method Std. devn. method Std. devn. 

0.48 0.47 0.02 0.46 0.02 
4.79 4.78 0.02 4.76 0.02 
9.58 9.57 0.01 9.56 0.02 

23.95 23.94 0.01 23.91 0.02 
47.90 47.90 0.01 47.85 0.02 
95.80 95.80 0.01 95.70 0.02 

using EDTA. However, the interference pro- 
duced by Nb, Ta and V can be eliminated by 
using DCTA instead of EDTA. As the aim of 
the work was to develop a methodology for 
determination of titanium in samples of diverse 
composition, use was made of our previously 
developed methodi for dealing with the inter- 
ference of Cd, Co(II), Al, Ni, Mn(II), Pb, Zn, 
Mo(VI), Cr(VI), U(VI), Ca, Sr, Ba, La and Mg 
(by extracting them with S-quinolinol in chloro- 
form at pH 1.5), of Fe(II1) (double extraction in 
the presence of EDTA as masking agent at 
pH 8.2), and of Zr and Hf (extraction in the 
presence of oxalate as masking agent at pH 8.2). 
The methodology thus developed was applied to 
the determination of Ti(IV) in commercial 
paints. The results obtained by the procedures 
given above and by the Wilkins procedure9 are 
given in Table 3. 

CONCLUSIONS 

5-ClDMPAP gives adequate sensitivity 
for the determination of Ti(IV) by a reverse 
visual and photometric titration procedure. The 
results have a much narrower confidence inter- 
val than that found for back-titration pro- 
cedures such as that of Wilkins. 5ClDMPAP 
produces a better contrast at the end-point and 
greater sensitivity. Further, a low alcohol con- 
tent is sufhcient to keep the indicator and its 
titanium complex in solution, and the analysis is 

Table 1. Experimental parameters for the reaction of Ti(IV) with hydrogen peroxide and EDTA, with 
Cu(II)-PAN and 5ClDMPAP as indicator: Kf is 2.5 1 x 10M for the 1: 1: 1 Ti(IV)-H,Or-EDTA complex and 

6.30 x 10’s for the 1: 1 Cu(IIjEDTA complex 

Parameter Ti(IV)-H,O*-5-ClDMPAP Cu(II)-PAN 

pH range 4.5-6.5 4.0-5.0 
Optimum pH 5.5 5 
Stoichiometry 1:2:2 1:I 
1 hm msX, 534 550 
AI, nm 
Kf 3.47: 10” 1.00 z510u 
Molar absorptivity, l.mole -I. cm -’ 4.59 x 104 2.22 x 104 
Colour change at end-point yellow -*purple yellow-torange red 
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Table 3. Determination of TiO, in paint samples (mean f standard deviation of 6 replicates) 

TiOs present, mg 
TiOs found, mg 

Spectrophotometric titration Visual titration 
Standard method 

Samples cTi-H202) This method Cu-PAN This method Wilkins method 

I 212.3 f 1.7 212.3 f 0.01 212.3 f 0.019 212.3 f 0.013 212.5 f 0.019 
2 163.4 f 1.2 163.4 f 0.01 163.4 f 0.017 163.4 f 0.010 163.5 f 0.018 
3 158.2 f 0.9 158.2 f 0.01 158.2 f 0.017 158.2 f 0.010 158.3 f 0.018 
4 140.5 f 1.2 140.5 f 0.01 140.5 f 0.018 140.5 f 0.011 140.6 f 0.019 
5 110.9 f 1.8 110.9 f 0.01 110.9 f 0.019 110.9 f 0.013 111.0*0.019 
6 90.8 f 1.9 90.8 f 0.01 90.8 f 0.019 90.8 f 0.013 90.9 f 0.020 

unaffected by the presence of up to at least 1M 8. 
concentrations of the anions of acids likely to be 
used in decomposition procedures. 
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Summary-A spectrophotometric method for the determination of traces of iron in glass and ceramic 
materials has been developed. The method involves formation of the Fe(II)-phenanthroline complex at 
pH 3-4 in aqueous medium, followed by its selective extraction and preconcentration on polyurethane 
foam from 2.5M perchloric acid and finally elution of the complex with acetone for spectrophotometric 
measurement at 510 nm. A wide linearity range from 0.05 to 3 pg/ml Fe is obtained with the method. 
Co, Cu and Ni have no significant effect when they are present in the weight ratios Fe:Co < 1:2, 
Fe:Cu < 1: 10 and Fe:Ni < 1:50. The method yielded satisfactory results when applied to various glass 
and ceramic samples. 

l,lO-Phenanthroline has long been established 
as a reagent for spectrophotometric determi- 
nation of traces of iron in various materials. 
Numerous methods have been based on 
formation of the tris(phenanthroline)iron(II) 
complex in the pH range 2-9 and its spectro- 
photometric determination,‘** but suffer inter- 
ference from various elements. Attempts 
have been made to extract the ferrous- 
1, IO-phenanthroline complex into various 
solvents3 in the presence of Cl-, Br-, I- and 
ClO; ions. Hoste and Gillis reported a method 
in which Fe(phen):+ was extracted with chloro- 
form at higher pH, in the presence of sodium 
perchlorate, for the determination of iron at 
concentrations as low as 0.04 pg/ml. Recently, 
Hoshi et al.* reported the use of chitin, a 
natural polymer, for extraction and preconcen- 
tration of the Fe(II)-phenanthroline complex 
with tetraphenylborate as counter-ion, in the 
spectrophotometric determination of iron in 
water. 

During the last decade polyurethane foam”” 
has been established in analytical chemistry 
for the extraction and preconcentration of 
various inorganic ions, in their determination in 
environmental samples, and several methods for 
determination of iron have been based on its 
use II-17 

The present investigation concerns the use 
of polyether type polyurethane foam in the 
extraction and preconcentration of the 
iron(1, IO-phenanthroline complex, from 
perchloric acid medium, and determination 
of iron in silicate and other ceramic 
materials. 

EXPERIMENTAL 

Reagents 

Hydroxylamine hydrochloride solution (10% 
w/v) and 1, IO-phenanthroline solution (0.1% 
w/v) were used. All reagents were analytical or 
guaranteed reagent grade. Doubly distilled 
water was used throughout. 

Standard iron solution. Electrolytic iron 
(0.1 g) was dissolved in a 50-ml beaker 
by heating with 25 ml of nitric acid (1 + 3). 
After dissolution, 10 ml of sulphuric acid (1 + 1) 
were added and the mixture was evaporated on 
a sand-bath until fumes of sulphur trioxide were 
evolved. The solution was cooled, 10 ml 
of concentrated hydrochloric acid were added 
and the solution was transferred to a lOOO-ml 
standard flask and diluted to the mark with 
water. Working solutions were prepared by 
further dilution. 

1101 
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Preparation of foam 

The polyurethane foam (commercial “U” 
foam) was cut into regular shapes and sizes with 
a cork borer. Each piece was about 2 cm in 
length and 0.5 cm in diameter, and weighed 
about 0.01 g. The pieces of foam were soaked 
in 4M hydrochloric acid in a beaker for 24 hr 
with squeezing at 15min intervals, then washed 
thoroughly by squeezing with water in a 50-ml 
syringe, and finally washed by refluxing with 
acetone for 6 hr in a Soxhlet apparatus, dried in 
a desiccator and stored in a plastic container in 
the dark. 

Procedures 

Calibration. Iron solutions (l-10 ml) contain- 
ing 0.5-30 pg of Fe were pipetted into 50-ml 
glass beakers. A 3-ml volume of 10% hydroxyl- 
amine hydrochloride solution was added to each 
and the pH adjusted to 34 by dropwise ad- 
dition of ammonia solution (1 + 3), followed by 
addition of 2 ml of 0.1% l,lO-phenanthroline 
solution and water to make the volume up to 
15 ml. The solutions were kept standing for 
15 min to develop the colour fully. Perchloric 
acid (10 ml, 6.5M) was added to each beaker, 
followed by four pieces of foam, which were 
squeezed manually with a glass plunger every 15 
min for 2; hr. Each set of foams was transferred 
in turn to a 5-ml glass syringe and the excess of 
reagents was squeezed out. The foams were then 
washed by squeezing 4 times with 4 ml of water. 
Finally the complex was eluted from the foam 
by squeezing with four 2-ml portions of acetone. 
Each group of eluates was combined in a lo-ml 
standard flask and diluted to volume with 
acetone, added from the same syringe. The 
absorbance of each solution was measured at 
510 nm against a reagent blank similarly pre- 
pared, and the calibration graph (absorbance us. 
pg of Fe) was plotted. 

Analysis of samples. The sample (0.2 g) was 
taken in a Teflon basin and heated on a sand- 
bath with 2 ml of sulphuric acid (1 + 1) and 5 
ml of concentrated hydrofluoric acid until fum- 
ing occurred. The basin was cooled, a further 5 
ml of hydrofluoric acid were added and the 
mixture was evaporated and fumed for 30-40 
min. The cooled residue was taken up in 2 ml of 
hydrochloric acid (1 + 1) and the solution was 
diluted with 10 ml of water and transferred to 
a 50-ml standard flask and diluted to volume 
with water. Ten ml of this solution were taken 
in a 50-ml beaker and evaporated on a water- 

bath nearly to dryness; 2 ml of water were added 
and the determination procedure was applied. 
The Fe,O, content was calculated from 

Fe,O, = 7.14 x 10e4 A/W % 

where A is the number of ,ug of Fe correspond- 
ing to the absorbance measured, and the sample 
weight is W g. 

RESULTS AND DISCUSSION 

It is known from the literature3T4 that 
Fe(phen):+ can be extracted as Fe(phen,)X, 
with amyl alcohol and other oxygen-compound 
organic solvents, where X is Cl-, Br-, I- or 
ClO; . 

During the study it was confirmed that after 
formation of Fe(phen):+ at pH 34, the acidity 
of the medium can be increased considerably 
with perchloric acid without affecting the 
stability of the complex.” It was found that 
the Fe(phen):+ complex can be extracted 
with polyurethane foam only in the presence 
of sufficient perchlorate ions, and eluted with 
acetone. 

The wavelength of maximum absorbance 
(510 nm) reported earlier” for the Fe(phen):+ 
complex in aqueous medium was found to be 
the same as that for perchloric acid medium 
(without extraction) and also for the acetone 
solution obtained from the foam. 

Several views” have been reported on the 
mechanism of extraction of ionic species by 
polyurethane foam. In the present investigation 
the extraction mechanism was not studied, but 
it can be expected that the extraction of 
Fe(phen):+ by polyurethane foam in the 
presence of perchlorate will be analogous to 
the extraction by oxygen-compound organic 
solvents.3 

Theoretlcol value for Z-pq/ml Fe m acetone medwm 
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Fig. 1. Effect of HClO, concentration on the extraction of 

Fe(phen)i+. 
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Fig. 2. Effect of equilibration time on the extraction of 
Fe@hen):+ from 2.W HClO,. 

The extraction of Fe(phen):+ by poly- 
urethane foam was found to be primarily 
dependent on the concentration of perchloric 
acid and the equilibration time. The degree 
of extraction increases with perchloric acid 
concentration up to 2.5M and then 
remains constant at higher acidity (Fig. 1). 
Figure 2, which shows the amount of 
Fe(phen):+ complex remaining in the aqueous 

Table 1. Recovery of the Fe-phen 
complex from foam by elution with 

four 2-ml portions of acetone 

Fe taken, Fe found, 
wcglml wglml 

0.10 0.098 
0.099 
0.110 

1.0 1.02 
1.00 
0.99 

3.0 3.00 
3.04 
2.98 

Table 2. Determination of 2.0 pg/ml 
iron in the presence of various ions 

Concentration, Fe found, 
Ion Irglml pgglml 

co2+ - 2.0 
2.0 2.0 
4.0 2.0 
6.0 1.8 

10.0 1.2 

cll2+ - 
2.0 

10.0 
20.0 
40.0 

Ni2+ _ 
2.0 

10.0 
25.0 
50.0 

100.0 

2.0 
2.0 
2.0 
2.0 
1.5 

2.0 
2.0 
2.0 
2.0 
2.05 
2.0 

Table 3. Determination of iron in various materials 

Sample 

TiO,(l) 

Value obtained 
Mean by another 

Fe,O,, % Fe*O,, % methodI 

0.010 
0.011 
0.016 

Ti02(2) 0.013 
0.013 
0.012 

ZrO,(l) 0.025 
0.030 
0.024 

zfi,G9 0.055 
0.055 
0.052 

Quartz 0.022 
0.020 
0.020 

Opal Glass 
N.B.S. 91 

0.073 
0.083 
0.075 

Glass 0.0080 
0.0085 
0.0080 

0.012 0.014 

0.013 0.012 

0.026 0.030 

0.054 0.055 

0.021 0.022 

0.077 0.08* 

0.0081 0.0085 

*Certified value. 

phase, indicates that the extraction is slow 
and a minimum equilibration time of 150 min is 
required. 

Acetone has frequently been used for strip- 
ping complexes from polyurethane foam, and in 
this study was found suitable for elution of the 
Fe(phen):+ perchlorate. The molar absorptivity 
of Fe(phen):+ perchlorate is also slightly higher 
in acetone medium than in aqueous solution. It 
was found that four 2-ml portions of acetone 
would give quantitative stripping of the complex 
(Table 1). The absorbance of the complex in 
acetone solutions at 5 10 nm is stable for at least 
24 hr. 

The system obey’s Beer’s law up to 3 pg/ml 
Fe. The lowest concentration that can be re- 
liably measured is 0.05 pg/ml Fe. 

The effect of various species such as 
Mn*+, Zn2+, Cd2+, Mo(VI), Co2+, Cu2+ and 
Ni2+, on the determination of iron was 
studied. Mn2+, Zn’+, Cd2+ and Mo(V1) have 
no effect on the method when present 
in concentrations up to 200 pgg/ml, but 
Co’+, Cu2+ and Ni2+ can be tolerated only 
up to 4, 20 and 100 pg/ml, respectively 
(Table 2), under the experimental conditions 
used. 

The method has been successfully applied to 
analysis of several glass and ceramic samples 
(Table 3). 
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SPRAY REAGENTS FOR THE DETECTION OF 
ACING-ACIDS ON THIN-LAYER PLATES 

B. BASAK and S. LASKAR* 
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W. Bengal, India 

(Receiwd 17 My 1989. Revised 21 February 1990. Accepted 10 May 19w)) 

Summary-Three spray reagents for the detection of amino-acids on silica-gel thin-layer chromatography 
plates are reported. The reagents produce various colours, which may be used to identify some of the 
amino-acids directly, and assist in their detection. 

Detection and identification of amino-acids are 
most important in protein chemistry as these are 
the building blocks of proteins. Several spray 
reagents for the selective and non-selective 
detection of amino-acids on chromatograms 
have already been described,‘-‘5 among which 
ninhydrin is mostly used because of its high 
sensiti~ty, but it gives very similar violet 
colours with all amino-acids except proline and 
hydroxyproline. The present communication 
describes three spray reagents which give vari- 
ous colours with the amino-acids and can be 
used to identify most of them directly on silica- 
gel thin-layer chromato~aphy plates. 

EXPERIMENTAL 

Chromatographic plates (20 x 20 cm) were 
prepared with a O.l-mm thick layer of silica gel 
G (Merck) and a Unoplan apparatus (Shandon, 
London). Standard I-pg/ml solutions of the 
amino-acids (Sigma) were made in O.OlM phos- 
phate buffer (pH 8.0). These solutions were then 
spotted (repeatedly if necessary) onto the 
plates with a 25-4 graduated micropipette. 
After development with n-propanol/water 
mixture (70: 30 v/v) as mobile phase,’ over a 
distance of 10 cm, the plates were dried, and 
sprayed as follows. The auxiliary spray reagents 
used were Merck analytical grade. The ninhy- 
drin was from Sigma. 

Reagent I, The plate was sprayed with 12.5- 
mgfml oxalic acid solution in ethanol-water 

*To whom all correspondence should be addressed. 

(3 : 1 v/v) mixture, dried in air and then sprayed 
with 2.5 mgfml ~nhyd~n solution in acetone. 

Reagent II. The plate was sprayed with a 
saturated solution of dithio-oxamide in ethanol, 
dried in air, and sprayed again with 2.5-mg/ml 
ninhydrin solution in acetone. 

Reagent III. The plate was sprayed with a 
saturated solution of dithizone in ethanol, dried 
in air, and then sprayed with 2.5-mg/ml ninhy- 
drin solution in acetone. 

All the plates were finally dried in air and then 
heated for 15 min at 100” in an oven. The 
observed colours and limits of detection are 
presented in Table 1. 

RESULTS AND DISCUSSION 

These new spray reagents give better colour 
differentiation than ninhyd~n alone for amino- 
acids, but somewhat lower sensitivities. The 
detection limits range between 0.04 and 0.2 @g 
with Reagent I, 0.1 and 0.2 ,ug with Reagent II, 
and 0.08 and 0.2 pg with Reagent III (Table 1). 
The reagents are convenient for rapid identifi- 
cation of amino-acids on silica gel TLC plates. 
Reagents II and III give similar colours, which 
differ from those produced by Reagent I. This 
may be because dithio-oxamide and dithizone 
both contain a thio-amide group, since they are 
not otherwise simile in structure. It is possible 
that the colour reactions are of charge-transfer 
type. In practical applications, two-dimensional 
chromatography and use of the R/values would 
be necessary. 

1 to5 
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Table 1. Colour reactions of amino-acids on silica ael thin-layer plates with three snrav reagents 

Oxalic acid-ninhydrin 

Detection 

Dithio-oxamide-ninhydrin 

Detection 

Dithizone+ninhydrin 

Detection 
Amino-acid Colour observed limit, pg Colour observed limit, pg Colour observed limit, pg 

Glycine 

Alanine 

Valine 

Leucine 

Isoleucine 

Serine 

Threonine 

Aspartic acid 

Aspargine 

Glutamic acid 

Glutamine 

Lysine 

Histidine 

Arginine 

Phenylalanine 

Tyrosine 

Tryptophan 

Cysteine 

Cystine 

Methionine 

Proline 

Hydroxyproline 

Orange 
(Light orange) 

Orange 
(Light orange) 

Pinkish orange 
(Orange) 

Reddish oink 
(Orange) 

Reddish pink 
(Orange) 

Orange 
(Orange) 

Orange 
(Orange) 

Wild lilac 
(Light rose) 

Light mushroom 
(Pink) 

Orange 
(Orange) 

Reddish pink 
(Light orange) 

Terracotta 
(Light terracotta) 

Greyish orange 
(Brownish orange) 

Light terracotta 
(Light terracotta) 

Violet 
(Pinkish violet) 

Pinkish violet 
(Pinkish violet) 

Grey 
(Pinkish violet) 

Mushroom 
(Pink) 

Mushroom 
(Orange) 

Brownish violet 
(Pinkish violet) 

Rose red 
(Light brown) 

Pink 
(Lemon yellow) 

0.2 

0.1 

0.2 

0.1 

0.1 

0.1 

0.04 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.2 

0.1 

0.2 

0.04 

0.1 

0.2 

0.1 

0.05 

Pinkish violet 
(Bluish pink) 

Pinkish violet 
(Pink) 

Pink 
(Pink) 

Pink 
(Pink) 

Pink 
(Pink) 

Pinkish violet 
(Pinkish violet) 

Pinkish violet 
(Pinkish violet) 

Violet 
(Light violet) 

Deep cream 
(Light brown) 

Pinkish violet 
(Pinkish violet) 

Light pink 
(Light pink) 

Dirty pink 
(Light pink) 

Mushroom 
(Light mushroom) 

Reddish pink 
(Light terracotta) 

Pink 
(Light orange) 

Orange 
(Light orange) 

Pink 
(Light orange) 

Pinkish silver grey 
(Light pink) 

Pinkish silver grey 
(-) 

Pink 
(Light orange) 

Yellowish grey 
(Lemon yellow) 

Grey 
(Lemon yellow) 

0.2 

0.2 

0.2 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.2 

0.2 

0.1 

0.2 

0.1 

0.2 

0.1 

Pinkish violet 
(Light pink) 

Pinkish violet 
(Light violet) 

Reddish pink 
(Light -violet) 

Reddish nink 
(Light -violet) 

Reddish pink 
(Light pink) 

Pinkish violet 
(Light violet) 

Pinkish violet 
(Light violet) 

Violet 
(Violet) 

Brown 
(Light brown) 

Pinkish violet 
(Light violet) 

Pink 
(Light pink) 

Reddish pink 
(Light terracotta) 

Mushroom 
(Light terracotta) 

Reddish pink 
(Light terracotta) 

Reddish pink 
(Light pink) 

Dirty pink 
(Pink) 

Pinkish violet 
(Light pink) 

Pinkish silver grey 
(Pinkish silver grey) 

Pinkish silver grey 
(Pinkish silver grey) 

Pink 
(Light orange) 

Greyish yellow 
(Yellow ochre) 

Grey 
(Lemon yellow) 

0.2 

0.2 

0.2 

0.2 

0.1 

0.2 

0.1 

0.2 

0.8 

0.6 

0.6 

0.2 

0.1 

0.1 

0.1 

0.1 

0.2 

0.1 

0.2 

0.1 

0.08 

0.1 

*Colours in parentheses were observable before the TLC plates were heated, but not at low concentrations of the 
amino-acids, i.e., they were not observable when the amino-acid concentration was below the detection limit quoted 
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ANALYTICAL DATA 

ON THE INFLUENCE OF IONIC STRENGTH ON THE 
EQUILIBRIUM CONSTANT OF COPPER-MUREXIDE 

INTERACTION 

FARANGIS FAMOOIU, SOHEILA HAGHGCO and MOJTABA SHAMSIPUR* 

Department of Chemistry, Shiraz University, Shirax, Iran 

(Received 9 January 1990. Revised I April 1990. Accepted 28 May 1990) 

Summary-The concentration formation constant for the 1: 1 complex between copper and murexide 
in aqueous solutions has been measured as a function of ionic strength by spectrophotometry at 25”. There 
is an inverse relationship between the X; values and ionic strength The formation constant at infinite 
dilution was found to be 6.16 x 104. The distance of closest approach for the Cu*+ ion was estimated as 
4.3 f 0.3 A. 

Any experimental measurement of equilibrium 
constants for ionic reactions in solution involves 
the serious problem of activity corrections. A 
common practice is to make the measurements 
at a high and constant ionic strength. However, 
the salts used to keep the ionic strength constant 
can sometimes participate in the reaction and 
consequently alter the apparent formation con- 
stant. Also, at high concentrations, even in high 
dielectric constant solvents such as water, there 
is some ion-pairing, which could compete with 
the complexation reaction. It would be better 
(although more difficult) to determine the equi- 
librium constants at several ionic strengths, and 
extrapolate the results to zero ionic strength. 
Another procedure, less effective than the extra- 
polation method, is to calculate the activity 
coefficients by use of an appropriate form of the 
Debye-Hfickel equation. 

Murexide, the ammonium salt of purpuric 
acid, is a metallochromic indicator which forms 
relatively stable complexes with various metal 
ions in aqueous,‘-3 non-aqueous4*5 and binary 
mixed solvents.6 The formation constants of 
these complexes, which have usually been deter- 
mined spectrophotometrically, are reported as 
concentration constants. It was of interest to us 
to study the influence of ionic strength on the 
metal ion-ligand interactions in order to evalu- 
ate the thermodynamic formation constants of 

*To whom all correspondence should be addressed. 

the resulting complexes. In this paper we report 
the effect of ionic strength on the formation 
constant of the Cu*+-murexide complex in 
aqueous solutions at 25 + l”, studied by a 
careful spectrophotometric method. 

EXPERIMENTAL 

Reagent-grade copper nitrate (Fluka), 
sodium chlorate (Merck) and murexide (Merck) 
were used without any further purification 
except for vacuum-drying over phosphorus 
pentoxide. Triply distilled water was used for 
the preparation of solutions. The visible spectra 
were measured with a Beckman DK-2A 
ratio recording spectrophotometer and the 
absorbance measurements were made with a 
Perkin-Elmer 35 digital spectrophotometer at 
25 f 1”. 

The formation constant of the Cu2+- 
murexide complex was determined accurately 
by methods reported previously.3*6 Equality of 
the murexide concentrations in different sol- 
utions and of the amounts of metal ions added 
was ensured by weighing the materials on a 
semimicro balance. Equilibrium was assumed to 
be attained if there was no further change in the 
spectra after several hours. The ionic strengths 
of the solutions were maintained at the desired 
levels by addition of sodium chlorate. The 
errors associated with the K, values are reported 
as f one standard deviation. 

1107 



1108 ANALYTICAL DATA 

RESULTS AND DISCUSSION 

The spectra of murexide (2.0 x 10m5M) and 
its copper complex at ionic strength O.lOM are 
shown in Fig. 1. To avoid the effect of competi- 
tive binding by buffer ions added for keeping the 
pH constant, the spectrophotometric measure- 
ments were made in the absence of any buffer, 
at a neutral pH. The stoichiometry of the result- 
ing complex between Cu’+ and murexide was 
determined by the method of continuous vari- 
ations,’ and invariably found to be 1: I. The 
concentration formation constant K, was deter- 
mined at different ionic strengths. The results 
are shown in Table 1 and Fig. 2. It is seen that 
the 1% values decrease with increase in ionic 
strength, Z, of the solution. The variation of E 
with Z is more or less linear in the range 
0.1-0.4M. At ionic strengths below 0.1 M, the K, 
values increase almost exponentially with I. 
Regressional extrapolation of the results to infi- 
nite dilution yields log &, = 4.79. The reported 
con~ntration formation constant at an ionic 
strength of O.lM (KNO,) and 10” is log K, = 
4.36 * 0.10.’ 

For the complexation reaction 

Cuz4 + Mu- +CuMu’ (1) 

the thermodynamic equilibrium constant is 
given by 

K 
th = 

aCuMu+ = c kuhiu+ 
(2) 

%,2+ a,,- Ycu2+ YMu- 

where the y values are the activity coefficients of 
the species involved. Murexide is a bulky ligand 
that is much larger than the copper ion and, 
therefore, it seems reasonable to assume about 
the same ionic radius for the free and complexed 

0 
WAVELENGTH (nm) 

Fig. 1. Visible spectra of murexide (B) and its copper(D) 
complex (A) at ionic strength O.lOM. 

Table 1. Concentration formation 
constants of the copper-mm&de 
complex at various ionic strengths 

Ionic strength, M log K, 

0.40 4.08 f 0.02 
0.30 4.17*0*04 
0.20 4.24 f 0.02 
0.10 4.35 f 0.02 
0.07 4.39 rf: 0.03 
0.04 4.47 f. 0.03 
0.03 4.51 f 0.02 
0.02 4.55 + 0.03 
0.01 4.61 f 0.02 
0.007 4.64 f 0.02 
0.005 4.66 f 0.03 

ligand in solution. Since murexide and its 
copper complex both carry a single charge 
(althou~ of opposite signs), it can be assumed 
that 

Ycuhfu+ = Yuu- 

so the thermodynamic formation constant can 
be written as 

Then, from equation (3) and the exact form of 
the Debye-Hiickel equation’ 

-lOgyi= 
0 509 29 Z’12 
l-; 0.32~ ri I’” (4) 

it is possible to obtain some information about 
the distance of closest approach, r,, for the 
copper ion in solution. 

The results given in Table 1 were fitted to 
equations (3) and (4) and the estimated value for 
the distance of closest approach of the Cu*+ ion 
was found to be 4.3 + 0.3 A. A corresponding 
reported value obtained from a study of copper 
sulphate solutions is 3.9 A? 

I 
0.0 0.1 

IONIC S&T” 04 
0.3 4 

Fig, 2. The value of the concentration formation constant 
of the Cu*+-murexide complex us. ionic strength of the 

solution. 
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MECHANISM OF COBALT ATOMIZATION FROM 
DIFFERENT ATOMIZER SURFACES IN 

GRAPHITE-FURNACE ATOMIC-ABSORPTION 
SPECTROMETRY 
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Centre for Analytical and Environmental Chemistry, Department of Chemistry, Carleton University, 
Ottawa, Ontario, Canada KlS 5B6 

(Received 20 December 1989. Revised 26 June 1990. Accepted 4 July 1990) 

Summary-The mechanism of cobalt atomization from different atomizer surfaces in graphite-furnace 
atomic-absorption spectrometry has been investigated. The atomizer surfaces were pyrolytically coated 
graphite, uncoated electrographite, and glassy carbon. The activation energy of the rate-determining step 
in the atomization of cobalt (taken as the nitrate in aqueous solution) in a commercial graphite furnace 
has been determined from a plot of log /c. us. l/T (for T values greater than the appearance temperature), 
where k, is a first-order rate constant for atom release, and T is the absolute temperature. The activation 
energy E, , can be correlated either with the dissociation energy of Coo0 or with the heat of sublimation 
of Co,, , formed by carbon reduction of COO,, , the latter being the product of the thermal decomposition 
of Co(NO,),. The mechanism for Co atomization seems to be. the same for the pyrolytically coated 
graphite and the uncoated electrographite surfaces, but different for the glassy carbon surface. The 
suggested mechanisms are consistent with the chemical reactivity of the three atomizer surfaces, and the 
physical and thermodynamic properties of cobalt and its chemical compounds in the temperature range 
involved in the charring and atomization cycle of the graphite furnace. 

The mechanisms of atomization in graphite- 
furnace atomic-absorption spectrometry 
(GFAAS) have been studied by several authors, 
who have used different theoretical models 
based on kinetic,‘v2 thermodynamic*’ or com- 
bined kinetic-thermodynamic considerations.6 
Investigations of the atomization mechanism 
requires both kinetic and thermodynamic fac- 
tors to be taken into account.7 It is also import- 
ant to investigate the dependence (if any) of the 
atomization mechanism on the nature of the 
atomizer surface. Mechanisms for atom for- 
mation and dissipation in GFAAS are of im- 
portance in designing more efficient atomizers 
and in optimizing experimental procedures. 
Valuable information about the mechanism of 
atomization in GFAAS can be obtained from 
the absorbance signal profile, 

THEORY 

Paveri-Fontana et a1.8 and van den Broek and 
de Galan have provided an analytical ex- 
pression for the number of atoms present in the 

*Author for correspondence. 

analysis volume at any instant t, as a convolu- 
tion integral of the form: 

I 

I 
n= S(t’)R(t - t’) dt’ (1) 

0 

where S(t) is the rate of atom formation, R(t) 
is the rate of atom removal and t’ is a variable 
of integration. s(t) is given by’O 

S(t) = nOkoo exp 

x,xp(-[:k,exp[-$]df’) (2) 

where n, is the number of analyte atoms initially 
present, k, the pre-exponential factor, E,, the 
activation energy, R the gas constant and T 
the absolute temperature at time t. The rate of 
atom removal, R(r), is given’s9 by: 

R(t) = k,n (3) 

where k, is the temperature-dependent first- 
order rate constant for the combined rate of 
atom removal, i.e., by diffusion, expansion and 
convection; re-adsorption onto the atomizer 
surface is not considered. If it is assumed that 

1111 
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the rate of atom removal is much faster than 
the rate of atom fo~ation, another form of the 
Smets equation’ can be obtained from the rate 
of atom formation [equation (2)] as follows. 
Assuming that the first-order rate constant k, 
for the rate of atom formation is approximate 
by the Arrhenius law, and that the amount of 
analyte jy S(t) dt left unatomized at time t is 
expressed” by 

s co 

S(t) dt 
I 

=~exp(-Sjk,exp[-~]dt) (4) 

then 

J S(t) dt 
J 

A dt 
I I 

where k, = k, -exp(-EJRT) and A and 
jy A dt are the absorbance and the integrated 
absorbance, respectively, at time t. Equation (5) 
is valid if the rate constant for atom removal, 
k,, is larger than the rate constant for atom 
formation, k, . This condition can be fulfilled in 
a graphite furnace by using forced convection of 
inert gas during atomization.‘*” This point will 
be raised again in the Results and Discussion 
section. 

Using transition-state theory, Sturgeon et aL6 
formulated the following expression for the rate 
constant of atom formation, k, and the change 
in free energy of activation, AGO”: 

where AGo* = AHo* - TASO*; AHo* and ASo* 
are the enthalpy and entropy of activation, 
respectively, and a is a constant. Sturgeon et aL6 
assumed that the term con~ning the linear 
function of temperature is essentially tempera- 
ture-independent because of compensating 
effects from other temperature-dependent terms 
in the equation. Also, according to transition- 
state theory, the rate constant of atom for- 
mation, k,, may be formulated by statistical 
mechanics to yield the expression 

k, = bT” exp( - E,/RT) (7) 

where b and m are constants; the value of m may 
be deduced from the partition function. E. is the 
molar energy change at absolute zero (assumed 
to be equal to the activation energy E* in the 
Arrhenius law). 

Arranging terms and taking the logarithm of 
both sides of equation (7) yields 

logy = - 
2.30E;RT+logb (8) 

where y = k,/T”. Equation (8) indicates that a 
plot of logy us. l/Z’ should be linear with slope 
- EJ2.303R and intercept log 6. 

Earlier investigations6 of mechanisms of atom 
formation in GFAAS showed the importance of 
the reduction of the metal oxide, MO, according 
to the equation 

MO, + C, = CO, + M, (9) 

This simple equation for atom formation was 
considered to explain the observed activation 
energy and the appearance temperature in the 
graphite furnace for many elements, including 
cobalt. Sturgeon et al.6 found an activation 
energy of 406 kJ/mole for the atomization of 
cobalt (as the nitrate) and an appearance tem- 
perature of 1430 K for cobalt atom formation, 
and concluded that Co(NO& was first con- 
verted into Cools), which was then reduced to 
Co,, followed by sub~mation of Co, to Cof,). 
Ham and McAllister” investigated the atomiza- 
tion of Co in a pyrolytically coated graphite 
tube furnace operating in a vacuum, by using a 
rapid-scan mass spectromet~c detection system, 
and by thermochemical calculation of the equi- 
librium in the furnace during atomization. Their 
calculation showed that the atomization reac- 
tion was Co,, + Co,, for both cobalt nitrate and 
cobalt chloride at the appearance temperature 
for cobalt. However, Grimley et ~1.‘~ reported 
the dissociation energy of COO&) as 361 kJ/mole 
from mass spectrometry of Cow and CoOe, 
arising from CoO(,, in a Knudsen cell between 
1578 and 1744 K. Thermochemical calculations 
by Ham and McAllister” demonstrated that if 
more than 5 x lo- ” mole of cobalt was used as 
the sample Coo, would replace Co(,) at equi- 
librium above 1880 K, which would result in a 
heat of atomization of 309 M/mole for cobalt, 
as estimated by using Trouton’s rule. These 
conflicting reports have left the mechanism of 
cobalt atomization still unresolved. Also, the 
mechanisms of cobalt atomization from differ- 
ent surfaces in GFAAS need to be investigated. 

One objective of this work was to investigate 
the mechanisms of cobalt atomization from 
different atomizer surfaces, namely pyrolytically 
coated graphite, uncoated electrographite, and 
glassy carbon. The other objective was to inves- 
tigate how the linearity of Arrhenius plots is 
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affected by different values for the constant m in 
equation (7). 

Apparatus 

EXPERIMENTAL 

A Perkin-Elmer model 503 atomic-absorp- 
tion spectrometer, equipped with a deuterium 
arc background corrector and a model 76B 
heated graphite atomizer (HGA) was used. The 
atomic-absorption spectrometer was modified 
in our laboratory to allow signals to be regis- 
tered with a time constant of 20 msec. The 
graphite furnace was heated with a laboratory- 
made power supply capable of supplying vari- 
able heating rates up to 1 K/msec. The signals 
were recorded with a model 4094 programmable 
Nicolet oscilloscope, and the integrated absorb- 
ance was obtained by using a software package 
provided by Nicolet Instrument Corporation. 
A Perkin-Elmer cobalt hollow-cathode lamp 
was used at a lamp current of 10 mA. The 
240.7 nm line of cobalt was used as the analysis 
line, with a spectral band-pass of 0.7 nm. 

The temperature of the graphite tube inner 
surface just below the sample injection hole was 
measured with a model 1100 automatic optical 
pyrometer (Ircon Inc., Niles, IL., USA), the 
temperature being read off the calibration curve 
supplied by the manufacturer. 

Atomizer tubes 

Atomizer tubes fabricated from three differ- 
ent materials were used: pyrolytically coated 
graphite tubes (Perkin-Elmer, part No. BOO9 l- 
504), uncoated electrographite tubes (Perkin- 
Elmer, part No. 0290-1820), and glassy carbon 
tubes (Sigri RingsdorfI Werke, GmbH, West 
Germany). All these tubes had the same dimen- 
sions: length 28 mm, outside diameter 8 mm, 
inside diameter 6 mm. 

Reagents 

The stock solution of 1000 pg/ml cobalt was 
prepared by dissolving pure cobalt metal in pure 
nitric acid (Baker ULTREX) and diluting the 
solution with ultrapure water obtained direct 
from a Milli-Q2 water purification system 
(Millipore Corporation). The test solutions were 
prepared immediately prior to use, by serial 
dilution of the stock solution with ultrapure 
water. 

Procedure 

Aliquots (10 ~1) of the cobalt solution (0.02 
pg/ml) were used for determining the decompo- 

sition and atomization curves. The cobalt 
sample was atomized in a pyrolytically coated 
graphite tube, with the furnace used in the 
gas-interrupt mode. 

For determination of the activation energy 
for cobalt atomization from different atomizer 
surfaces the furnace was used in the gas-flow 
mode, with an argon flow-rate of 625 ml/mm. 
Aliquots (10 ~1) of the cobalt solution (0.02 
r g/ml) were deposited in the graphite furnace 
and atomized with a charring temperature of 
1070 K and atomization temperature of 2700 K. 

RESULTS AND DISCUSSION 

Decomposition and atomization curves 

Figure 1 shows the decomposition and atom- 
ization curves for cobalt (taken as the nitrate in 
aqueous solution) atomized from a pyrolytically 
coated graphite tube. The decomposition curve 
is defined as that obtained as a function of the 
charring temperature when the sample is atom- 
ized at a constant (optimum) temperature. The 
atomization curve is defined as that obtained as 
a function of the atomization temperature when 
a constant (optimum) charring temperature is 
used. Each datum point represents the arith- 
metic mean of three values, corrected for 
blanks. In Fig. 1, curve A is the decomposition 
curve and curve B the atomization curve. For 
the decomposition curve, the sample was dried 
at 420 K and charred at various temperatures 
from 670 to 2770 K. The atomization tempera- 
ture was kept constant at the optimum tempera- 
ture of 2700 K. For the atomization curve, the 
charring temperature was kept constant at the 
optimum charring temperature of 1070 K and 
the atomization temperature was varied from 
1070 to 3 170 K. The graphite tube was cleaned 
after each run by firing at 3170 K. The data for 

TEMPERATURE, K 

Fig. 1. Decomposition and atomization curves for 0.2 ng of 
Co (taken as the nitrate in aqueous solution in 1% v/v nitric 
acid) by atomization from a pyrolytically coated graphite 

tube.. A, decomposition curve; B, atomization curve. 
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the decomposition curve show that the maxi- 
mum charring temperature that can be used 
without noticeable loss is - 1100 K. The 
appearance temperature (defined as the tem- 
perature at which the analyte signal is just 
distinguishable from the baseline) and the opti- 
mum atomization temperature (defined as the 
lowest temperature giving the maximum ab- 
sorbance) are - 1400 and -2700 K, respect- 
ively. The decomposition curve (A) can be 
interpreted as follows. As the charring tempera- 
ture is increased, the cobalt nitrate is decom- 
posed at about 970 K (not shown in Fig. 1) to 
form COO@. I3 A noticeable loss of Co atoms 
occurs at a charring temperature of - 1100 K. 
In Fig. 1, since there is no significant difference 
between the temperature in the decomposition 
curve at which the absorbance starts to 
decrease, and the appearance temperature in the 
atomization curve (B), it is reasonable to con- 
clude that the decrease in the absorbance is due 
to loss of Co@) when the Co(NO,), is charred at 
a temperature > 1100 K in the pyrolytically 
coated graphite tube. Any mechanism for the 
atomization of Co(NO,), must be consistent 
with these observations in order to be accept- 
able as satisfactory. 

Rate constants for the supply and removal 
function 

The time-dependence of the supply of analyte 
atoms into and their removal from the graphite 
furnace has been reported in the literature. 
Fulleti has proposed a model consisting of a 
mathematical expression with two exponential 
terms to describe the release and removal of 
copper in the Perkin-Elmer model HGA-70 
graphite furnace. He concluded that the rate of 
removal exceeds the rate of atom formation by 
a factor of 3-20, depending on the atomization 
temperature. More rigorous studies of supply 
and removal of analyte atoms during the atom- 
ization were published later.6*8*9~14*‘5 

To verify the results reported earlier by 
others2.9 that the value of the rate constant, k,, 
for atom formation is less than the value of the 
rate constant for atom removal, k,, we will 
calculate k, and k, at each datum point and 
present the results graphically to show the 
difference between the two rate constants. It 
is assumed that k, is approximated by the 
Arrhenius law [equation (511 and that k, is given’ 

by 

k, = kd + k, + k, (10) 

where kd, k, and k, are first order rate constants 
for loss by diffusion, expansion and convection, 
respectively. This assumption is approximately 
true for the system that we are investigating 
if we exclude (as we have done) other loss 
processes. For kd we haveI 

k 

(11) 

where D,, is the diffusion coefficient at STP, T is 
the absolute temperature, I is the tube length, 
and the value of n (to be called the gas combi- 
nation factor) varies from 1.5 to 2.0 for various 
combination of gases;” k, is given byi 

k, = al4T (12) 

where a is the heating rate of the atomizer in 
K/set. The value of k, is expressed by9 

k, = FT/3OOMV (13) 

where F is the flow-rate of the purge gas in 
ml/mm, A4 is a proportionality constant which 
depends on the gas flow pattern through the 
furnace, and V is the analysis volume. Data used 
in the calculation are given in Table 1. The 
results are presented in Fig. 2, which shows that 
k, is greater than k,. Under the experimental 
conditions shown, our results agree with those 
of van den Broek and de Galan. 

Activation energy for atomization of cobalt 
nitrate 

Table 2 summarizes the results for determi- 
nation of the activation energies for the atom- 
ization of cobalt nitrate from the three different 
surfaces. The standard free energy change at the 
appearance temperature of 1400 K was calcu- 
lated by Sturgeon et al6 on the assumption that 
COO(,) is the precursor for Co,, and was found 
to be - 100 kJ/mole. We may therefore con- 
clude that the reduction of COO,, by C,,J at the 
appearance temperature is thermodynamically 
favorable. 

Table 1. Data used in the calculation of the rate constants 
k, and k,+ 

Activation energy E,, kJ/mole 387.0 
Heating rate K, K/set 650 
Pre-exponential factor k, , set -’ 2.0 x 10’ 
Gas constant R, J.mole-‘. K-’ 8.314 
Gas combination factor, n 1.89 
Tube length I, cm 
Tube volume V, cm3 ::x 
Diffusion coefficient D0 at 273 K, cm’lsec 0.097 
Proportionality factor, M 90.0 
Flow-rate F, mllmin 625.0 

*The temperatures used are the same as in Fig. 3. 
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:I/ 
20. 

B 

O-00 1400 

TEMPERATURE, K 

Fig. 2. Rate constants for the supply and loss of Co, as 
a function of the absolute temperature: A, rate constant k, 
for Co atom removal; B, rate constant k, for Co atom 

formation. 

We have calculated E, values from the slopes 
of the Arrhenius plots, drawn by use of the data 
from the leading edge of the absorbance signal 
profile (Fig. 3). The slopes were calculated by 
the least-squares method. The initial linear 
portion of the slope covers a temperature range 
of about 340 K. Figure 4 shows that the value 
of m does not have any discernible effect on the 
slope of the Arrhenius plots. The effect of the 
heating rate on E, for cobalt atomization from 
a pyrolytically coated graphite tube is presented 
in Table 3. The heating rate a was determined 
graphically by using the equation T = To + at, 
where T is the absolute temperature at time t. 
No significant effect is seen, which agrees 
with the experimental observations reported by 
Sturgeon et aL6 

MECHANISMS OF ATOMIZATION 

Table 2 presents a comparison of the 
activation energies for Co atomization from 
the three different atomizer surfaces. Since the 
dimensions of the three atomizer tubes are 
identical, and the appearance temperatures and 
the heating rate at the appearance temperatures 
are not very dissimilar, the activation energies 
obtained can be compared and interpreted in 
terms of the mechanisms for atom formation of 
Co from the different atomizer surfaces. 

1.0. A 
B 

-1.0. C 

-3.0 ’ 

-5.0. 

-7.0 4 
4.0 5.0 6.0 7.0 

T, 10’ K 

Fig. 3. Arrhenius plots for atomization of 0.2 ng of Co 
(taken as the nitrate in aqueous solution in 1% v/v nitric 
acid) in different atomizer tubes: A, pyrolytically coated 

graphite; B, uncoated electrographite; C, glassy carbon. 

In Table 2 there is no significant difference 
between the activation energies obtained by 
using the pyrolytically coated graphite surface 
and the uncoated electrographite surface, but 
these values are significantly different from the 
activation energy obtained with the glassy car- 
bon tube If surface spreading and penetration 
by the aqueous solution of the sample had 
played a role in the atomization, then all three 
E, values should be appreciably different 
because significant spreading and penetration 
would be expected for the uncoated electro- 
graphite surface, but not for the pyrolytically 
coated graphite surface and the glassy carbon 

-3.0. 

* 

B -5.0. 

-7.0 J 
4.5 6.0 7.5 

T,lO’K 

Fig. 4. Arrhenius plots for the atomization of 0.2 ng of Co 
(taken as the nitrate in aqueous solution in 1% v/v nitric 
acid) in a pyrolytically coated graphite tube, as a function 
of m [equation @)I: A, m = 1.5; B, m = 1.2; C, m = 1.0. 

Table 2. Activation energy ( f standard deviation of four determinations) 
for atomization of cobalt from different atomizer surfaces 

Appearance Atomization Heating rate, 
Tube* temperature, K temperature, K K/see E,, kJ/mole 

PG 1420 2700 650 387 f 15 
UG 1450 2700 800 375 f 19 
Gc 1500 2700 850 285&9 

l PG, pyrolytically coated graphite tube, UG, uncoated electrographite 
tube; GC, glassy carbon tube. 
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surface. The pyrolytically coated surface is 
expected to show much less spreading than the 
uncoated electrographite surface, but no pen- 
etration as long as the pyrolytic graphite coating 
remains intact. The near identity of the E, 
values for the pyrolytically coated graphite sur- 
face and the uncoated electrographite surface 
rules out surface spreading and penetration as 
responsible for the observed difference in the 
E, values in the present case. This means that 
surface spreading and penetration cannot 
explain the low E, value for the glassy carbon 
tube. Perhaps the cause of the observed low 
E, value for the glassy carbon tube lies in a 
different atomization mechanism. 

The E, values (Table 2) for the pyrolytically 
coated tube and the uncoated electrographite 
tube may be correlated with either the heat of 
sublimation of Co,,, 428.4 kJ/mole, or the heat 
of dissociation of Coo(,), 361 kJ/mole (Table 4). 
Since reduction of COO(,) by carbon is thermo- 
dynamically favorable at the appearance 
temperature of 1400 K, identification of E, by 
correlating it with the heat of sublimation of 
Co(,) is not unreasonable. These two mechan- 
isms are shown below as equations (14) and 

(15). 

COO@) + C@) -co ( (9 + co,,, (14) 

COO@, + co,, + 0,) (1% 

The mechanism shown as equation (15) requires 
the prior formation of COO@,, from COO,,. 
Reaction (14) should be kinetically favorable 
because the COO,,, formed by the decomposition 
of Co(NO,), in the charring cycle is in intimate 
contact with a very large excess of Co, (present 
as the heated graphite tube). Reaction (15) is 
also kinetically favorable at the high tempera- 
ture of atomization. 

The possibility that any of the following 
reactions may be an effective pathway for the 
formation of Co, should also be examined: 

COO@) + CO,, + CO@) + CO,, (16) 

COO@) + COO@) (17) 

COO(,) + CW + CO(,) + CO,,, (18) 

Although reaction (16) is thermodynamically 
favorable, it is kinetically less favorable than the 
other reactions considered earlier, including 
reactions (17) and (18). This is because of the 
very low partial pressure of CO@,, .” In order for 
CO,,, to reduce Coo(,), COO molecules must be 

Table 3. Activation energy ( f standard deviation 
of four determinations) for atomization of cobalt 
from a pyrolytically coated graphite tube at 

different heating rates 

Appearance Heating rate,* 
temperature, K K/set E., kJ/mole 

1410 580 390+12 
1440 1050 387 + 12 
1420 2800 405 + 16 

*At the appearance temperature. 

adsorbed onto the condensed-phase CoOo . The 
expected low surface coverage by CO, (because 
of its very low partial pressure) will cause the 
reduction of COO,, to be kinetically unfavor- 
able. Reactions (17) and (18) are coupled in the 
graphite furnace. The dissociation energy of 
CoOw is so much smaller than the heat of 
sublimation of Coo0 [reaction (17)] that the 
sublimation of COO(,) will occur with the attend- 
ant dissociation of CoOti) [equation (15)]. It is 
possible that the small mass of the sample taken 
allows the sublimation of COO,, to deplete all 
COO(,) to form COO,, for which the dis- 
sociation energy is so much lower than the 
sublimation energy of COO,, that the sublima- 
tion of Coo0 would result in the dissociation of 
CoOti), the dissociation energy being observed 
as the activation energy, Ea. 

On the basis of the above, it is reasonable to 
conclude that the more likely mechanism of 
atomization of Co(NO,), in the pyrolytically 
coated graphite tube or the uncoated electro- 
graphite tube is the dissociation of COO(,) fol- 
lowing the sublimation of COO,,. 

sublimation dissociation 

COO(s) -coo 
(B) - CO(,) + 0,) 

The E, value of 380 kJ/mole (Table 2) correlates 
better with the heat of dissociation of CoOu), 
361 kJ/mole (Table 4), than the heat of sublima- 
tion of Co,, 428.4 kJ/mole. However, both 
mechanisms [equations (14) and (15)] are con- 
sistent with the observations made earlier about 
the decomposition curve in Fig. 1. 

The E,, value (285 kJ/mole) of Co atomization 
for the glassy carbon tube is more difficult to 
account for, as it does not correlate with any 
value of the thermochemical properties given 
in Table 1. By thermochemical calculations 
Ham and McAllister” have demonstrated that 
if more than 5 x lo-” mole (2.945 ng) of Co is 
taken, Co,,, should replace Co(,) for equilibria at 
above 1880 K. Since the E, values for Co 
atomization were obtained by using 0.2 ng of 
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Table 4. Physical and ~e~~he~~ properties of probable cobalt 
species 

Parameter Value Refereuce 

Melting point of Co 1768 K 20 
Boiling point of Co 3373 K 13 
Melting point of Co0 2208 K 13 
Co,O, transformed into Co,04 at 1168K 13 
Co,O, transformed into Co0 at f223K 

CO@) * co 
c? 

428.4 Id/mole ;: 

Co,, -+ 2 
co,, -+ co< 

o(8) 167 M/mole 20 

o& 

370 kJ/mole 
COO@, -+ c 510.5 kJ/mole z: 
coo, -+ co, + or& 361 kJ/mole 23 

Co, the Co atoms should be in the solid state 
rather than the liquid state. However, for a 
monolayer distribution of the analyte atoms on 
the atomizer surface, the energy of interaction 
between the surface and the analyte atoms 
may affect the activation energy. It has been 
reported’**‘9 that glassy carbon is chemically less 
reactive than graphite, and perhaps pyrolyti- 
tally coated graphite. If lower chemical reactiv- 
ity results in a weaker interaction between the 
glassy carbon surface and the Co atoms on it, 
and if the measured E, corresponds to this 
interaction, then E, would have a low value. 
The stronger interaction between Co, and the 
p~olyti~lly coated graphite surface or the un- 
coated electrographite surface should accord- 
ingly result in high E, values. The experimental 
E* values (Table 2) are consistent with this. 

The E, value (285 kJ/mole) for Co atomiza- 
tion from the glassy carbon surface can be 
correlated with the heat of vapo~zation, 309 
kJ/mole, as estimated by Trouton’s rule. How- 
ever, such a correlation would require that the 
cobalt sample be converted into Co,, near the 
appearance temperature of N 1500 K for atom- 
ization from the glassy carbon surface (Table 2). 
It is possible that cobalt exists as liquid on the 
tube surface even though its appearance tem- 
perature is lower than the melting point, since 
the latter can be lowered by traces of impurities 
in the sample. However, it is also possible that 
the small amount of Co, present can be totally 
sublimed at a temperature below the melting 
point of Co,, By thermochemical calculations, 
the mass of cobalt which is atomized at the 
appearance temperature of 1400 K to give a 
measurable signal (at the appearance tempera- 
ture) is found to be approximately 3.7 x lo-$ 
ng. This small amount of cobalt can be totally 
sublimed at well below its melting point, which 
accounts for the appearance temperature for 
cobalt also being well below its melting point, 
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DETERMINATION OF 1 rig/l.. LEVELS OF MERCURY IN 
WATER BY ELECTROTHERMAL ATOMIZATION 
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SOLVENT EXTRACTION 
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Summary-4ptimization of the furnace parameters for electrothermal atomization of mercury leads to 
a characteristic mass of 20 pg in aqueous solution and 30pg in chloroform extracts (with Zeeman 
correction). With a single-step solvent extraction from 100 ml of sample, performed in the sampling vessel, 
and direct injection of 400 ~1 of the extract into the furnace, a characteristic concentration of -0.8 rig/l.. 
is reached. 

Trace determinations of mercury are currently 
generally based on the work of Hatch and Ott.’ 
The sensitivity of these methods is high but not 
sufficient for the direct determination of mercury 
in unpolluted natural waters (at concentrations 
of a few ng/l.). To reach such low levels it is 
necessary to preconcentrate the mercury atoms 
in the cold vapour; the means generally used 
are amalgamation in a gold trap before deter- 
mination by atomic-absorption2-5 or atomic- 
fluorescence spectrometry6 with long-path cells. 
An alternative is amalgamation in gold-’ or 
platinum-coated’ furnaces before electro- 
thermal atomic-absorption (AA) spectrometry. 
In such conditions the characteristic concen- 
tration can be decreased by using a larger sample 
volume. 

Trace mercury determination has been 
reviewed by Drabaek and Iverfeldt,’ who 
emphasize that sampling and storage, and the 
addition of reagents are critical steps in the 
determination of ultratrace levels. 

To overcome these problems we propose a 
procedure for determination of mercury in the 
rig/l.. range with sample volumes around 100 ml, 
by use of only conventional electrothermal AA 
spectrometers. To reduce the risk of mercury 
losses (or gains by contamination) the metal 
is determined in the solvent used for the 
extraction, which is performed directly in the 
sampling vessel. 

*Author for correspondence. 

EXPERIMENTAL 

Apparatus 

Sampling and extraction were performed in 
lOO-ml glass flasks fitted with Teflon stoppers. 
The AA spectrometer was a Perkin-Elmer 
23030 equipped with an AS-60 automatic 
sampler in which the plastic cups had been 
replaced by glass tubes (2.5 cm high). Fumace- 
wall atomization from pyrolytically graphite- 
coated graphite tubes was used. The light-source 
was a Perkin-Elmer EDL working at 5 W; the 
253.7 nm line was used. 

The solvents and reagents were pipetted with 
a Gilson Pipetman pneumatic syringe modified 
to accommodate glass Pasteur pipette tips. 

Glassware was used because it allows the 
elimination of adsorbed mercury by heating. 

Reagents 

Analytical reagent grade chloroform was 
washed before use, by shaking it with an equal 
volume of Millipore MQ ultrapure water, and its 
mercury level was checked by AAS after evapor- 
ation of 250ml of the washed solvent to low 
volume in a glass beaker and final evaporation 
in the furnace. The concentration found was 
0.08 pg/ml. Analytical reagent grade sodium 
diethyldithiocarbamate (DDTC) was used as a 
10 mg/ml aqueous solution, purified by extrac- 
tion with an equal volume of purified chloro- 
form. The pH of this solution was around 9.3 
and the complexing capacity did not decrease 
significantly during three months storage at 20”. 

1119 
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For calibration a 6 pg/l. mercury diethyl- 
dithiocarbamate solution in chloroform was 
prepared monthly from analytical grade mer- 
curic nitrate and DDTC. 

Procedure 

One ml of DDTC solution, 1.5 ml of chloro- 
form and a sample volume close to 100 ml are 
introduced into a loo-ml flask; the exact amount 
of sample is measured by weighing. At room 
temperature the solubility of chloroform in 
water is 5.0ml/l., the solubility of water in the 
solvent being negligible (0.8 ml/l.). To prevent 
contamination from the calomel electrode, the 
pH of the water sample, which should be 
between 3 and 9, is not adjusted beforehand but 
is measured after the extraction. The flask is 
then shaken for 2 min, and the two phases are 
separated by centrifugation. The organic phase 
is transferred to the automatic-sampler cup by 
pneumatic syringe, and covered with 0.5 ml of 
ultrapurified water to prevent evaporation of 
the solvent. 

A sample (80 ~1) of the organic phase is 
introduced into the graphite furnace and dried 
by heating at 80” for 25 sec. When necessitated 
by a low mercury concentration, multiple injec- 
tion and drying steps are performed. 

Atomization is performed by heating at 700” 
for 4 set; the furnace temperature is then low- 
ered to about 30”. Three see after the beginning 
of atomization, integration of the signal for 
10 set is started. The nitrogen flow is stopped 
during the whole of the atomization and 
measurement steps. A high-temperature clean- 
out step follows the integration. 

Calibration over the 0.7-20 rig/l.. mercury 
concentration range is performed by injecting 
5-80 ~1 of the 6 pg/l. mercury diethyldithiocar- 
bamate chloroform solution into the graphite 
furnace. 

Under these conditions, a single injection of 
80 ~1 of the chloroform extract leads to a 
characteristic concentration of mercury in the 
water sample of about 3.8 rig/l.. To ensure access 
to the 1 rig/l.. level it is necessary to inject 400 ~1 
of solvent (5 successive injections of 80~1), the 
characteristic concentration then being about 
0.8 rig/l.. when measured in the peak area mode. 

RESULTS AND DISCUSSION 

Optimized conditions for the AAS measurements 

At high atomization temperatures the charac- 
teristic mass of mercury, m,, is twice as high 

when the peak height is measured instead of the 
peak area. When the atomization temperature is 
lowered, m, decreases when measured in the 
peak-area mode, but increases if the peak height 
is used. Thus, the sensitivity is always better 
when peak areas are measured. Moreover, with 
the mercury EDL, the integrated noise signal is 
in the 0.001 set range for a lo-set integration 
time, whereas the maximum absorbance of the 
noise signal in the peak-height mode is about 
0.003. 

For a CHClJDDTC extract of mercury the 
background absorbance is always below 0.03 
and consequently is not increased significantly 
by the noise signal in the peak-height mode. 
However, the signal to noise ratio is more than 
five times better in the peak-area mode than in 
the peak-height mode, so peak-area measure- 
ments are used throughout. 

From work by L’vov et al.” it appears that 
under fixed experimental conditions m, is pro- 
portional to D, the diffusion coefficient of the 
neutral atoms in the gas phase, when the peak 
area is measured. The diffusion coefficient varies 
with the temperature: 

D, = D2,J T/273) 

where T is the absolute temperature and n varies 
from 1.5 to 1.8.11-‘3 

Thus it appears that the sensitivity is maxi- 
mum when the temperature is high enough for 
efficient generation of neutral atoms. In the 
L’vov experiments, under isothermal conditions 
with the STPF (stabilized temperature platform 
furnace) technique, at 1200”, the characteristic 
mass was m, = 52 pg of mercury. Also with the 
STPF technique at 10&Y, but in the presence 
of palladium as matrix modifier,‘4*‘s Grobenski 
et al. obtained an m. value of 85 pg with a 
Perkin-Elmer furnace.16 

Under our experimental conditions, with 
mercuric nitrate solution, the signal is visible 
when an atomization temperature as low as 200” 
is reached. Thus operating at low temperatures 
for the minimum time necessary for efficient 
transformation of ionic mercury into neutral 
atoms increases the sensitivity. Although our 

Table 1. Furnace parameters for determination of mercury 
in chloroform extracts (80 ~1) 

Drying Atomization Clean-out 

Temperature, “C 80 700 30 2500 
Ramp time, set 1 1 1 1 
Hold time, set 24 3 8 4 
Integration, set - 1 9 - 
N, flow, ml/min 300 0 0 300 
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experiments are not performed by the STPF 
technique, the delay in the appearance of 
neutral atoms, at between 500 and llOO”, is so 
large (more than 3 set) that the gas and wall 
thermal equilib~a are reached when the neutral 
atoms are in the furnace atmosphere.” 

The variation of mo, for a IO-set integration 
time, with temperature during the atomization 
is represented in Fig. 1 for mercury introduced 
as mercuric nitrate solution. The values of I) are 
also reported in Fig. 1. 

The quasi-constant value of about 30 pg for 
m0 from 200 to 500” indicates that the increase 
in diffusion with temperature is compensated by 
more efficient atomization, At above 500” and 
up to 1200”, the variation of m, is parallel to 
the change in diffusion coefficient; diffusion is 
the governing factor at these temperatures. At 
above 1200” the increase in characteristic mass 
is steeper but in this case the gas thermal 
equilibrium is not reached. 

When the temperature of the furnace is low- 
ered from 500 to 30” as soon as the absorption 
maximum is reached, the diffusion coefficient 
decreases and the mercury atoms are kept in 
the optical path by contraction of the gas. 
Under such conditions the characteristic mass 
is lowered from 30 to 20 pg. 

When the mercury is introduced as its 
diethyldithiocarbamate complex the minimum 
temperature for efficient atomization is about 
650”. This increase in the atomization tempera- 
ture is probably due to the stability of the 
rne~u~-sulphide compounds resulting from 

Tf*C) 

Fig. I. Characteristic mass and diffusion coefficient of 
mercury as a function of atomization temperature: (a) 
characteristic mass (pg); (0) diffusion coefficient (cm2/sec). 

decomposition of the DDTC. Owing to the lack 
of precision for the temperature measurements, 
the atomization temperature is set to a higher 
value, XKl”, a precaution which ensures the 
efficiency of neutral atom production. The 
characteristic mass m. is 30 pg under these 
conditions. It should be mentioned that m, 
varies slightly not only from one furnace 
to another, but also with the number of 
atomizations performed. 

Filipelli has shown that mercury and its 
organo-derivatives are fully extracted into 
chloroform from sea-water at pH > 3, with 
ammonium p y~olidine~t~ocarbamate (APDC) 
as the complexing agent.” From his results the 
distribution ratio, P, was estimated to be larger 
than 3000.18 To prevent losses of metal, samples 
are generally stored under acidic conditions; in 
such a medium, APDC is more stable than 
DDTC and is generally used as the complexing 
agent. 

In the experimental procedure proposed here, 
mercury losses are prevented by performing the 
complexation at the time of sample collection; 
the extraction is then also done in the same 
flask. Under such conditions acidification of the 
sample is not necessary and consequently di- 
ethyldithiocarbamate (DDTC) can be used; this 
is an advantage as DDTC is more stable than 
APDC in weakly acidic media. 

By means of two consecutive extractions with 
chlorofo~ from the same water sample, the 
distribution ratio P between water and chloro- 
form has been measured for mercuric ions, and 
methylmercury and phenylmercury chlorides, 
with DDTC as’the complexing extractant.‘* For 
aqueous phase pH values between 3 and 9, P is 
greater than 2500, for all three mercury species. 
Consequently, the yield is better than 96% for 
a single-step extraction, if the water to solvent 
volume ratio is 100. Use of more than one 
extraction is time-consuming and increases the 
risk of dilution and contamination errors. 

Under our experimental conditions, the re- 
producibility for the introduction and atomiz- 
ation steps is better than 1.5% (RSD for 10 
measurements) for chloroform solutions at the 
500 pg mercury level. 

The variation in ~on~ntration that could 
result from evaporation from glass tubes open 
to the air at room temperature is less than 5% 
during half an hour, in the case of chloroform, 
and in this case the evaporation can be 
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suppressed by adding a few drops of water on 
top of the organic phase. To avoid any hazards 
associated with chloroform it is possible to 
extract the mercury complex with freon but in 
this case the reproducibility of the introduction 
and atomization steps increases to about 3% 
(RSD for 10 measurements). 

procedure are the saving in time and the reduced 
risks of contamination with or loss of mercury. 
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Summary4oride and carbonate are determined indirectly by reversed flow-injection analysis with 
preconccntration by precipitation. The anions arc precipitated in a Tygon tube containing glass beads and 
connected to an atomic-absorption spectrophotometer, and are then dissolved by suitable reagents. 
Chloride is precipitated as silver chloride, which is then dissolved with ammonia, sodium thiosulphate or 
potassium cyanide solution. Carbonate is precipitated as calcium carbonate, which is dissolved with 
hydrochloric acid. The response of the system has been optimized with respect to concentration, 
precipitation time, solution flow-rate and other MS variables. Detection limits are 3 x IO-’ and 
5 x lo-‘M for chloride and carbonate, respectively, with thiosulphate and hydrochloric acid as the 
dissolution agents. 

Some elements cannot be determined directly by 
atomic-absorption spectrophotometry (AAS), 
and various methods have been employed for 
their indirect determination.‘” Some of these 
methods involve a precipitation, e.g., chloride 
has been determined by precipitating it with 
silver nitrate and determining the silver by AAS 
after dissolution of the precipitate in ammonia 
solution.“’ Carbonate has been determined by 
spectrophotometric,* ion-exchange9 or conven- 
tional acidimetric titration,‘O but no AAS 
method has hitherto been reported. 

Flow-injection analysis combined with 
atomic-absorption spectrometry has proved a 
very versatile method which is simple, has high 
sample throughput, and offers the possibility 
of in-line preconcentration, which leads to an 
increase in sensitivity. ” Injection of the reagent 
into the sample stream instead of sample injec- 
tion is called reverse FIA (rFIA) and has been 
used for cations and anions.‘“‘* In previous 
work,16 we described an rFIA technique which 
used precipitation for a specific time as a pre- 
concentration method for determination of 
trace amounts of metals. Silver, calcium and 
iron were precipitated as the chloride, carbonate 

*Author for correspondence. 

and hydroxide, respectively. The precipitates 
were dissolved in suitable reagents and the 
cations determined by AAS. This approach 
enhanced the sensitivity significantly. The pre- 
sent work is an inverse application of the tech- 
nique, for indirect chloride and carbonate 
determination by precipitation of silver chloride 
and calcium carbonate, dissolution of the pre- 
cipitate and AAS determination of the metal. 
An AAS method for determination of carbonate 
is described for the first time. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer 372 atomic-absorption spec- 
trometer with appropriate hollow-cathode 
lamps and a strip chart recorder was used. 
Teflon tubing (1 mm bore, Beckman Altex) was 
used in the flow system. Two Rheodyne loop 
injection valves were used to introduce either 
the wash solution or the solvent into the precipi- 
tation loop. The mixing coil was 5 cm long and 
1 mm in bore. The precipitation loop was a 
Tygon tube (7 cm long, 2.8 mm bore) filled with 
1.9 mm diameter Pyrex glass beads (Thomas 
Scientific), connected vertically to the injection 
valve, and to the nebulizer of the atomic- 
absorption spectrometer by a Teflon tube 

TAL 37,12-B 
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D 

Fig. 1. Analytical manifold for the indirect determination of anions by rFIA-AAS; SV, selecting valve; 
D, dissolving solution; W, washing stream; MC, mixing coil. 

(Fig. 1). The void volume of the precipitation 
loop was found to be 85 ,ul. A four-channel 
peristaltic pump was used to draw the cation 
and anion solutions into the precipitation loop 
and then to waste, and the negative pressure 
from the nebulizer was used to draw the wash 
solution and solvent through the precipitation 
loop to the nebulizer of the AAS instrument. 
The solvent flow-rate was coarsely controlled 
by adjusting the nebulizer. The experimental 
conditions are listed in Table 1. 

Reagents 

All reagents were of analytical grade. Sol- 
utions were prepared in distilled, demineralized 
water. Standard solutions or silver (as nitrate) 
and calcium (as chloride) were prepared by 
appropriate dilution of 1000 ppm Merck stock 
standards. 

Procedure 

Standard solutions of either chloride or car- 
bonate and their corresponding precipitating 

agents, silver nitrate or calcium chloride, 
respectively, were passed through the flow sys- 
tem as shown in Fig. 1. The two solutions were 
mixed in the mixing coil and then pumped 
to the precipitation loop, where precipitation 
was allowed to take place for 2 min under the 
conditions in Table 1, the excess being pumped 
to waste. The selecting valve (injector II) then 
allowed passage of wash solution (1.0 x 10esM 
nitric acid for the chloride precipitate, and 
dimineralized water for the carbonate precipi- 
tate) through the precipitation loop, followed 
by passage of the solvent, which dissolved the 
precipitate and carried the corresponding 
cations to the nebulizer. The AAS signal, which 
was proportional to the cation concentration 
and hence to the sample anion concentration, 
was then recorded. 

The concentrations of the precipitating agents 
were [Ag+] 500 ppm and [Ca2+] 300 ppm. The 
dissolving agent concentrations were varied 
until the optimum for complete dissolution was 
found (4.5 x IO-‘M ammonia, 5.0 x 10e3A4 

Table 1. Experimental conditions for the indirect determination of 
chloride and carbonate 

Conditions 

Hollow-cathode lamp 
Lamp current, mA 
Wavelength, nm 
Type of flame 
Acetylene flow-rate, I.}min 
Air flow, I./min 
Bandwidth, nm 
Recorder output, mV 
Flow-rate of both analyte 

and precipitant, mllmin 
Dissolving agent flow-rate, mllmin 
Washing time, set 
Dissolution time, set 

Chloride 

Silver 

32i.l 
air-acetylene 

1 
8 
2 

10 

0.90 
4.2 

33*, ii+, 281 

Carbonate 

Calcium 
6 

422.7 
air-acetylene 

1 
8 
2 
5 

0.90 
6.2 

23 
17 

*Ammonia solution. 
jCyanide solution. 
SThiosulphate solution. 
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thiosulphate, 1.5 x 10m3M cyanide and O.IOM 
hydrochloric acid). The precipitation period 
could be increased up to 30 min to enhance 
preconcentration. The washing times for silver 
chloride and calcium carbonate were 35 and 
23 set respectively. Dissolution of silver chloride 
required 33, 30 and 20 set with ammonia, 
cyanide and thiosulphate respectively as dis- 
solving agents when the chloride concentration 
was 6 x 10T6M. Dissolution of calcium carbon- 
ate required 17 set when the carbonate concen- 
tration was 6 x 10e6M. 

RESULTS AND DISCUSSION 

Determination of chloride 

Indirect chloride dete~ination by AAS in- 
volves precipitation with silver.6 Precipitation 
and then dissolution of silver chloride has been 
used to determine chloride concentration by 
the rFIA-AAS technique with high sensitivity 
and low detection limit.” We have modified this 
by incorporating an rFIA system with a con- 
tinuous precipitation operation. The amount of 
precipitate produced in a fixed time interval is 
proportional to the concentration of chloride, 
under the experimental conditions used. The 
dissolving agent dissolves the precipitate, and 
carries the solution to the AA spectrometer, and 
the signal obtained for silver is proportional to 
the concentration of chloride in the sample. For 
a given chloride concentration the signal for 
silver increased linearly with precipitation time 
up to 14, 18 and 23 min when the dissolving 
agents were ammonia, cyanide and thio- 
sulphate, respectively. The signal levels off for 
longer precipitation times because the dissolving 
agent becomes saturated. Different times are 
required by the diierent dissolving agents owing 
to the differences in the rates of dissolution. The 
rate of dissolution will be fastest with the 
strongest complexing agent, so more precipitate 
will dissolve in a given dissolution time, enhanc- 
ing the sensitivity. 

To remove the excess of silver ions dilute 
nitric acid is passed through the precipi~tion 
loop before the dissolution, until no signal for 
silver is obtained. To achieve maximum sensi- 
tivity and precision, several other factors were 
optimized. For a fixed concentration of chloride 
(6 x 10m6M), a 2.9 x lo-‘M con~ntration of 
silver solution was found to be the minimum 
for maximum response. The optimum concen- 
trations of the dissolving agents for complete 
dissolution of the precipitate were found to be 

0.045M for ammonia, 5.0 x 10e3M for thio- 
sulphate and 1.5 x 10e3M for cyanide. 

No significant effect of reaction temperature 
on the AAS signal was found in the range 
studied (25-M”), because the increase in solubil- 
ity of silver chloride with increase in tempera- 
ture is counterbalanced by the common-ion 
effect, if the silver nitrate concentration is high 
enough, but for convenience all work is done at 
room temperature. 

Changing the flow-rate of both the chloride 
and silver streams in the range 0.904.5 ml/mm 
increases the signal linearly with increase in the 
flow-rate. This is expected since the precipi- 
tation reaction is fast, and a higher flow-rate 
results in more precipitate in a given time. A 
flow-rate of 0.90 ml/min was found to give 
sufficient sensitivity and reasonable reagent con- 
sumption. If more sensitivity is required, the 
flow-rate can be increased. The signal is also 
affected by the flow-rate of dissolving agent, 
increasing exponentially with it, but the best 
~produ~bility was obtained when the flow-rate 
was 4.2 ml/min. 

At constant flow-rates the length of the mix- 
ing coil was found to have no significant effect 
on the signal height, which indicates that all the 
precipitate is collected and dissolved in the 
precipitation loop. 

Use of precipitation loops longer than 7 cm 
(10, 15, 20 cm) resulted in slightly decreased 
signal height, owing to broadening of the signal; 
shorter precipitation loops were difficult to fit 
into the injection valve. Increasing the bore of 
the precipitation loops above 2.8 mm (3.0 and 
3.5 mm) had no effect on the signal but caused 
some loss in reproducibility, and longer washing 
and dissolution times were required (> 2 min), 

As shown in Fig. 2, the signals obtained for 
chloride standards when ~osulphate is the 
dissolving agent are reproducible, and the peak 
width is 28 set, so a sampling frequency of 18/hr 
can be achieved. 

Figure 3 shows calibration curves for chloride 
determination by use of the three dissolving 
agents, ammonia, thiosulphate and cyanide, 
under the optimum conditions. The most repro- 
ducible results and lowest detection limit 
(3 x 10V7M) were obtained with thiosulphate as 
dissolving agent. Thiosulphate also gave the 
best sensitivity in the rFIA destination of 
silver. The linear working range, detection limits 
and precision are listed in Table 2. The upper 
limit of linearity is set by saturation of the 
solvent. The best dissolving agent is the one with 
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Fig. 2. Response of (a) 2 x 10e6M, (b) 4 x 10e6M, (c) 6 x 10m6M, (d) 8 x 10e6M chloride and carbonate 
standards. Thiosulphate as dissolving agent for silver chloride. 

the highest ability to complex the metal ion, and 
the highest rate of precipitate dissolution. It was 
found that thiosulphate gave the fastest dis- 
solution. In previous workI it was found that 
the presence of thiosulphate has no effect on 
the conventional AAS signal for silver, which 
indicates that it has no effect on the atomization 
efficiency. 

The method described here has higher sensi- 
tivity, lower detection limit and higher sampling 
frequency than those for a method in which 
silver chloride was precipitated on a stainless- 
steel filter.” In addition, the precipitation loop is 
cheap, readily available, and need not be discon- 
nected and washed after use, since the passage 
of the dissolving agent gives sufficient cleaning. 

Determination of carbonate 

Carbonate is determined by precipitation as 
calcium carbonate, which is then dissolved with 

O.lOM hydrochloric acid. The FIA-AAS signal 
due to the calcium in this solution is then 
proportional to the initial concentration of car- 
bonate in the sample. To remove excess of 
calcium before the dissolution, water is passed 
through the precipitation loop until the back- 
ground signal becomes zero. For a fixed 
concentration of carbonate (6.0 x 10W6M), a 
3.0 x lo-‘M concentration of calcium was 
found to be the minimum needed for complete 
precipitation. The concentration of dissolving 
agent required for complete dissolution at the 
optimum cation and anion concentrations was 
found to be O.lM hydrochloric acid. 

As in the chloride determination, the AAS 
signal height was found to increase linearly with 
an increase in the flow-rates of the two reactant 
streams; a flow-rate of 0.90 ml/min was selected 
for both. For a tied carbonate concentration 
the signal height increases exponentially with 
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Fig. 3. Calibration curves for chloride determination, 
with thiosulphate (r), cyanide (a) and ammonia (0) as 

dissolving agents, under optimum conditions. 

increase in the flow-rate of the dissolving agent 
but high flow-rates produce irreproducible sig- 
nals. A flow-rate of 6.2 ml/mm was found to 
give the best reproducibility. 

The signal height was found to decrease with 
increase in temperature in the range 25-90”, and 
poor reproducibility was obtained at the higher 
temperatures. This is due to increased solubility 
of the precipitate in water at higher tempera- 
tures, so room temperature is recommended for 
practical application. 

and as this approaches the induction period 
more calcium carbonate precipitates in the 
precipitation loop. Increasing the mixing coil 
length further allows some precipitation to 
occur in the mixing coil instead of the precipitat- 
ing loop, and this precipitate will not be dis- 
solved by the dissolving agent, which enters only 
the loop. This causes a decrease in the signal. 

As in the case of chloride determination, the 
sensitivity decreased when longer precipitation 
loops were used and the reproducibility became 
poor if the bore of the precipitation loop was 
too large. Shorter precipitation loops cannot be 
fitted easily in the injection valve. 

The signals obtained for carbonate standards 
are shown in Fig. 2. The signals are reproducible 
and a sampling frequency of 20/hr can be 
obtained (the peak width is 17 set). 

Increasing the mixing coil length from 5 to Figure 4 shows a calibration curve for 
20 cm increased the signal height but increas- carbonate determination under the optimum 
ing it further decreased the response. This is conditions. The linear working range, detection 
believed to be due to the low rate of the limit and precision are listed in Table 2. The 
precipitation reaction. Increasing the length of linear upper limit is at 13@f, then the signal 
the mixing coil increases the time before the levels off, which is believed to be due to 
mixed solution enters the precipitating loop, saturation of the solvent. 
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Fig. 4. Calibration curve for carbonate determination under 
the optimum conditions. 

Table 2. Analytical features of the rFIA-AAS technique for chloride 
and carbonate determination 

Linear working 
Dissolving range, Detection RgD,t 

Analyte agent PM limit,* M % 

Chloride Na&O, OS-16 3 x 10-7 1.4 
Chloride KCN OS-16 4 x 10-7 1.0 
Chloride NH, l-14 1 x 10-e 1.7 
Carbonate HCl l-14 5 x lo-’ 2.0 

*Detection limit, calculated as the concentration corresponding to 
three times the standard deviation of the baseline noise. 

tRelative standard deviation (n = 8) at 6 x 10e6M concentration. 
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Table 3. Effect of other anions on the determination of 
6 x 10m6M chloride with thiosulphate as dissolving agent 

Ion 

PG:- 
F- 
;osl co:- 

I’, &, SCN- 

(error <S%) 

Molar ratio of ion to chloride 

50 
20 
14 
6 

<I* 

*Error is - 16% for [I-], [Br] or [SCN-] = 2[Cl-1. 

Table 4. Effect of other anions on the determination of 

respectively, that cause a relative change in 
absorbance of around f5% for 6.0 x 10m6M 
chloride and carbonate solutions. Both tables 
indicate that the method is fairly selective. In 
the chloride method, iodide, bromide and thio- 
cyanate seriously interfere negatively, however, 
by competitive reaction with silver to produce a 
precipitate that is less soluble in the dissolving 
solution than silver chloride is. Phosphate inter- 
feres negatively in the carbonate method for the 
same reason. 

6 x 10e6M carbonate 

Ion Molar ratio of ion to carbonate 

Br- 50 
BrG;, IO; 25 
so:- 10 
F-, Cz@,- 4 
PO;- <1* 

*Error is - 12% for w:-]= 2[CO;]. 
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1. 

2. 

Recovery and interferences 3. 

The recovery, which reflects the precipitation 
loop efficiency, was determined by allowing a 
known standard analyte solution to react 
with the corresponding precipitant for 2 min as 
described in the procedure. The dissolving agent 
(thiosulphate for silver chloride and hydro- 
chloric acid for calcium carbonate) was then 
passed through the precipitating loop for 5 min, 
collected in a standard flask, and diluted to 
volume. The cation content of the collected 
solution was determined by AAS with conven- 
tional aspiration. The average recovery in ten 
determinations was found to be 94% for chlor- 
ide, with 3.7% relative standard deviation and 
92% for carbonate, with 1.6% relative standard 
deviation. 

4. 

5. 

6. 
I. 
8. 

9. 
10. 

11. 
12. 

13. 
14. 
15. 
16. 

Tables 3 and 4 show the molar ratios of 
foreign ions to chloride and carbonate ions 

17. 
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Summary-A simple method for the determination of chloramphenicol in pure powders, capsules, tablets, 
oral suspensions and eye ointments, based on its reduction to the amino derivative by a cadmimn or zinc 
column, is reported. Chloramphenicol can be determined in the range 2-30 pg/ml, with a relative standard 
deviation of 1.5% and a sampling frequency of 150/hr. The proposed method has greater simplicity, 
sensitivity and rapidity than the previously reported batch method. 

Chloramphenicol was the first of the broad- 
spectrum antibiotics and has been determined 
spectrophotometrically by reaction between its 
alkaline hydrolysis products and ammonium 
molybdate,’ or by formation of their azo-deriva- 
tives;2 it has also been determined by reaction 
with cobaltinitrite.3 Other photometric methods 
used are based on reduction of its nitro 
group, followed by diazotization and coupling.“ 
Polarography,s-7 gas chromatography,8 high- 
performance liquid chromatography?1° thin- 
layer chromatography” and bioluminescence12 
methods have also been reported. 

Hassan and Eldesouki13 determined chlor- 
amphenicol and its esters in pharmaceutical 
preparations by reduction of the NO, group 
with cadmium in acid medium followed by 
determination of the cadmium ions produced. 
However, the reduction involves extensive 
manipulation, a large amount of cadmium 
metal (SO-100 mg per sample) and boiling for 
15-20 min under a carbon dioxide atmosphere 
(and a blank run under similar conditions). 
On the other hand, these authors achieved an 
average recovery of 99.5% and encountered 
no adverse effects from additives and diluents 
commonly used in drug formulations, and the 
results were much better than those afforded 
by the U.S. Pharmacopeia recommended pro- 
cedure. The nitro group in organic compounds 
has also been determined indirectly by atomic- 
absorption spectrometry’4 by reduction with 
zinc and ammonium chloride at 95”, followed 
by reaction with Tollens reagent and determi- 
nation of the silver produced (after removal of 
silver chloride by dissolution in ammonia), but 

the method is time-consuming and subject to 
severe interferences. 

Flow-injection analysis has been used to 
develop a large variety of pretreatment pro- 
cedure@ for atomic spectrometry. Different 
types of solid reactors (ion-exchange, enzyme 
and redox columns) have been employed in 
conjunction with flow configurations. 

This paper reports the joint use of a flow 
reduction system (including a cadmium or zinc 
column) and an on-line instrumental set-up to 
measure the released cadmium or zinc ions by 
atomic-absorption spectrometry. The method 
is quite sensitive and permits the determination 
of chloramphenicol at sampling rates of 
150/hr. 

EXPERIMENTAL 

Apparatus 
A Perkin-Elmer 380 atomic-absorption spec- 

trometer equipped with suitable hollow-cathode 
lamps (zinc or cadmium) and an adjustable 
nebulizer was connected to a Radiometer REC- 
80 Servograph recorder. The instrument was 
operated with deuterium-lamp background cor- 
rection and the air-acetylene flame was adjusted 
according to the manufacturer’s recommen- 
dations. The peristaltic pump was a Gilson 
Minipuls-2 furnished with poly(viny1 chloride) 
pumping tubes. The injector consisted of a 
rotary valve (Tecator Model L 100-l) to which 
a loop of the required volume was fitted; PTFE 
tubing (0.5 mm bore) and a selecting valve 
(Rheodyne Model 5041) were also used. The 
reduction columns were made by packing a 
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glass capillary (8.5 cm long, 1.8 mm bore) with 
cadmium or zinc granules (Merck) of medium 
size (grain diameter OS-l.2 mm). 

Sample preparation 

Standards. Chloramphenicol solution was 
prepared by dissolving 1 g of the dried powder 
(Sigma) in a minimum amount of ethanol and 
diluting to 1 litre with 1: 1 v/v ethanol-water. 
Chloramphenicol standards in the range 2-30 
pgg/ml were made by pipetting appropriate vol- 
wnes of stock solution into 50-ml standard 
flasks and diluting to the mark with distilled 
water (the pH was adjusted to 3.7-4.2 with 
O.lM hydrochloric acid or sodium hydroxide. 

Tablets and capsules. Two or three tablets or 
the contents of 2 or 3 capsules were placed in a 
mortar and ground to a fine powder. An 
amount of powder equivalent to 20-25 mg of 
pure chloramphenicol was dissolved in 50 ml of 
ethanol, filtered and diluted to 250 ml with 
water. 

Syrup. The suspension was thoroughly 
shaken and a 1.5-ml portion was transferred 
to a 250-ml standard flask. Then 100 ml of 
ethanol were added, and the mixture was shaken 

Recommended procedure 

The manifold used is depicted in Fig. 1. A 
90-pl water blank at the same pH as the sample 
was injected first, and then 90 ~1 of the sample 
solution (at pH 3.7-4.2), containing 2-30 pg of 
chloramphenicol per ml, was injected into the 
water carrier stream. The water blank gave a 
small peak due to slight dissolution of metal 
from the reductor column (cadmium or zinc) by 
the acid medium. The sample gave a higher peak 
due to the redox reaction (reduction of the nitro 
group in chloramphenicol and oxidation of the 
metal). The difference in peak height was pro- 
portional to the concentration of drug injected. 

RESULTS AND DISCUSSION 

The reduction of aromatic nitro-compounds 
by cadmium or zinc metals is well known.‘3v’4 
According to Hassan and Eldesouki,” the time 
required for quantitative reduction of chloram- 
phenicol with cadmium metal in the presence of 
0.05M hydrochloric acid is 15-20 min. Six equiv- 
alents of cadmium ion are released per mole 
of chloramphenicol, and the reaction proceeds 
to completion, yielding the corresponding amine: 

+ 3Cd + 6HCl 
OH NHCOCHCI, 

* H,N / \ 

-0 

CH-CH-CH,-OH 
I I 
OH NHCOCHC12 

+ 3CdC1, + 2H,O 

vigorously and diluted to the mark with distilled 
water. 

Eye ointment. An accurately weighed portion 
of ophthalmic ointment’6 equivalent to about 10 
mg of pure chloramphenicol was shaken in a 
separating-funnel with about 50 ml of n-hexane 
and then extracted with four 20-ml portions of 
water. The aqueous extracts were combined in 
a lOO-ml standard flask and diluted to volume 
with ethanol. 

The infrared spectrum of the reduction 
product showed no band from the NO2 group.” 
When the process was conducted in a continu- 
ous mode, the redox reaction did not reach 
equilibrium but reproducible timing of the 
system made this dispensable. 

Preliminary studies 

The optimum reaction conditions were estab- 
lished by varying each condition one at a time. 

Fig. 1. Manifold and optimum working conditions used in the determination of chloramphenicol. SV, 
selecting valve; IV, injection valve; RC, redox column. 
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Hydrochloric acid was used to adjust the sample 
pH for the reduction. The absorbance difference 
between the sample and blank solutions re- 
mained constant over the pH ranges 3.7-4.3 and 
3.5-4.2 for reduction with zinc and cadmium 
respectively. 

In the batch method, the sample is heated 
with cadmium metal in 0.05M hydrochloric acid 
under reflux in a carbon dioxide atmosphere. 
The influence of temperature on the FIA 
method was therefore studied over the range 
20-70”, but none was found; the measurements 
are therefore made at room temperature. Since 
the redox reaction takes place inside a narrow- 
bore column a carbon dioxide atmosphere is not 
required, as in the automatic procedure there is 
efficient shielding against transfer of substances 
from the atmosphere to the sample and vice 
versa. 

The influence of the injected volume on the 
peak height, at constant carrier flow-rate, was 
studied over the range 50-l 50 ~1. The blank and 
sample signals were dependent on the injected 
volume, but the difference between them was 
constant for volumes between 80-130 ~1. With 
volumes > 100 ~1, however, the blank signals 
fell outside the linear range of the instrument so 
a volume of 90 ~1 was chosen for subsequent 
experiments. 

The effect of the flow-rate was examined in 
the range l-5 ml/min and was constant at 
flow-rates above 2.5 ml/min. A flow-rate of 3.0 
ml/min was selected. 

The time required for the reduction of chlor- 
amphenicol by the cadmium or zinc column was 
investigated by measuring the amount of metal 
ion released from different lengths of column 
(48.5 cm, 1.8 mm bore). The signal was not 
affected by variation in column length in this 
range, so an 8.5~cm column was selected, which 

had a useful life-time of one month under 
continuous use. 

Analytical data 

A linear response was observed over the range 
2-30 pg/ml chloramphenicol, with a sensitivity 
(slope of the absorbance-concentration cali- 
bration curve) of 7.6 x 10m3 and 6.8 x low3 
ml/pg for the zinc and cadmium columns, 
respectively. The detection limits (0.7 and 1.3 
pg/ml for the zinc and cadmium columns, re- 
spectively) were calculated as the concentration 
equivalent to three times the standard deviation 
of the absorbance for 30 successive injections of 
the blank. The relative standard deviations for 
11 samples each containing 10 pg/ml chloram- 
phenicol were 1.5 and 1.4% for the zinc and 
cadmium systems, respectively. 

Analysis of pharmaceutical preparations 

The proposed method was applied to the 
determination of chloramphenicol and its 
pahnitate (1 mg of chloramphenicol = 1.738 mg 
of chloramphenicol palmitate) in various phar- 
maceutical preparations. The excipients did not 
interfere. The results of the assays of tablets, 
capsules, syrup and eye ointment are listed in 
Table 1. A recovery study was made by adding 
different amounts of chloramphenicol to each 
pharmaceutical preparation (Table 2). The aver- 
age recovery was 99.5 and 99.8% with the zinc 
and cadmium columns, respectively, with the 
relative standard deviation ranging between 1.1 
and 2.1%. 

Advantages of the FIA method over the batch 
procedure 

The proposed automatic method for the 
determination of chloramphenicol is straight- 
forward and fast, and can be used for direct 

Table 1. Determination of chloramphenicol in pharmaceutical preparations 

Trade name 

Chloromycetin 
(capsule) 

Chemicetina 
(tablets) 

Chemicetinat 
(syrup) 

Oftalmolosa Cusi 
(ointment) 

Chloramphenicol 0~10s 
(ointment) 

Found, mg 

Nominal Zinc Cadmium 
Manufacturer* amount method method 

Parke Davis 250 mg/capsule 255 f 0.5 256 f 0.4 

Ifesa 250 mg/tablet 260 f 0.6 261 * 0.3 

Ifesa 14.4 mg/ml 14.0 f 0.2 14.1 f 0.1 

Cusi 10 mg/ml 10.4 f 0.2 10.6 f 0.1 

Frumtost-Zyma 10 mg/ml 9.6 f 0.2 9.7 f 0.1 

*Spanish. 
tThe active ingredient is chloramphenicol palmitate (25 mg/ml). 
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Table 2. Recovery of chloramphenicol added to pharmaceutical preparations 

Zinc method Cadmium method 

Found, Recovery, Found, Recovery, 
Sample Spike added mg % mg % 

Chloromycetin 250 mg/capsule 251.5 100.6 
Chemicetina 250 mg/tablet 248.5 99.4 
Chemicetinat 14 mg/ml 14.1 100.7 
Of talmolosa Cusi 10 mg/ml 9.9 99.2 
Chloramphenicol 

oculos 10 mg/ml 9.8 98.3 

*Mean of 7 determinations. 
tThe active ingredient is chloramphenicol pahnitate (25 mg/ml). 

251.0 100.4 
250.2 100.1 

13.6 97.1 
10.3 102.8 

9.8 98.7 

assay of formulations. Advantages over its 5. 
batch counterpart are low sample and reagent 
consumption; higher sampling frequency; lower 

6 
’ 

cost; no carbon dioxide atmosphere required; 7. 
higher sensitivity (linear range of 2-30 pg/ml for 
the FIA technique and 2-l 5 mg/ml for the batch 8. 
procedure) and higher precision because there is 
less sample manipulation. 
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Summary-ne relative ability of peroxidase-like metallotetrakis(N-methylpyridinimnyl)porphyrins 
we-TMPyP, Me = Mn(III), Fe(III), Co(III), Ni(II), Cu(II), and Zn(II)] to catalyse the hydrogen peroxide 
oxidation of homovanillic acid to a fluorescent dimer has been studied. The complexes of Mn, Fe and 
Co are effective catalysts in the reaction, but the complexes of Ni, Cu and Zn are not. The catalytic 
behaviour of Mn-TMPyP, Fe-TMPyP and Co-TMPyP has been compared with that of HRP in both 
enxymatic and kinetic analysis. The sequence of peroxidase-like catalytic activity is Mn-TMPyP> 
Co-TMPyP > Fe-TMPyP. The catalytic activity of Mn-TMPyP is 84% of that of HRP. These Me-TMPyP 
(Me = Mn, Fe, and Co) compounds are good substitutes for HRP in enxymatic analysis. Traces of 
hydrogen peroxide and glucose can be determined with the Me-TMPyP systems. 

Enzymes have been widely used in biochemistry, 
chemical engineering, and clinical chemistry. 
However, enzymes are expensive and their sol- 
utions are not stable, so the study of potential 
enzyme mimics is one of the interesting trends 
in analytical biochemistry. We have found that 
peroxidase-like metalloporphyrins can catalyse 
reactions leading to fluoresceno and chemi- 
luminescence.3 In this paper, the catalytic 
behaviour of peroxidase-like metallotetrakis(N- 
methylpyridiniumyl)porphyrins [Me-TMPyP, 
Me = Mn(III), Fe(III), Co(III), Ni(II), Cu(II), 
and Zn(II)] on the hydrogen peroxide oxidation 
of homovanillic acid (HVA) to generate a fluor- 
escent dimer has been studied. The kinetic 
characteristics of the Me-TMPyP [Me = 
Mn(III), Fe(III), and Co(III)] catalysed reac- 
tions have been compared with those of HRP. 
The reaction leading to the fluorescent product 
proceeds as follows:4 

EXPERIMENTAL 

Apparatus 

The fluorescence spectra and relative fluor- 
escence intensities were measured with a Hitachi 
Model 850 Fluorescence Spectrophotometer 
(with a lO-mm fused-silica cell). The pH was 
measured with an Orion 811 pH/mV meter. 

Reagents 

All chemicals were of analytical grade and all 
aqueous solutions were made up in triply dis- 
tilled water (prepared by passing doubly dis- 
tilled water through a column of activated 
charcoal, adding potassium permanganate to 
kill bacteria, and distilling in fused-silica appar- 
atus). 

HVA (Merck) was dissolved in triply distilled 
water. Hydrogen peroxide solutions were pre- 
pared by dilution of a 30% solution (standard- 

CH&OOH CH,COOH 

2 HRP 

CH,O 
McTMPyP 

) 2H,O + 

(ME = Mn, Fe, Co) OCH, 
OH 

(No f luoreacence ) (Strong fluorescence, 
L_315nm;~425nm) 

*Author for correspondence. 
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ized by titration with potassium permanganate) 
with triply distilled water. Tri-HCl and 
glycine-NaOH buffers (0.05M) were used. 

Synthesis of Me-TMPyP 

Equal quantities (10 pmole) of TMPyP and 
MeCl, (Me = Mn, Fe, Cu, or Zn) or Me(Ac), 
(Me = Co or Ni) were added to a loo-ml flask 
fitted with a condenser. Triply distilled water, 20 
ml, was added and yielded a brown-red trans- 
parent solution. The solution was slowly heated 
under gentle reflux, until the absorption spec- 
trum for porphyrin disappeared completely. 
Finally, the solution was diluted with triply 
distilled water to give a fixed concentration. 
From the spectra obtained for the Me-TMPyP, 
it can be concluded5-lo that the oxidation states 
were III for Mn, Fe and Co and II for Ni, Cu 
and Zn in the synthetic complexes. 

Procedure 

Solutions of HVA, Me-TMPyP and buffer 
were added to a 5.0-ml standard flask and 
diluted to about 4.5 ml. The flask was then 
immersed in a thermostat at 30 & 0.5”. After 
5 min, slightly less than 0.5 ml of Hz02 
solution was added and the mixture was diluted 
to the mark with triply distilled water. The 
fluorescence intensity at 425 nm was measured 
at various time intervals (kinetic method) 
and when constant (equilibrium method), with 
excitation at 315 nm. 

RESULTS AND DISCUSSION 

Spectral characteristics 

From the excitation and emission spectra, it 
was concluded that Mn-TMPyP, Fe-TMPyP 
and Co-TMPyP catalysed the oxidation while 
NCTMPyP, Cu-TMPyP and Zn-TMPyP did 
not. The excitation and emission spectra of the 
Fe-TMPyP system are shown in Fig. 1. 

The product has an excitation maximum at 
3 17.5 nm and a fluorescence emission maximum 
at 423 nm in the Fe-TMPyP system. In the HRP 

E, Et0 
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Fig. 1. Fluorescence excitation and emission spectra for 
the Fe-TMPyP system. pH = 10.00; HVA: 3.0 x IOmsM.; 
H,O,: 1.8 x 10W6M.; Fe-TMPyP, Fe’+, Fer+, TMPyP: 
1.7 x 10e6M.; HRP: 2.0 rg/ml. (a) HVA-Fe-TMPyP- 
H,O,; (b) HVA-Fe-TMPyP; (c) HVA-H,O,; (d) HVA- 
Fez+-H,O,; (e) HVA-Fe’+---H,Oz; (f) HVA-TMPyP- 

H,O,; (g) HVA-HRP-H,O, (broken line, pH: 8.50). 

system, the emission maximum was at 424 nm, 
with excitation at 314.0 nm. The emission max- 
ima in the Mn-TMPyP and Co-TMPyP systems 
were at 424 and 436 nm with excitation at 316.0 
and 3 16.5 nm, respectively, as shown in Table 1. 

Efects of reaction variables 

The effects of pH, temperature, reaction time, 
and concentrations of HVA and Me-TMPyP 
(Me = Mn, Fe, Co) on the fluorescence reaction 
were studied. The optimal conditions for deter- 
mination of H,02 are summarized in Table 1. A 
0.05M glycin+NaOH buffer solution was used 
in the tests. The fluorescence intensities of the 
system and the blank in the absence of Hz02 
became constant after 1 or 2 min, so the equi- 
librium method was chosen to determine Hz02. 
Since the equilibrium fluorescence intensity did 
not change with temperature in the range O-35”, 
it was measured at room temperature. In the 
Fe-TMPyP system, 0.50 ml of 3.0 x 10m4M 
HVA solution, 0.30 ml of 2.8 x IO-‘M 

Table 1. The optimal conditions for determination of H,O, with mimetics of peroxidase 

I, (U, 1,’ [EnzymeI, 
Enzyme nm min PH 

W’AI, 
M 

HRP 3 14 (424) 8.0-8.5 2.7 x lo-‘-4.8 x lo-’ 2.6 x lo-‘-7.5 x lo-’ 
Mn-TMPyP 3 16 (424) :+ 9.5-11.0 1.5 x lo-‘-7.0 x lo-’ 2.3 x lo-%5 x lo+ 
Fe-TMPyP 317.5 (423) 1 9.5-10.8 2.7 x lo-‘-5.5 x lo-’ 1.1 x 10+2.3 x 1O-6 
Co-TMPyP 316.5 (436) 2 11.5-12.0 2.0 x 1o-5-6.5 x 1o-5 1.7 x 10+2.3 x 1O-6 

*The time when the fluorescence intensity was constant. 
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Table 2. Comparison of the behaviour of peroxidase-like Me-TMPyP with that of HRP in 
determination of H202 

Linear Lowest 
Regression range, limit, Relative 

Enzyme equation M M sensitivity 

HRP I, = 5.4 x 10’ [H,OJ + 4.2 1.7 x lo-‘-l.7 x lo-’ 1.7 x lo-‘? 100 
Mn-TMPyP zRF = 5.0 x 10’ [H,OJ - 0.2 0.0-2.4 x 1O-6 1.3 x lo-‘* 94 
Fe-TMPyP I,= 4.7 x 10’ [H*OJ + 1.1 0.0-3.6 x 1O-6 1.1 x lo-‘* 88 
Co-TMPyP I, = 5.0 x 10’ [H*o2] - 10.3 3.0 x lo-‘-2.0 x 10-e 3.0 x 10-77 94 

*Obtained by the method of Hemandez and Escriche.” 
tobtained from the calibration graphs. 

Fe-TMPyP solution, and 1.0 ml of pH 10.0 
glycine-NaOH buffer were used. 

Calibration graphs for H,O, 

The calibration graphs for H,Oz in the Me- 
TMPyP (Me = Mn, Fe, Co) systems were ob- 
tained under the optimal conditions described in 
Table 1. The linear regression equations and 
other calibration data are listed in Table 2. The 
sensitivities of Me-TMPyP for determination of 
H,O, were compared with that of HRP by 
comparison of the slopes of the calibration 
graphs. From Table 2, it can be seen that the 
sequence of sensitivities is Mn-TMPyP > Co- 
TMPyP > Fe-TMPyP. With the Fe-TMPyP sys- 
tem the coefficient of variation was 3% (n = 7) 
for the determination of 6.1 x lo-‘M H202. 

Application 

In the determination of glucose in serum by 
oxidation with oxygen, catalysed by glucose 
oxidase, H,Oz is produced and can be deter- 
mined by use of the Me-TMPyP systems, e.g., 
Fe-TMPyP. Typically, 0.20 ml of 1 unit/ml 
glucose oxidase solution and 1.0 ml of glucose 
test solution were added to a 5.0-ml flask. After 
3 min, 2.5 ml of pH 10.0 glycine-NaOH buffer 
solution, 0.5 ml of 3.0 x 10m4M HVA and 0.30 
ml of 2.8 x 10m5M Fe-TMPyP were added and 
the mixture was diluted to the mark with triply 
distilled water. The relative fluorescence inten- 
sity was measured after 15 min. The linear range 
for glucose was O-8.0 pg/ml, the correlation 
coefficient 0.999 (n = 5), and the linear re- 
gression equation ZRF = 34.5[glucose] - 3.8. The 
lowest limit of determination for glucose by 
the method of reference 11 was 0.2 pug/ml. The 
glucose content in human serum was measured 
by the standard addition method under these 
conditions to compensate for any interference 
from inorganic ions present. The graph ob- 
tained in the determination is shown in Fig. 2 
and indicates that 89.0 mg/lOO ml glucose was 
present in the sample tested. The sample was 

also analysed with the Co-TMPyP system and 
the glucose content found was 96.5 mg/lOO ml. 
These results agreed within experimental error. 

Comparison of catalytic activities of the Me- 
TiWPyP and HRP systems 

The experimental results have shown that the 
complexes of Mn(III), Fe(II1) and Co(II1) with 
TMPyP can catalyse the formation of a fluor- 
escent product from the reaction of homovanil- 
lit acid with H,02 whereas the complexes of 
Ni(II), Cu(I1) and Zn(I1) can not. It is known 
that porphyrins have been used as models for 
corrin ring systems. Many will add groups 
readily in the axial position, but this is not 
typical of all. For example, Cu(I1) and Ni(I1) 
porphyrins have a low affinity for extra lig- 
ands.‘* The complexes of Cu(I1) and Ni(I1) with 
TMPyP cannot form mixed-ligand complexes 
with axially attached ligands such as H202 and 
HVA. It is therefore not surprising that Cu- 
TMPyP and Ni-TMPyP do not catalyse the 

160 - 

100 &ml glucose (ml 1 

Fig. 2. Determination of glucose in 20 ~1 of the human 
serum by Fe-TMPyP, using the method of standard 

addition. 
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reaction. 

Table 3. Comparison between the characteristics of perozidase-like Me-TMPyP and HRP with 
HVA as substrate 

Enzyme 

HRP 
Mn-TMPyP 
Fe-TMPyP 
Co-TMPvP 

Ku9 
mM 

0.216 
0.366 
0.093 
0.460 

V mu9 P& 
set-’ 

0.567 2.00 
0.607 2.54 
0.297 14.7 
0.408 17.0 

Kclt, Relative 
lo-‘l.mole-‘.sec-’ activity, %* 

2.83 100 
2.39 84 
0.20 7.1 
0.24 8.5 

*Relative activity means the ratio of ?&, of metalloporphyrin to that of HRP 

Zn(I1) porphyrin can add one ligand, 
giving a square-pyramidal five-coordinate struc- 
ture,‘* but Zn(I1) cannot be further oxidized. 
Consequently, Zn-TMPyP is ineffective in 
catalysing the reaction. By contrast, Mn(III), 
Fe(II1) and Co(II1) porphyrins can add one or 
two extra ligands to form a square-pyramidal 
five-coordinate structure or an octahedral six- 
coordinate structure. Moreover, these metal 
ions can be further oxidized, and iron has 
been postulated to exist in some porphyrin 
complexes.13 Therefore, the complexes of 
Mn(III), Fe(II1) and Co(II1) with TMPyP can 
catalyse the reaction just as HRP does. From 
the discussion above, it is clear that the elec- 
tronic structure and oxidation states of the 
central metal ions and the affinity of the met- 
alloporphyrin complex for extra ligands deter- 
mine the catalytic activity of metalloporphyrins 
as mimetics of peroxidase. 

The kinetics of the enzymatic reaction was 
studied by the initial rate method and the 
steady-state assumption.i4 It was concluded that 
the concentration of H202 was saturating in the 
test system. The Michaelis-Menten constant K,,, 
and the maximum rate I’,,,, were obtained from 
Lineweaver-Burk plots [l/V vs. l/(substrate)],” 
and the transformation constant K,,, was ob- 
tained from V_ = &, x [ElO, where [El0 is the 
initial concentration of enzyme. The K,, values 
represent the catalytic activities. The &,, I’,, 
and Kcat values for the peroxidase-like Me- 
TMPyP (M = Mn, Fe, and Co) and HRP 
systems with HVA as substrate are listed in 
Table 3. It can be seen that the sequence of 
catalytic activities of the Me-TMPyP systems is 

Mn-TMPyP > Co-TMPyP > Fe-TMPyP. The 
catalytic activities of all the Me-TMPyP exam- 
ined were lower than that of HRP. Although the 
catalytic activity of Fe-TMPyP is low, it is still 
a useful substitute for HRP in catalysing for- 
mation of a fluorescence product from I-WA 
with H202. 
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Summary-A spectroftuorimetric procedure for the determination of indole-3-acetic acid, indole-3- 
propanoic acid and indole-3-butyric acid by derivatization with copper sulphat~ulphuric acid solution 
has been developed. The optimum reaction conditions, the effect of interferer& and the advantages 
associated with the use of first- and secondderivative synchronous spectrofiuorimetry have been studied. 
The detection limits are 3, 12 and 6 ng/ml for indole-3-acetic, indole-3-propanoic and indole-3-butyric 
acid, respectively. 

Indole-3-acetic acid (IAA) and related com- 
pounds are of interest because of their activity 
as plant growth regulators. The complex nature 
of the matrix in which indole compounds are 
required to be determined has led to a number 
of studies. 

These include bioassays’ and immunoassays,2 
as well as chromatographic techniques, such as 
high-performance liquid chromatography.3-s 
Studies involving the use of fluorescent labels 
include the highly selective and sensitive indole- 
a-pyrone method6 which has been further 
developed.7*8 Another fluorescent label is 
o-phthalaldehyde (OPA) which in concentrated 
sulphuric acid solutions has been described as a 
reagent for TLC determination of indol-3-yl 
acids, including indole-3-acetic acid (IAA), 
indole-3-propanoic acid (IPA) and indole-3- 
butyric acid (IBA). ‘JO Recently, this reagent 
mixture (OPA-H2S04) was used for developing 
a synchronous spectrofluorimetric procedure 
for the determination of IAA, IPA and IBA.” 

Most fluorogenic reagents are organic and the 
use of fluorescent inorganic labels is restricted. 
Methods based on the chelation of different 
organic analytes with metal ions have been 
described.i2 

Ebert13 claimed that a fluorescent derivative 
was produced when IAA was heated with 

*Author for correspondence. 

copper sulphate and concentrated sulphuric 
acid. This procedure was modified and applied 
two years later by Rakitin and Povolotskayai4 
and a further qualitative study was performed 
by Burnett and Audus.15 However, no further 
references to this procedure have been found in 
the literature. 

In this paper a systematic study of the 
experimental variables that affect the reaction 
between indole compounds and CuSO4-Hr SO, 
mixtures is presented. The optimum reaction 
conditions for the fluorimetric determination of 
IAA, IPA and IBA have been established. In 
addition, the use of first- and second-derivative 
synchronous spectrofluorimetry for improving 
the selectivity and the sensitivity of the proposed 
methods has been studied. 

EXPERIMENTAL 

Reagents 

Indoles and phenolic compounds were ob- 
tained as analytical grade reagents from Sigma. 
Stock 1OmM solutions of these compounds were 
prepared in absolute ethanol and stored at 4” 
when not in use. Lower concentrations (100 
pg/ml) were prepared daily by diluting the stock 
solutions with water. 

A OSM solution of copper sulphate (Sigma) 
was prepared. All other chemicals were analyti- 
cal reagent grade (Merck), and doubly-distilled 
water was used. 
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Apparatus 

All fluorescence measurements were obtained 
with a Perkin-Elmer LS-5 luminescence 
spectrometer equipped with a 9.9-W xenon 
discharge lamp pulsed at line frequency and 
F/3 Monk-Guilleon type monochromators. 
Standard l-cm quartz cells were used. The 
spectrometer was operated in the computer- 
controlled mode with an RS232C serial inter- 
face to a Perkin-Elmer Model 3600 data station. 
Instrumental control and data collection were 
achieved with the Perkin-Elmer luminescence 
software (PECLS II) modified as previously 
described.16 An Epson FX-800 printer was used 
to record spectra. 

Procedure 

Transfer appropriate volumes to obtain final 
concentrations between 0.1 and 1.0 pg/ml of 
each indole solution, into separate standard 
flasks. Add the appropriate volume of 0.5M 
copper sulphate, and dilute to the mark with 
water and chilled concentrated sulphuric acid to 
obtain the desired final concentrations. Heat the 
resultant solutions for 5 min in boiling water, 
cool for 3 min under running water, and let 
stand for a few minutes in the dark at room 
temperature. Measure the fluorescence intensity 
at 475, 526, and 534 nm, with an excitation 
wavelength of 400, 443, and 400 nm for IAA, 
IPA and IBA, respectively, against a reagent 
blank. Record synchronous spectra from 300 
to 500 nm against a reagent blank with A1 
(difference between emission and excitation 
wavelengths) values of 67, 83, and 134 nm for 
IAA, IPA, and IBA, respectively. 

RESULTS AN’D DISCUSSION 

Experimental variables 

To establish the optimum reaction con- 
ditions, the parameters that could affect the 
reaction were studied. 

The concentration of sulphuric acid was 
optimized with a fixed amount of copper 
sulphate. The sulphuric acid concentrations 
selected were 8, 10 and 16M for IAA, IPA and 
IBA, respectively. At these fixed acid concen- 
trations optimum fluorescence intensities were 
obtained with copper sulphate concentrations of 
1.25, 1.25, and IOmM for IAA, IPA and IBA, 
respectively. These concentrations together with 
spectral characteristics of the fluorophores ob- 
tained are summarized in Table 1. 

Table 1. Experimental variables and spectral charac- 
teristics of indole compounds 

IAA IPA IBA 

[H2SOJ M 8 10 16 

rz mM 
1.25 1.25 10 

400 443 400 
&, nm 475 526 534 
M, = 67 83 134 

The effect of sequence of reagent addition was 
also investigated, but no important differences 
in the fluorescence signals were observed. The 
stability of the products obtained was examined 
and 1 pgg/ml of each indole compound gave a 
constant fluorescence reading at room tempera- 
ture for at least 70 min. However, after 24 hr the 
fluorescence of the IAA reaction product had 
decreased by 22%. The modified software was 
used to produce three-dimensional synchronous 
spectra with variable AA,” and these were used 
to optimize the wavelength scanning interval 
(An) for the synchronous determination. 

Quantitative analysis 

Calibration graphs for IAA, IPA, and IBA 
were obtained by both the direct and syn- 
chronous techniques. To improve the analytical 
characteristics for an individual determination 
of IAA, a study by first- and second-derivative 
synchronous spectrofluorimetry was also pre- 
formed. Intensities at 386 and 431 nm for 
first-derivative spectra and at 405 and 454 nm 
for second-derivative spectra were measured, 
and each of the calibration graphs obtained 
showed a linear relationship between intensity 
and concentration. The correlation coefficients 
were better than 0.99. 

The sensitivity of each method is expressed as 
the analytical sensitivity, s,,,/m, where s, is the 
standard deviation of the analytical signal and 
m is the slope of the calibration graph.” The 
limit of detection is reported as defined by 
IUPAC.‘* The precision of the methods was 
determined by analysing nine replicate samples 
of IAA and IPA, each containing 0.40 pg/ml 
analyte, and eleven replicate samples of IBA, 
each containing of 0.60 pg/ml. The analytical 
parameters of the proposed methods are 
summarized in Table 2, where it is clear that 
the limit of detection is improved by using the 
derivative methods. 

Interferences 

To determine the selectivity of the proposed 
method, the effect of other compounds on the 
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Table 2. Analytical parameters of the proposed methods 

Limit of 
Sensitivity, detection, 

nglml nglml 

10 12 
13 22 
18 3 
17 3 
13 12 
13 13 
20 6 
20 13 

Compound Method* 

IAA Direct 
Synchronous 
Dl 
D2 

IPA Direct 
Synchronous 

IBA Direct 
Synchronous 

Error, RSD, 
% % 

2.1 2.7 
2.7 3.6 
3.1 4.1 
3.1 4.1 
2.6 3.5 
2.3 3.0 
2.2 3.3 
2.2 3.4 

*Dl and D2: first- and second-derivative synchronous scanning. 

IAA determination (0.4 pg/ml) was investi- 
gated. Possible interferent indole compounds 
tested were: indole-3-methanol (InMe), indole- 
3-aldehyde (InAl), indole-3-carboxylic acid 
(InCar) occurring in the IAA catabolism,‘9 
and S-hydroxyindole-3-acetic acid (5OHIAA). 
Additionally, the interference of two phenohc 
compounds, 2,4_dichlorophenol (2,4-DCP) and 
p-coumaric acid (PCA) were studied. These 
compounds are used as co-factors in the indole- 
3-acetic acid-oxidase assay.lg 

The criterion used for interference was a 
deviation from expectation greater than f2a, 
where d is the standard deviation found in the 
reproducibility tests. 

The most important interferences are given in 
Table 3. The results indicate that only for InMe 
can moderate selectivity be gained by using the 
synchronous derivative approach. 

Table 3. Effect of interferents on the determination 
of 0.40 /lg/ml IAA 

Recovery, % 
Ratio to 

Interferent IAA I s Dl D2 

InMe 0.25 + + + 95 
0.5 + + 108 

IllAl 1 102 99 1:3 101 
2 + + + + 

InCar 1 + + + + 
S-OHIAA 0.5 98 99 102 + 

1 93 - 101 - 
2 ---- 

2,4-DCP : 103 101 100 103 
100 98 101 99 

5 104 102 105 105 
10 + 103 103 107 

PCA 1 99 96 96 - 
3 101 100 - - 
5 105 107 - - 

+ and - indicate values above and below the 1. R. Sandstedt, Plant Physiol., 1971, 52, 443. 
tolerance criterion. I, direct fluorescence; S, syn- 2. A Croaier, G. Sandberg, A. M. Monteiro and B. 
chronous scan; Dl , first-derivative synchronous Sundberg, in PIant Growth Substances, M. Bopp (ed.), 
scan; D2, second-derivative synchronous scan, p. 13. Springer-Verlag, Berlin, 1985. 

CONCLUSIONS 

It has been shown that the CuSO,-H,SO, 
reagent is not very specific. In comparison with 
the a-pyrone method, the proposed method is 
less sensitive and selective. However, it has the 
advantage that dry reaction conditions are not 
required. Despite its non-specificity, the pro- 
posed method could be useful if combined with 
a preliminary separation. 

The proposed method is less sensitive than the 
OPA-H2S0, procedure, but more selective since 
the working wavelengths are more widely 
separated. The effect of the interferents studied 
should be viewed in the context that IBA, for 
example, is rarely found together with other 
indole compounds. In fact we have applied the 
proposed method to the determination of IBA 
in culture medium and obtained satisfactory 
results.20 

Finally, the present work could be used as the 
basis for a new method to assay IAA oxidase 
activity. Usually this assay would require high 
concentration of the substrate (IAA), and as 
co-factor a phenolic acid which would not inter- 
fere. The method proposed here is sensitive 
enough for use in this assay. It is known that 
IAA oxidase activity is very low and its 
measurement normally requires the use of a 
sensitive radioactive method.2’ Alternatively, 
large amounts of plant extract are required if the 
less sensitive calorimetric method= is used. 
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Summary-The feasibility of potentiometric determination of weak monoprotic acids by the multiple 
standard addition method is examined. A standard solution of pure weak acid is added to the solution 
containing an unknown amount of the same weak acid, alone or mixed with its conjugate base. The 
experimental data are processed by Gran-type plots, for which rigorous and approximate equations are 
obtained. It is shown that weak acids can be determined by multiple standard additions with a precision 
comparable with that of the usual kinds of potentiometric addition-methods. The validity range of the 
approximate equations is established. Linear equations similar to those of Hofstee, Scatchard, Lineweaver 
and Burk, and Scott are also obtained, by which aciditity constants can be determined together with 
equivalence volumes. The effects of systematic and random measurement errors are examined. 

Linearized multiple standard addition methods 
are recommended for potentiometric determi- 
nation of ionic species for which a selective 
electrode is available.’ To a measured volume of 
the analyte solution of unknown concentration, 
known volumes of a standard solution of the 
same ion are added. The e.m.f. of the cell 
consisting of the ion-selective electrode and a 
suitable reference electrode is measured after 
each addition. The experimental data are pro- 
cessed by calculating for each addition the 
appropriate Gran function (which is identical 
with that for linearizing the data for the first 
part of titration of the ion with a suitable 
reagent’). The plot of the Gran function against 
the volume added, V, is extrapolated to inter- 
cept the V axis is at - V,, where V, is the 
equivalence volume.‘-’ A Gran function of the 
same form is used for the potentiometric deter- 
mination of strong acids by multiple standard 
additions, when [H+] is measured with a glass 
electrode. 

The determination of weak monoprotic acids 
by multiple standard additions has not been 
considered until now. With weak acids, the 
analyte (a monofunctional weak acid, HA) is 
not the species sensed by the pH electrode. A 
Gran function of the same form as for ionic 
analytes could still be used for linearizing data 
from multiple standard addition of weak acids, 
provided that the ratio between the hydrogen 

ion concentration and the total concentration of 
acid, CHA, is constant. Generally this is not the 
case, as [H+]/C,, strongly depends on C,,.’ 

In a previous paper, the principles of lin- 
earization methods for potentiometric titrations 
of monoprotic weak acids have been discussed.s 
Original (approximate)* and rigorous Gran 
plots (which require the knowledge of the acid 
dissociation constant, Q6*’ have been con- 
sidered. Other types of linear equations,“” 
which permit both the unknown amount of the 
analyte and the dissociation constant to be 
obtained from the titration data, have been 
examined. Criteria for assessing the linear range 
of Gran functions have been devised.14~15 

This paper examines the possibility of apply- 
ing a similar approach to the determination of 
monofunctional weak acids, alone or in mix- 
tures with the conjugate base, by multiple 
additions of a standard solution of the acid 
itself. 

THEORY 

Gran plots 

Pure weak acid. Consider multiple standard 
additions of a weak acid of known concen- 
tration C to a given volume P of a solution of 
the same acid at unknown concentration Co. 
The experimentally controlled variable is 
the total volume added after each step, V. 
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Linearized multiple standard additions require 
the use of an equation that is a linear function 
of V and has the initial amount of analyte, 
Cop, or the equivalence volume, C”Vo/C, as 
one of its parameters (the intercept with the 
abscissa). This equation is obtained by express- 
ing the total amount of analyte (moles), 
Cop + CV, in terms of the functional depen- 
dence, F, on V, the measured variable [H+] and 
parameters Co, V”, C, K, and &. 

Substitution of the equilibrium concen- 
trations in the mass-balance equation of the 
weak acid 

Cop + CV = (I”’ + V)(mA] + [A-]) 

by using the expression for the acid dissociation 
constant, K, = [H+] [A-]/WA], the electro- 
neutrality condition [H+] = [OH-] + [A-], and 
the expression for &, yields the rigorous 
equation (1) 

cove + cv 

= (Vo + V)[A-](l + [H+]/K,) 

= (P + WI-I+1 - Kv/[H+I) 

x (1 + [H+]/K,) = F (1) 

The right-hand side of equation (1) is the 
required linear function of V. By plotting 
F against V and extrapolating to F = 0, 
V, = -COP/C is obtained as the (negative) 
intercept with the V axis. 

The test solution is generally sufhciently acidic 
for [OH-] to be negligible in the equations 
above. Therefore, the simpler equation (2) can 
be used: 

F’=(V’+ V)[H+](l +[H+]/K,) (2) 

Further simplifications are possible. Treating 
[H+]/K, as negligible relative to unity yields the 
Gran function for strong acids. Taking unity as 
negligible relative to [H +1/K, yields the approxi- 
mate function G: 

C”Vo + CV x (V” + V) [H+]‘/K, = G (3) 

Equation (1) requires that the actual values of 
K, and K, under the given experimental con- 
ditions be known; equations (2) and (3) require 
only knowledge of K,. If the electrode is cali- 
brated to measure pH, i.e., the negative logar- 
ithm of the hydronium ion activity, [H+] must 
be replaced by 10-pH/yH, the activity coefficient, 
YH, being calculated from the experimental ionic 
strength.’ More conveniently, the electrode can 
be calibrated’6*‘7 to measure log[H+]. It can be 

seen that the slope of the plot of F and G against 
V is equal to C: hence, processing multiple- 
additions data by using equations (l)-(3) can 
yield the concentrations of both the titrand and 
titrant solutions, provided that the acid dis- 
sociation constant is known. 

Omission of the coefficient l/K, in equation 
(3) affects neither the linearity nor the value of 
the intercept V,, so equation (3) can be reduced 
to 

G’=(p+ V)[H+]’ (4) 

Moreover, substituting for [H+] from the 
response equation of the electrode 

E = E* + Slog[H+] 

(where E * is constant at fixed ionic strength and 
constant temperature) yields 

G’ = (p + V) 10-z”~s102E~s 

and omitting the constant term 10-2E”S permits 
plotting the equation 

G” = (p + V)lOzE” (5) 

Equation (5), when applicable, is very advan- 
tageous, because it requires neither knowledge 
of K. nor accurate calibration of the electrode. 
Periodical checking of the experimental S value 
is sufhcient, provided that a glass electrode of 
good quality is employed. Conditions for the 
validity of the approximate equations are 
examined in the discussion. 

Mixture of a weak acid with its conjugate base 
(buffer solution). When the solution contains the 
weak acid HA at initial concentration Co and its 
conjugate base (e.g., the salt NaA) at initial 
concentration C,, (the total initial concentration 
of the system is Co + C,), the mass balance and 
the electroneutrality conditions are, respectively 

(Co + C,)V” + CV = (P + V) ([HA] + [A-l) 

[Na+] + [H+] = [OH-] + [A-] 

By using the equations above, the mass bal- 
ance of the salt, Cb V” = (V” + V)[Na+] and the 
expressions for the equilibrium constants K, 
and K,, equation (6), representing the total 
(stoichiometric) amount of acid alone, can be 
obtained. 

cOvo + cv 

= (p + V) W+l- &/[H+I) 

x (1 + [H+I/K,) + C, V”[H+I/K = F (6) 
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The rigorous linear function, F, represented by 
the right-hand side, can be calculated when C, is 
known. The intercept, of the plot of F against V, 
with the abscissa is equal to -C”Vo/C. 

A convenient approximate form of equation 
(6) is obtained by neglecting the first term in the 
expression for F. 

Plotting 
G = C,V”[H+]/K, (7) 

G’ = [H+] (8) 

against V enables V, to be found by linear 
extrapolation. The plot of equation (8) has a 
slope equal to K$/C,,V”; therefore it can yield 
the value of either C,, or K. if the other is known. 
The quantity 

G” = lvIs (9) 
makes the electrode calibration simpler (see 
above) and is convenient to use when the deter- 
mination of C, or & is not required. 

Equations (3)-(5) and (7)-(g) are based on 
similar principles to the (approximate) Gran 
functions for titrations and other kinds of stan- 
dard additions5 and, therefore, this name will be 
applied subsequently. [Note, however, that both 
equations (4) and (8) are different from the Gran 
function2 for the titration of a weak acid with 
a strong base]. Similarly, equations (1) and (6) 
will be termed “corrected” or rigorous Gran 
functions. 

Other linear plots 

When one of the constants (specifically, & or 
C,) necessary for calculation of F [equations (1) 
and (611 is unknown, and the conditions for 
validity of equations (3)-(5) or (7)-(g) are not 
met, linear graphs can still be obtained that 
allow both the initial amount C”Vo of the acid 
and the other unknown quantity to be calcu- 
lated. These plots use auxiliary variables as 
the co-ordinates, that can be calculated from the 
experimental data and known constants. The 
relevant equations are obtained by suitable 
rearrangement of equations (1) or (6) in such a 
way that the unknown quantities appear only in 
the intercepts and slopes. 

The amount of conjugate base is unknown. 
Rearrangement of equation (6), using the auxili- 
ary variable 

H = (V” + V) ([H+] - (OH-]) 

= (V” + V) W+l - Kv/[H+I) (10) 
yields 

CV - H (1 + [H+]/K*) 

= -cove+ c,Vo[H+]/K, (11) 

When K, is known and C,, is not, the plot of the 
left-hand side of equation (1 l), designated FV, 
against [H+] gives a straight line. The initial 
amount of the acid, C”Vo, is obtained from the 
intercept W([H+] = 0) and the amount of base, 
C,VO, from the slope. 

The dissociation constant is unknown. When 
K, is unknown, it is possible to rearrange’ 
equation (6) in three different ways, in order to 
obtain both COY0 and & from the parameters 
of the linear plots. Three equivalent equations 
can be written and plots obtained, by inter- 
changing the variables. These equations will 
be named after the authors of the equations 
for linearized complexometric6 or acid-base5 
titrations that have the corresponding quantities 
as the parameters. 

The equation for the Hofstee plot9 in the 
general form (for standard additions to a sol- 
ution containing an unknown amount of acid, 
C”Vo, and a fixed known amount of the conju- 
gate base, C,V” 2 0) is 

H-CV=COVO-~+](C,VO+H)/K* (12) 

where H is given by equation (10). Equation (6) 
has the form Y = C”Vo - X/K, and the inter- 
cept Y(X = 0) of the plot of Y = H - CV 
against X( =[H+](C,,V’+ H)} gives C”Vo, and 
the slope equals - l/K,. 

The Scatchard plot” is obtained by inter- 
changing the co-ordinates of the Hofstee plot. 
Therefore, C”Vo is given by the intercept 
X( Y = 0) and the slope is -K,. 

The Lineweaver-Burk” equation, obtained by 
a different rearrangement of equation (6), has 
the general form 

1 1 [H+l(GY” + Jo 
H - cv = cove + COVOK(H - CV) 

(13) 

The co-ordinates of the plot are 
Y = l/(H - CV) and X = [H+](C,V’+ Zf)/ 
(H - CV). The initial amount of the acid 
and the dissociation constant are obtained 
from the intercepts Y(X = 0) = l/C”Vo and 
X( Y = 0) = -K., respectively; K, is also calcu- 
lated from the slope, l/C”VoK. 

Another rearrangement gives the Scott” 
equation: 

1 1 

Z-I-CV 

+ c”vyH+](c,vo+ H) 
(14) 

The initial amount of the acid is given by 
the reciprocal of the slope of the plot of 
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Y = l/[H+](C,VO + H) against X = (H - CV)/ 
[H+](C,,YO + H), or directly by the slope of 
the plot with co-ordinates interchanged (the 
Mar’yanov13 plot). 

For C, = 0, the K,J[H+] term can usually be 
neglected in H; for instance, the equation for 
the Hofstee plot becomes 

(P+ v)m+] - cv 

= COP- (I/O+ V)(Hf]2/& (12’) 

DISCUSSION 

Sensitivity of the addition methods 

For evaluation of the methods proposed, it is 
first necessary to estimate whether the variation 
of the pH produced by the additions is large 
enough to yield an acceptable precision. The 
simplest way to answer this question is the 
calculation of the variation produced by the 
addition of an amount of titrant equivalent to 
a given fraction, say lOO%, of the initial amount 
of the analyte. An estimate of the pH variation 
can be made by using approximations for the 
pH of pure acids, equation (15), or of buffer, 
equation (16). 

pH = 0.5(pK, - log C,) 

= 0.5 
( 

pK,- log 
cove + cv 

vo+ v 
> 

(15) 

C 
pH=pK,+logF 

HA 

= PK + log co;t~ocv (16) 
On addition of enough standard acid to 

double the acid concentration, (i.e., CV = 
C”Vo), the pH is decreased by 0.15 according to 
equation (15), i.e., the e.m.f. increases by 8.9 mV 
at 25” (on the assumption that C/Co is so large 
that V<< V”, and the effect of dilution can be 
neglected). For the same addition to a buffer 
solution, a variation of - 0.30 pH or + 17.9 mV 
is obtained, according to equation (16). These 
values can be compared with the variations 
produced in systems in which standard-addition 
methods are currently used. A decrease of 0.30 
p(Ion) is produced by doubling the concen- 
tration of a cation, which corresponds to an 
increase of 17.9 mV for an univalent ion and 
8.9 mV for a bivalent ion. Therefore, standard 
additions of weak acids exhibit a sensitivity 
similar to that of common standard-addition 
procedures. 

Suitability of the approximate Gran factions 

Pure acid. The approximate Gran-type func- 
tion for standard additions to pure acids, 
equation (3), is plotted in Fig. 1 for acids of 
different strengths at various concentrations Co, 
with titrant concentration C = loco. The G 
values have been calculated up to V = - 4V, 
(the ratio usually recommended’s for multiple 
additions). 

Linearity is apparently preserved (lines b-d 
in Fig. l), even when G deviates from the ideal 
plot F, yielding a large difference between the 
intercept V(G = 0) and the true value of V,. 
Only with rather strong acids or at low concen- 
trations does curvature become apparent 
(line e). Clearly, the absence of curvature in the 
experimental plot is not a practical diagnostic 
criterion for the suitability of function G, in 
contrast to the case of weak-acid titrations.r9 
Therefore, the suitability of G [and G’ or G”, 
equations (4) and (511 must be evaluated on 
theoretical grounds. For instance, the extent of 
the relative deviation of G from F at any value 
of V can be calculated by using the true value 
of [H+] and the equation 

G_F= (v”+ VW+l* _ 1 
F K,(CVO + CV) (17) 

obtained from equations (1) and (3). [At 
pH < 6, the corresponding relative deviation of 
G from F’, equation (2), is KJ(K, + [H+]).] It 
can be observed that the straight lines in Fig. 1 

Fig. 1. Plots of G, equation (3), for multiple additions of 
standard acid at C = 10C” to pure acid at Co. a, pK, = 9.3, 
C”=O.OIM; b, p&=4.5, C”=O.OIM; c, pK,=44.5, 
C”=O.OOIM and p& = 3.5, C”=O.OIM; d, PK.= 11.3, 
CO=O.OlM; e, pX; =2.0, C”=O.OOIM. The plot of F, 
equation (l), is practically indistinguishable from a. Ordi- 

nates are normalized so that the F-plot has unit slope. 
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are convergent with the ideal linear plot (practi- 
cally coincident with line a) in the region of the 
intercept on the abscissa. In consequence, the 
relative deviation of G at V = 0 is larger than 
the relative error of V, obtained by extrapol- 
ation to G = 0. Therefore, the error affecting V, 
can be conservatively evaluated by calculation 
of the relative deviation at the initial point 
(V = 0). For instance, the relative deviation of 
G at V = 0, and the extrapolation error (based 
on use of eleven points equally spaced between 
V = 0 and V = -4V,) are -0.20 and -0.17% 
respectively, (plot a of Fig. l), - 5.5 and - 3.6% 
(b), - 16.3% and - 11.0% (c), +20.0% and 
+ 17.6% (d). 

A simpler, approximate, criterion for suit- 
ability follows from the fact that equation (3) is 
equivalent to the approximate equation (15) for 
the pH of pure weak acids, as is easily shown. 
Therefore, the range of validity of the approxi- 
mate Gran functions, equations (3)-(5), can be 
deduced from the Flood diagram4 of Fig. 2. The 
area within the outer dotted triangular per- 
imeter corresponds to a relative deviation 
(G = F)/F smaller than 1%, which is reduced to 
less than 0.1% in the inner triangle. The 
examples in Fig. 1 demonstrate the practical 
validity of this criterion. Only systems lying 
within the inner triangle in Fig. 2 give plots 
indistinguishable from F, line a, as is the case for 
a O.OlM acid with pK, = 9.3. 

On the whole, the conditions for suitability 
of equations (3)-(5) are satisfied only for a 
few acids of practical interest (those with 
pK, = 6-l 1, at relatively high concentrations). 
Therefore, equations (2) or (12’)-(14’) must be 
used in most cases. 

5 

4 

3 

G 

2 

1 

a I 

0 I 

-1 0 1 2 3 4 

-V./V, 

Fig. 3. Plots of G, equation (7), for multiple additions of 
standard acid (C = loco) to mixtures of acid (Co) with base 
(C,). a, pK,=4.5, C”=O.OIM, C,=O.lM; b, pK,=4.5, 
CO=O.OlM, C,=O.OlM; c, p&=4.5, c”=o.OOIM, 
C,=O.OOlM; d, pK,=4.5, C”=O.OIM, C,=O.OOlM; e, 
pK,= 11.3, CO=O.OIM, C,=O.OOlM, f, px;= 11.3, 
co=o.olM, C,=O.OlM; g, pK=ll.3, P=O.OlM, 
C, = O.lM. The plot of F, equation (6), is practically 
coincident with line u. Ordinates are nommlized so that the 

F-plot has unit slope. 

Bujk solutions. The approximate Gran-type 
function for standard additions of weak acid to 
buffer solutions of the same acid, equation (7), 
is plotted in Fig. 3 for very weak and moderately 
strong acids at various concentrations and 
different ratios C,JC”, with titrant concen- 
tration C = loco. In contrast to Fig. 1, curva- 
ture can be appreciable when deviations of G 
from F (curve a) are moderate. 

The exact extent of the relative,deviation of G 
at a given point is calculated by equation (18) 

6 

4 

PH 
3 

I I I I I I I I 
0 1 2 3 4 5 6 7 8 9 

-1og c 

on substitution of the value of [H+]. Inspection 
of Fig. 3 shows that deviations must be checked 
both at the initial point, Y = 0, and at the 
maximum value of Y (typically, -4V,). For 
instance, for curve b in Fig. 3 the relative 
deviation, which is -0.6% at the initial point, 
becomes - 2.6% at V = -4V,. This behaviour 
must raise some doubt about the suitability of 
G for obtaining an accurate V,, which in fact 
(on the basis of eleven points equally spaced 
between V = 0 and V = -4VJ is affected with 
an error of +3.7%. 

Fig. 2. Flood diagram representing the pH-dependence of It can also be considered that equation (7) is 

pure acid solutions on the logarithm of the concentration. equivalent to the approximate equation (16) for 
Curves are labelled with the pX; values. calculating the pH of buffers, which is valid only 

G-F 
-= 

F 
G~"W+l _ 1 

Ko(COVO + CV) 
(18) 
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when both [H+] and [OH-] are negligible with 
respect to C,, and C,, in the rigorous 
equationZo 

[H+] = 
C, - II-I+] + [OH-] 
C,, + [H+] - [OH-] 

(19) 

Qualitatively, equation (7) yields suspect results 
when the additions make either [H+] or [OH-] 
a fraction of C,, [ = (C”Vo + CV)/( V” + V)] or 
C,, [ = C,VO/( V” + V)] that is larger than the 
maximum acceptable deviation, for instance 
1%. It may be seen from equation (19) that 
negative deviations appear if [H+] is larger than 
[OH-]. 

When the conditions of validity of equations 
(3)-(5) or (7)-(g) are not met, an artifice can be 
suggested. A sul-hcient amount of a pure salt of 
the weak acid is added to bring the composition 
of the buffer well within the validity range of 
equations (7)-(g). (It is not necessary that the 
amount of salt be known exactly.) Multiple 
additions of the pure weak acid are then made 
and the titration data are linearized by using 
equation (8) or (9). This procedure is in some 
respects similar to that proposed by Johansson” 
for improving the linearity of Gran plots in 
titrations of weak acids with strong bases. It is 
of practical interest only when the amount of 
salt to be added is not too large, so that the 
impurities added with it do not appreciably 
contribute to the titration error. Equation (18) 
can help in deciding how much weak base must 
be added to bring the composition of the buffer 
into the validity range of equations (7)-(g). For 
instance, the addition of an equal amount of the 
conjugate base to the moderately weak acid 
(pK, = 4.5, co = O.OlM) of curve c in Fig. 1, is 
ineffective (curve c, Fig. 3), whereas the plot of 
G obtained after addition of a tenfold amount 
of base (not shown) has a relative deviation 
(from the ideal plot) of only -0.35% at V = 0 
and -0.6% at V = - 4 V, and gives an extrapol- 
ation error of +0.6%. The plot obtained by 
adding a tenfold amount of base to the acid of 
curve b in Fig. 1 is indistinguishable from the 
ideal plot (deviations < 0.1%). 

Rigorous linear equations 

Eflect of error in the acidity constant on 
corrected Gran plots. Calculation of the rigorous 
Gran function F, equation (1) or (6), from 
experimental data requires the use of the con- 
centration acidity constant, K,, at the ionic 
strength prevailing in the test solution. Since K, 
is generally known only with some approxi- 

mation, the effect of inaccuracy in the value 
used must be evaluated. 

Plots b, c, d and e in Fig. 4 show the effect 
on the calculated F of errors of +0.3, +O. 1, 
-0.1 and -0.3, respectively, in the p& value 
for the titration of an acid with pK, = 4.5 at an 
initial concentration Co = 10T3M. It may be 
seen that the slope of the plot of F is strongly 
affected by errors in pK,, but the curvature is 
hardly appreciable and would be quite indis- 
cernible for experimental points affected by 
random errors. The value of the intercept with 
the abscissa, yielding V,, is affected to a smaller 
degree. By least-squares extrapolation through 
eleven points regularly distributed between 
V = 0 and V = -4Ve, errors of -5.3, -2.2,2.6 
and 9.5% respectively are obtained. 

The error in the intercept decreases with 
increasing concentration; with increasing pK, 
it becomes inappreciable even for moderately 
high errors in pK,. Plots for stronger acids 
become curved, but plots for multiple standard 
additions of these acids to their buffer mixtures 
[equation (6)] are still linear and give smaller 
extrapolation errors, which decrease as the con- 
centration of conjugate base increases. The con- 
trary is true for very weak acids, which yield 
correct equivalence volumes when titrated 
alone, and give increasing errors (but still linear 
plots) in the presence of increasing concen- 
tration of conjugate base. Qn the whole, accept- 
able results are obtained in a much larger range 

Fig. 4. Plots of F, equation (I), for multiple additions of 
standard acid (C = loco) to pure acid (pK, =4.5, 
Co = O.OOlM), based on [H+] values calculated rigorously 
for: a, pK, = 4.5; b, pK, = 4.8; c, pK, = 4.6; d. pK, = 4.4; 

e, pK, = 4.2. 
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by using rigorous Gran functions (1) and (6) 
with approximate K, values than by use of the 
approximate Gran functions (4) and (5) or (8) 
and (9). Rigorous Gran plots must be preferred 
(at the small cost of slightly more complex 
calculations) whenever accurate electrode cali- 
bration is possible. 

Effect of measurement errors on corrected 
Gran plots. A statistical analysis’ of the methods 
proposed is beyond the scope of this work. 
However, qualitative indications of the per- 
formance of the addition procedure and of the 
different forms of the rigorous equation are 
given below. Only measurement errors in [H+] 
are considered, so the importance of careful 
electrode calibrationi and e.m.f. measurements 
is stressed. Of course, the importance of errors 
in the measured volume V must not be under- 
estimated. 

The plots calculated for systematic errors of 
&4% in PI+] (which can result, for instance, 
from calibration errors of + 1 mV in the stan- 
dard e.m.f. of the measuring cell) are shown in 
Fig. 5 for acids of different strength and concen- 
tration. Positive systematic errors yield plots 
lying higher than the correct line a; negative 
errors yield plots lying lower than a. 

It is seen that linearity is not affected by a 
small constant relative error. The pairs of lines 
labelled c are fairly representative of the 
majority of acids of intermediate strength and 
concentration, for which pH decreases by 

Fig. 5. Plots of F, equation (I), for multiple additions of 
standard acid (C = loco) to pure acid (Co), calculated with 
[H+] affected by a systematic error of +4% (upper plots) 
and -4% (lower plots); a, plot using the correct [H+] value; 
b, pK,= 2.0, C”=O.OOIM; c, pK,= 11.3, C”=O.OIM; 
d, pK, = 11.3, Co = 0.001. Ordinates are normalized so that 

plot (a) has unit slope. 

-10 ’ I 
0 1 2 3 

X x lo7 tmole2/l.) 

Fig. 6. Hofstee plots [equation (1211 for multiple additions 
of standard acid (C = IOCO) to 100 ml of pure acid, 
(pX;= 3.5, C”=O.OOIM) for: a, rigorous WI+] values; b, 
+4% error in [H+]; c, -4% error in [H+]. Co-ordinates are 
X=[H+](C,,p+H)and Y=H-CVwhereHisdetined 

as in equation (10). 

0.25-0.30 between V = 0 and V = -4V,. The 
extrapolation error is also moderate for these 
acids, being smaller than 1.5%. Dilute moder- 
ately strong acids, for which the pH decrease is 
larger, behave still better (lines b). Only with 
dilute very weak acids (lines d), which have pH 
values that are near to 7 and vary little, is the 
equivalence volume obtained by extrapolation 
greatly affected by moderate sytematic errors in 

cH+1. 
With buffers, results are improved, because a 

given addition of standard acid causes a vari- 
ation of pH about twice as large as that for the 
acids alone (see above). 

Effect of measurement errors on the other 
linear plots. Typical theoretical plots of 
equations (12)-(14) are represented in Figs. 6-8 
respectively (lines labelled a). The distribution 
of points taken at regular volume intervals up to 
v= - IOV, is also shown. Lines b and c in the 
same figures are the corresponding plots calcu- 
lated with systematic errors of +4 and -4% in 
[H+], respectively; on these plots, a few points 
at the same added volumes as nearby points on 
the theoretical plots a are indicated, to show the 
effect of errors in [H+] on the co-ordinates of the 
plots. Random errors not exceeding 1 mV give 
points lying between these pairs of plots (if 
errors in volumes are negligible). In this way, a 
rough indication of the effect of random errors 
in [H+] on the precision of the results is ob- 
tained. In Figs. 6 and 7, the ordinate is much 
less affected than the abscissa by errors 
in [H+]. Therefore, the equations obtained 
from equations (12) and (13) by interchanging 
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co-ordinates are superior for least-squares treat- 
ment when the volume data are more precise 
than the e.m.f. data. Weaker acids behave in a 
similar way; for acids stronger than those con- 
sidered in these figures, errors in the ordinate 
and abscissa become comparable. From similar 
considerations, equation (14) (Fig. 8) is always 
unsuitable for least-squares treatment. 

In Figs. 6 and 7, errors in [H+] have a very 
large effect on the slope and, therefore, on the 
calculated value of the acidity constant derived 
from it. On the other hand, the linearity is 
scarcely affected, and the error in the amount of 
acid calculated from the intercept Y(X = 0) is 
generally moderate, except for dilute very weak 
acids. For instance, the errors in the V, value 
obtained by least-squares extrapolation of lines 
b and c of Fig. 6 through eleven points at 
constant volume increments between V = 0 and 
V= -lOV, are 1.6 and -1.5%, respectively 
whereas the errors in K, obtained from the 
slopes are 8.4 and -9.5%, respectively. The 
errors in V, obtained by extrapolation of lines b 
and c of Fig. 7 through ten points at constant 
volume increments between V = - V, and 
V = - lOV, (the point at V = 0 is situated far 
away in the opposite quadrant, with both co- 
ordinates positive) are -0.5 and 0.5%, respect- 
ively, whereas errors in K, are 8.3 and - 9.4%, 
respectively. 

In Fig. 8, errors in m+] have a very large 
effect on the intercept, i.e., again on pK,, and a 
small one on the slope, i.e., on the equivalence 
volume. By extrapolation of eleven points 

b Q c 

-5 

XxlO~(M) 

-L 

0 

Fig. 7. Lineweaver-Burk plots [equation (13)] for multiple 
additions of standard acid (C = loco) to 100 ml of pure 
acid (p& =4.5) at C”=O.OOIM, for: a, rigorous [H+] 
values; b, +4% error in [H+]; c, -4% error in [H+]. 
Co-ordinates are X = w+] (C,V” + H)/(H - CV) and 

Y = (H - CV) where H is detined by equation (10). 
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Fig. 8. Scott plots [equation (14)] for multiple additions of 
standard acid (C = loco) to 100 ml of pure acid (pK, = 4.5, 
Co = O.OOlM) for: a, rigorous [H+] values; b, +4% error 
in [H+]; c, -4% error in [H+]. Co-ordinates are X = 
(H - CV)/[H+](CbVo + H) and Y = I/[H+](C,,V” + H), 

where H is detined by equation (10). 

between V = 0 and V = IOV, on lines b and c, 
the errors in I’, are 0.4 and - 0.4%, respectively, 
and the errors in the constant are 7.8 and 
-8.8%, respectively. 

With buffers, the effects of errors in [H+] are 
generally smaller, except for buffers made with 
moderately strong acids. 

CONCLUSIONS 

Linearized multiple standard addition is not 
intended as the method of general choice for the 
analysis of solutions of single weak acids, 
whether alone or mixed with the conjugate base. 
However, this method can be of utility in par- 
ticular cases. For instance, measurements are 
made in a more acidic pH range than that of the 
acidic part of a linearized titration of the same 
sample solution with strong base, and therefore 
interference from carbon dioxide present in the 
titrant22*23 and/or the test solution (which can be 
important in titrations of very dilute acids), is 
largely eliminated. A drawback of the method 
compared with conventional titrations is that it 
requires a standard solution of the titrand 
acid. This, however, once standardized, can be 
kept for a long time without its efficacy being 
impared by carbon dioxide. 

When the purpose of the measurements 
is determination of only the acidity con- 
stant, multiple additions to a solution of the 
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supporting electrolyte are made and rigorous 
equations are used, with small modifications. 
These will be discussed, together with exper- 
imental results, in a later paper. 
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INDIRECT ELECTROCHEMICAL DETECTION OF 
CATIONS WITH CERIUM(II1) IN THE MOBILE PHASE 
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Sammary-Cerium(III) has been used in the mobile phase for indirect electrochemical chromatography 
of cations. Lithium, sodium, ammonium, and potassium ions have been separated within 4 min and 
detected with both glassy carbon and Kel-F wax carbon paste electrodes. With a Kel-F wax/graphite 
electrode at 0.7 V, the detection limit for sodium, ammonium, and potassium ions are 1.5, 1. I, and 2.0 
ppm, respectively. 

In chromatography indirect detection provides 
a convenient way to detect analytes that are not 
easily monitored by other methods.’ Indirect 
photometric chromatography (IPC) and indi- 
rect fluorescence chromatography (IFC) have 
been used for the ion exchange separation of 
organic and inorganic ions.2-5 However, the 
majority of the work involves IPC and anion 
separations.6 Although not as well explored, 
some organic counter-ions”” have been investi- 
gated for IPC of cations. Besides inorganic 
cations such as copper( and a cobalt(II1) 
complex,‘2 cerium(II1) has been used in the 
mobile phase for indirect detection in ion ex- 
change chromatography. A comparison studyI 
suggests that lower detection limits can be ob- 
tained for alkali metal, ammonium, magnesium, 
and calcium ions by IPC with Ce(II1) than 
with Cu(I1). Indirect fluorescence detection for 
alkali-metal ions has also been developed with 
Ce(II1) as the counter-ion. The detection limits 
were comparable with those of IPC, but an 
improvement in selectivity was observed for 
samples such as urine.14 

As an alternative to IFC, indirect electro- 
chemical chromatography (IEC) should also 
offer higher selectivity than the photometric 
methods. Anions such as chloride and nitrate 
have been detected at < 1 ppm with the electro- 
active salicylate ion in the mobile phase.15 In this 
paper, we examine the potential of Ce(II1) as a 
counter-ion for use in amperometric IEC. To 
the best of our knowledge, this is the first report 
of IEC in the oxidative mode for the determi- 

*Author for correspondence. 

nation of cations. Both glassy carbon and Kel-F 
was/graphite paste electrodes are compared for 
the detection of lithium, sodium, ammonium 
and potassium ions. 

EXPERIMENTAL 

Chemicals 

All solutions were unbuifered and prepared in 
triply distilled water obtained from a Bamstead 
Nanopure distillation unit (Sybron/Bamstead 
Corp., Boston, MA). Cerium(II1) was used in 
the form of its sulfate, and all sample solutions 
were prepared from the chlorides. All chemicals 
used were obtained from various sources and 
were reagent grade or better. Graphite powder 
(No. 38) purchased from Fisher (Fairlawn, NJ) 
was found by light microscopy to be approx. 
25 pm in grain size. Kel-F [poly(chlorotri- 
fluoroethylene)] wax was obtained from Alltech 
Associates (Arlington Heights, IL). 

Instrumentation 

The chromatographic arrangement consisted 
of a Model SM-909 pump (Anspec, Ann Arbor, 
MI) with an SSI pulse dampener (Scientific 
Systems, Inc., State College, PA), a Rheodyne 
Model 7010 injector (Rheodyne, Berkeley, CA) 
with a 20 ~1 sample loop, and a Waters (Mil- 
ford, MA) Model 460 electrochemical detector. 
The electrochemical cell was composed of a 
stainless steel auxiliary electrode, an Ag/AgCl 
reference electrode, and a glassy carbon or 
Kel-F wax/graphite carbon paste electrode 
(CPE). The Kel-F wax CPE” was prepared in 
batches by combining graphite powder (dried at 
100°) and the binder in 1:25 weight ratio. The 
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required amount of Kel-F wax was weighed into 
a beaker and heated on a hot plate at low heat 
until the wax had melted. The graphite powder 
was added slowly with stirring. The mixture was 
allowed to cool and then mixed thoroughly with 
a mortar and pestle. A small amount of paste 
was then transferred to the flow cell cavity with 
a spatula and packed by applying pressure with 
a small brass rod. The electrode surface was 
flattened by polishing it on smooth white paper. 
The separations were performed with a 10 
cm x 3.2 mm i.d. ION-210 column (Interaction 
Chemicals, Mountain View, CA) at room tem- 
perature. The peaks were recorded on a Linear 
Model 1201 (Linear Instruments, Reno, NV) 
strip chart recorder and quantified by peak 
height. 

RESULTS AND DISCUSSION 

In IEC, the current response of the electro- 
chemically active component in the mobile 
phase is measured at a specific applied potential. 
During the re-establishment of the ion exchange 
equilibrium, a decrease in current is expected as 
the “active” ions in the mobile phase are re- 
placed by the “inactive” analyte ions to main- 
tain electroneutrality. The area of this negative 
peak is proportional to the concentration of the 
analyte. In this study, Ce(II1) is oxidized to 
Ce(IV) at a constant potential and the resulting 
current monitored. The oxidation of Ce(II1) to 
Ce(IV) was observed to take place at 1.0 V but 
not at 0.5 V. A decrease in fluorescence was 
noted at 1.0 V, indicating the formation of 
Ce(IV). Preliminary data obtained with a Nujol 
CPE showed the IEC determination of Na+, 
NH:, and K+ by using Ce(II1) was possible. 
However, only low oxidation potentials (about 
0.3 V) could be applied without undue baseline 
noise.” It is surprising that any indirect peaks 
would be observed at such low potentials, which 
are certainly not high enough to cause the 
oxidation of Ce(II1). A similar phenomenon has 
been observed when iodide is used in the mobile 
phase for the indirect electrochemical detection 
of anions.” To determine the optimum operat- 
ing potential, a hydrodynamic voltamperogram 
is generated by injecting 1mM. cerium(II1) sul- 
fate into the carrier stream of 1OmM sodium 
acetate, pH 4.3. The currents are then measured 
at various potentials. Figure 1 shows the hydro- 
dynamic voltamperograms obtained with the 
glassy carbon and Kel-F wax/graphite elec- 
trodes. A gradual rise in the current as the 

voltage increased to 0.8 V was found for both 
electrodes. A potential of 0.9 V vs. Ag/AgCl or 
higher must be applied to both electrodes in 
order to reach the limiting current plateau. 
However, this potential range resulted in a 
higher background current and an unstable 
baseline, especially for the glassy carbon elec- 
trode. A comparison of +0.7 and 0.9 V applied 
potentials was made for both electrodes in 
subsequent work. 

A separation of lithium, sodium, ammonium, 
and potassium ions was investigated with 
various mobile phase concentrations of Ce(II1) 
and a flow rate of 1 ml/mm. At higher cerium 
concentrations, such as lnGt4, lithium was not 
retained and was eluted with the void volume. 
Efforts to increase the retention of lithium by 
decreasing the cerium concentration to O.OlmM 
were not successful. Furthermore, the detection 
limit is poorer with a lower concentration of 
cerium, because of peak broadening. Figure 2 
shows an IEC separation of a mixture contain- 
ing 6.6 ppm Li+, 26.4 ppm Na+, 18.2 ppm 
NH:, and 39.6 ppm K+ with detection by a 
glassy carbon electrode at +0.7 V with O.lmM 
Ce(II1). Because of the high noise (3 times worse 
at 0.95 V), the separation was not viable with 
the glassy carbon electrode at higher potentials. 
Under the same experimental conditions as for 
Fig. 2, the separation of the four ions is possible 
within 4 min with a Kel-F wax CPE for detec- 
tion (Fig. 3A). Although the baseline is some- 
what sloping, the noise is significantly less for 
this electrode, particularly at 0.9 V (Fig. 3B), 
than that for the glassy carbon electrode at 0.7 
V (Fig. 2). We are uncertain as to why the 

25c 

0.6 0.6 1.0 1.2 

Potential (V) 

Fig. 1. Hydrodynamic voltamperograms for Ce(III) with the 
glassy carbon electrode (- IZI-) and the Kel-F wax CPE 

( + ..*.. s.. ..). Each data point represent8 at least three 
repetitive injections of 1mM Ce(II1) sulfate. All potentials 

vs. Ag/AgCl. 
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positive peaks occur. These were observed 
regardless of the applied potential. The effect is 
not caused by this particular detector since it 
was also observed with a different model of 
detector. We have also carried out indirect 
electrochemical detection of cations with V(N) 
in the reductive model9 but did not observe such 
noise spikes. 

Figure 4 depicts the calibration curves for 
sodium, ammonium, and potassium ions, ob- 
tained with the Kel-F wax/graphite electrode. 
Lithium is not included because it is not as 
well retained and thus is difficult to quantify. 
Furthermore, the baseline for lithium has an 
off-scale positive peak at this particular setting 
(Fig. 3A). Reproducible calibration plots for 
sodium, ammonium, and potassium ions could 
be obtained up to 25, 40 and 50 ppm, respect- 
ively. The relative standard deviation (RSD) for 
these points ranged from 1 to 8%. The cali- 
bration data for the ions were similar for the 
glassy carbon electrode. 

Table 1 lists the detection limits for the three 
ions with both electrodes at +0.7 V and the 
Kel-F wax CPE at 0.9 V. Since the limit of 
detection is affected by the magnitude of the 
noise, the lowest detection limit is observed 
when the Kel-F wax CPE is used at E = +0.7 
V. From five peak measurements, the reproduci- 
bility of response for the glassy carbon and the 

minute 

ir i i i 

0.5 nA 

Fig. 2. IEC separation of lithium (I), sodium (2), am- 
monium (3), and potassium (4) ions, with detection by a 
glassy carbon electrode at 0.7 V. Mobile phase: O.lmM 

Ce(III), pH = 4.4. Flow rate: 1 ml/min. 

minute 

6CiT-3 

0.2 nA 

(Al 

minute 

0.5 nA 

Fig. 3. IEC separation of lithium (I), sodium (2), am- 
monium (3), and potassium (4) ions; detection with a Kel-F 
wax CPE at 0.7 V (A) and at 0.9 V (B). Other conditions 

as for Fig. 2. 

Kel-F wax/graphite electrodes at +0.7 V is 
within 6 and 9.5%, respectively, at the detection 
limit. The slightly better reproducibility of the 
glassy carbon electrode is probably due to the 
“positive” peaks being smaller. The detection 
limit by IEC, however, is at least a factor of 10 
higher than that with the IPC or IFC tech- 
niques,14 but comparable to that for IEC of 
cations with V(IV).” 

0 10 20 30 40 50 60 

Cation Cont. (ppm) 

Fig. 4. Calibration curves for sodium (a...=.....), am- 
monium (-•l-), and potassium (-.-+ .-.) ions, ob- 
tained with the Kel-F wax CPE. Mobile phase and flow rate 

as for Fig. 2. E = 0.7 V. n = 3. 
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Table 1. Comparison of detection limits obtained with the 
glassy carbon electrode and the Kel-F wax CPE. 

Cation 
Glassy carbon 

Kel-F wax CPE 

E =O.l V E=O.lV E=0.95V 

Na+, mm 1.8 1.5 2.2 

NH:, ppm 1.6 1.1 K+. Rum 2.5 2.0 ::; 

A separation of sodium from other constitu- 
ents of commercial tonic water has been carried 
out to show the applicability of Ce(II1) IEC. 
This sample would be difficult to analyze by IPC 
or IFC owing to the strong ultraviolet absorp- 
tion or fluorescence of quinine. A current peak 
due to the direct oxidation at 0.5 V of a 150 ppm 
quinine standard or a diluted tonic water sample 
injected into an acetate buffer mobile phase was 
not observed. A large positive peak or system 
peakZO was seen in the chromatogram for a 1: 4 
diluted tonic water sample (Fig. 5A). This sys- 
tem peak is probably due to the presence of 

MINUTE 

SYSTEM PEAK - 

A 

(A) 
0.1 nA 

YINUTE 

I I I I 9 1 1 1 1 ’ 
36 32 26 24 20 16 12 8 4 o 

8,0.6”* 
Na+ l 18. 

(B) 
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Fig. 5. Chromatograms of the sodium ion in tonic water 19. N. D. Danielson, J. Wangsa, B. T. Jones, J. E. Carlson, 
diluted x 4 (A) and diluted by x 10 (B). Mobile phase and Chromatographia, 1990, 29, 139. 

flowrate as in Fig. 2. E = 0.5 V. 20. S. Levin and E. Grushka, Anal. Chem., 1987, 59, 1157. 

various components in the tonic water which 
disturb the distribution of Ce(II1) between the 
mobile and stationary phases. Sample dilution 
by a factor of 10, as shown in Fig. 5B, permitted 
the separation and quantification of sodium 
within 2 min without the appearance of a system 
peak. The calculated amount of sodium in tonic 
water (151 ppm) was about 7% higher than the 
value obtained by flame atomic-absorption 
spectrometry. 

We believe IEC of cations could be optimized 
further by selecting different more easily oxi- 
dized eluents. For example, the possibility of 
using Sn(I1) or an aminophenol as an eluent in 
the IEC of cations could be explored. 
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Summar-Trace and mg amounts of yttrium and neodymium are separated from samarium and the 
heavier lanthanides by elution of the latter with hydroxyethylenediaminetriacetate (HEDTA) in a 
chloroacetate buffer of pH 2.85 from a column containing 68 ml (20 g) of AG 5OW-X4 resin of 200400 
mesh particle size. Yttrium and neodymium (and also praeseodymimn, cerium and lanthanum) are 
retained and can be eluted with O.OlM HEDTA in 0.2OM ammonium acetate (pH 6). The separations 
are reasonably sharp and quantitative: only 3-l 5 pg of samarium was found in the yttrium fraction and 
0.8-3.4 pg of yttrium in the samarium fraction when 4.41 mg of yttrium and 7.12 mg of samarium were 
present originally. Control of the pH during the column operations is essential because the peak positions 
are very sensitive to change in pH. The relevant distribution coefficients, elution curves of pairs of elements 
and results for the analysis of synthetic mixtures are presented. Also included is a method for separating 
yttrium and the lanthanides from HEDTA and sodium and ammonium ions. 

High-pressure liquid chromatography and ion 
chromatography have become of increasing im- 
portance for the determination of lanthanides in 
rocks and geological materials since the work by 
Story and Fritz’ and Elchuk and Cassidy,2 
mainly because of their relative speed and lower 
cost compared to that of other methods capable 
of determining all or most of the lanthanides 
in one run. A disadvantage of ion chromatog- 
raphy, however, is that yttrium, which has 
similar properties to the lanthanides and accom- 
panies them through preliminary separations, is 
generally eluted in the vicinity of dysprosium 
and holmium and interferes with their determi- 
nation. 

Morton and James,3 and Powell and 
Burkholder“ have shown that at room tempera- 
ture (25”) hydroxyethylenediaminetriacetate 
(HEDTA) elutes yttrium somewhere between 
neodymium and samarium. This behaviour is 
considerably different from that found with 
most other eluents used for lanthanide separ- 
ation. This suggests that quantitative separation 
of milligram amounts of yttrium from the heavy 
lanthanides should be possible by use of this 
reagent. The present paper gives the distribution 
coefficients for yttrium and some relevant 

lanthanides between AG SOW-X4 resin and 
HEDTA in monochloracetate buffer solutions 
and applies the results to quantitative separ- 
ation of yttrium and neodymium from samar- 
ium and the heavy lanthanides. 

EXPRRIMENTAL 

Reagents 

All common reagents were of guaranteed 
reagent quality. Water was distilled and de- 
mineralized (Millipore). Trisodium hydroxy- 
ethylenediaminetriacetate (HEDTA) of puriss. 
p.a. quality and lanthanide and yttrium oxides 
of 99.9% purity or better were obtained from 
Fluka. A O.lOOM solution of HEDTA was 
prepared by dissolving 38.02 g of the reagent in 
about 500 ml of demineralized water, adjusting 
the pH to about 5 with 6M hydrochloric acid, 
and diluting to 1000 ml. Solutions of the lan- 
thanides and yttrium (500 ml, O.O200M), were 
made by dissolving the appropriate amount of 
oxide in nitric acid and making up to volume 
after the excess of acid had been removed by 
evaporation on a water-bath. The solutions 
were standardized by complexometric titration 
with EDTA at pH 5.5, with Xylenol Orange as 
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indicator. Working solutions were made by 
further dilution as required. 

The resins used were the strong-acid 
sulphonated polystyrene cation-exchangers 
AG50W-X4 and AG50W-X8 (Bio-Rad Lab- 
oratories). The 100-200 mesh particle size, 
ammonium form, resins were used for the deter- 
mination of distribution coefficients because 
they contain a smaller amount of fines after 
drying at 110” and are easier to filter off. 
Resins of 200-400 mesh particle size were used 
for column separations because of their better 
exchange kinetics. 

Apparatus 

Borosilicate glass tubes (19.8 mm i.d., 430 
mm long), fitted with a porosity No. 1 sintered- 
glass disk and burette tap at the bottom, and 
a B19 ground-glass socket at the top to hold 
a dropping funnel as eluent reservoir, were 
used to make the columns for separation of 
yttrium and the lanthanides. The tubes were 
filled with a slurry of AG50W-X4 (200400 
mesh) resin (hydrogen form) until the settled 
resin reached a mark 260 mm above the disk. 
This required about 20 g of dry resin. The resin 
then was transformed into the ammonium form 
by passage of 1M ammonium chloride until 
the pH of the eluate was about 4.5. This 
caused some shrinkage of the resin. Finally 
the column was equilibrated by passage of 
120 ml of a solution made by mixing equal 
volumes of 0.72M monochloroacetic acid and 
0.4OM ammonia solution (this is the eluent 
without the HEDTA, and its pH should be 
2.85). 

Smaller columns of 16.5 mm i.d. and 
400 mm length were used for separation of 
the lanthanides and yttrium from HEDTA 
and ammonium ions. These columns were 
filled to give a bed of 23 ml (5 g of dry 
resin) of AG50W-X4 resin of 200-400 mesh 
particle size. The resin was kept in the 
hydrogen form and washed only with some 
demineralized water to remove organic decay 
products. 

A Metrohm E512 pH-meter was used for pH 
measurement, and a Varian Techtron AA-5 
atomic-absorption spectrometer for determi- 
nation of ytterbium, with an acetylene-nitrous 
oxide flame and 2000 ppm potassium as ioniz- 
ation suppressor. The other lanthanides and 
yttrium were determined by direct-current 
plasma emission spectrometry with a Beckman 
Spectrospan IV instrument. 

Distribution coeficients 

Portions (2.713 g) of AG50W-X8 resin in the 
ammonium form ( = 2.500 g in the hydrogen 
form), dried at llO”, were equilibrated in a 
mechanical shaker for 24 hr at 20” with 250 ml 
of a solution containing 0.2 mmole (10 ml of the 
0.02M standard solution) of yttrium or one of 
the lanthanides in O.OlOOM HEDTAI0.20M 
ammonium monochloroacetate mixture that 
contained monochloroacetic acid at concen- 
trations ranging from 0 to 1.20M. After equili- 
bration the resin was filtered off and ashed at 
900” in a platinum crucible. The ash was washed 
into a small beaker and dissolved in nitric acid, 
then the excess of acid was removed by evapor- 
ation. The amount of yttrium or lanthanide was 
determined by complexometric titration with 
O.OOSM EDTA at pH 5.5, with Xylenol Orange 
as indicator. After measurement of its pH, the 
filtrate was acidified by addition of 15 ml of 5M 
hydrochloric acid, passed through a column 
containing 23 ml (5 g) of AG50W-X4 resin 
(200400 mesh, H+ form) and rinsed onto 
the column with 0.2M hydrochloric acid. 
Ammonium and sodium ions were then eluted 
with 200 ml of 0.5M nitric acid at a flow-rate 
of 3.0 & 0.3 ml/min. Finally the lanthanide 
retained was eluted with 150 ml of 3.OM hydro- 
chloric acid at a flow-rate of 2.5 + 0.3 ml/min. 
After the excess of acid had been removed by 
evaporation the amount of lanthanide was 
determined by complexometric titration as 
described above. Two lo-ml aliquots of the 
original standard solution were titrated as a 
control. From the results, the equilibrium distri- 
bution coefficients were calculated5 and plotted 
against the measured pH values. Equilibrium 
distribution coefficients at pH values of 2.0,2.5, 
3.0, 3.5, 4.0 and 5.0 were read from the curves 
and are presented in Table 1. 

Elution curves 

Separation of Sm from Y and Nd. A solution 
containing 6.3 mg of samarium and 4.4 mg 
of yttrium in 30 ml of ammonium mono- 
chloroacetate buffer of pH 2.85 (0.2M 
CH1 ClCOONH, + 0.16M CHI ClCOOH) was 
passed through a column containing 86 ml (20 
g) of AG50W-X4 resin (200400 mesh) pre- 
pared as described above and equilibrated with 
120 ml of the same buffer. The solution was 
washed into the resin with a few portions of the 
buffer solution diluted 1: 1 with demineralized 
water and then samarium and yttrium were 
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Table 1. Cation-exchange distribution coefficients in the O.OlM 
HEDTA-AGSOW-X8 resin system (monochloroacetate but&)* 

Distribution coefficient 

Element 

La 
Nd 
Y 
Sm 
DY 
Yb 

pH 2.0 pH 2.5 pH 3.0 pH 3.5 pH 4.0 pH 5.0 

> lo4 2.4 x 10’ 226 33.5 7.8 0.5 
4.6 x lo3 220 22.0 2.8 0.9 0.5 
3.8 x lo3 216 21.8 2.7 0.8 0.4 
2.6 x IO3 90 8.0 1.4 0.6 0.3 
2.3 x lo3 84 7.4 1.2 0.6 0.2 

460 24.3 3.0 0.7 0.5 0.3 

*For definition of coefficients see Strelow.5 

eluted with O.OlOM HEDTA in the undiluted 
buffer at a flow-rate of 1.5 + 0.3 ml/min. Sixty 
lo-ml fractions were collected with an auto- 
matic collector. The concentrations of samar- 
ium and yttrium in the fractions were 
determined by direct-current plasma emission 
spectrometry at the appropriate wavelength. 
The experimental elution curve is shown in 
Fig. 1. An experimental curve for the separation 
of the Nd-Sm pair was very similar to that in 
Fig. 1. 

Separation of Dy from La. The experiment 
above was repeated with a solution contain- 
ing 9.3 mg of Dy and 8.2 mg of La, but 
the dysprosium was eluted with 350 ml of the 
HEDTA-monochloroacetate buffer and the 
lanthanum was then eluted with O.OlOM 
HEDTA in 0.20M ammonium acetate (pH 6.0). 
The elution curve is shown in Fig. 2. 

Separation of Yb from HEDTA, sodium, 
ammonium andpotassium. A solution containing 
6.8 mg of ytterbium in 300 ml of HEDTA- 
monochloroacetate buffer at pH 2.85 (simu- 
lating the situation after a separation) was pre- 
pared and 50 mg of potassium were added, to 

act as a tracer for ammonium ions. Potassium 
is in fact more strongly sorbed and therefore 
eluted slightly later than ammonium. The sol- 
ution was acidified with 20 ml of 5M nitric acid 
and passed through a column containing 23 ml 
(5 g) of AGSOW-X4 resin (200400 mesh) as 
described above. The solution was washed into 
the resin with 50 ml of 0.2M nitric acid (in small 
portions) and ammonium and potassium were 
eluted with 250 ml of 0.5OM nitric acid at a 
flow-rate of 3.0 + 0.3 ml/min. Finally ytterbium 
was eluted with 200 ml of 3.OM hydrochloric 
acid at a flow-rate of 2.5 f 0.3 ml/min. The 
eluate was collected in lo-ml fractions from 
the beginning of the sorption step, and these 
were analysed for potassium and ytterbium 
by flame atomic-absorption spectrometry with 
air-acetylene and nitrous oxide-acetylene 
flames, respectively, 2000 ppm potassium being 
added as ionization suppressor in the ytterbium 
determination. The experimental elution curve 
is shown in Fig. 3. 

Separation of La from HEDTA, sodium and 
ammonium. A solution containing 5.6 mg of 
lanthanum in 300 ml of the HEDTA- 

ELUATE, ml 

Fig. 1. Elution curve for Sm-Y mixture, with O.OlM HEDTA monochloroacetate buffer (pH 2.85), 86 
ml (20 g) of AGSOW-X resin, 200400 mesh (column 260 x 19.8 mm), flow-rate 1.5 f 0.3 ml/min. 
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I-0.36M CH2Cl COOH + 0.20M NH, + 0.0 IOM HEDTA-bO.20M CH,COONH, + O.OlOM HEDTA 

pH 2.85 pH 6.0 

laa 200 300 400 

ELUATE, ml 

La 
6.2 ms 

Fig. 2. Elution curve for Dy-La mixture, with HEDTA. Column measurements and flow-rate as for 
Fig. 1. 

monochloroacetate buffer solution was acidified 
and passed through a 5-g AG50W-X4 resin 
column as described above. After passage of 
400 ml of OSOM nitric acid, the lanthanum was 
eluted with 3.OM hydrochloric acid at a flow- 
rate of 2.5 f 0.3 ml/min. Direct-current plasma 
emission spectrometry was used to determine 
the lanthanum in the lo-ml fractions collected. 
The experimental curve is shown in Fig. 4. An 
attempt to elute lanthanum from a column 
containing 15 ml (5 g) of AGSOW-X8 resin 
showed considerable tailing even with 4M hy- 
drochloric acid as eluent. 

Separation of synthetic binary mixtures 

Appropriate amounts of standard solutions 
of yttrium and one other heavy lanthanide 
(as indicated below in Table 2) were mixed, 
about 30 ml of monochloroacetate buffer 
of pH 2.85 (0.20M CH2C1CGGNH., + 0.16M 
CH2 ClCGGH) were added and the solution was 
passed carefully, with minimum disturbance of 
the resin bed, through a column containing 86 
ml (20 g of dry resin) of AGSOW-X4 resin 
(200400 mesh), that had been equilibrated with 
the monochloroacetate buffer. The solution was 

+ SORPTION--rCIO.X)-O.!5OM HNOs-3.0M I-ICI 

HNO, 

7.03 3.16 

400 6oo 

ELUATE, ml 

Fig. 3. Separation of Yb from HEDTA, sodium, ammonium and potassium ions: 23 ml (5 g) of 
AG5OW-X4 resin, 2oo-400 mesh (column 107 x 16.5 mm), flow-rate 3.0 f 0.3 ml/min, 2.5 f 0.3 ml/min 

for 3.OM HCI. 

K 
so mg 

Yb 
6.0 ms 
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+ SORPTION --bO.2OMcmdO.SOM~ 3.0M HCI 

HN4 

Nd and NH: peaks 

1 
c *________ _______d 

700 800 6ccl 

ELUATE, ml 

La 
5.6 mg 

Fig. 4. Separation of La from HEDTA, sodium and ammonium ions. Column measurements and 
flow-rates as for Fig. 3. 

washed into the resin bed with a few small 
portions of the monochloroacetate buffer sol- 
ution diluted 1: 1 with demineralized water. 
Then the lanthanide was eluted with 280 ml of 
monochloroacetate buffer solution containing 
O.OlOM HEDTA (pH 2.85), at a flow-rate of 
1.5 f 0.3 ml/mm, followed by elution of the 
yttrium with 200 ml of 0.20M ammonium acet- 
ate containing O.OlOM HEDTA (pH 6.0). The 
two eluates were kept separate and acidified by 
addition of 20 ml of 5M nitric acid to the first 
(lanthanide) eluate and 12 ml of the acid to the 
yttrium eluate. 

The acidified eluates were then passed 
through columns containing 23 ml (5 g of dry 
resin) of AG50W-X4 resin (200400 mesh) and 
washed into the resin with a few small portions 
of 0.20M nitric acid. Then sodium, ammonium 
and HEDTA were eluted with 250 ml of 0.50M 

nitric acid at a flow-rate of 3.0 + 0.3 ml/mm. 
These eluates were discarded, and the yttrium or 
lanthanide was eluted with 150 ml of 3.OM 
hydrochloric acid at a flow-rate of 2.5 f 0.3 
ml/mm. The eluates were evaporated to dryness 
in small beakers on a water-bath. The salts were 
redissolved in an appropriate amount of 2.5M 
nitric acid and finally made up to volume in 
0.5M nitric acid, to 50 ml for mg amounts, 25 
ml for 100-1000 pg amounts, and 10 ml for 
< 100 pg. The elements were then determined 
by direct-current plasma emission spectrometry 
and their amounts compared with those found 
in comparison solutions made by similar 
dilutions of corresponding amounts of the 
parent standard solutions. The results are given 
Table 2. 

Because neodymium is very nearly as strongly 
sorbed as yttrium, it also can be separated from 

Table 2. Determination of yttrium in synthetic mixtures 

Amount present 

Yttrium Other element 

Amount found* 

Yttrium Other element 

4.41 mg 7.12 Sm mg 4.41 f 0.03 mg 7.05 f 0.07 mg 
4.41 mg 356.0 Sm pg 4.42 f 0.02 mg 353.0 f 4 pg 
4.41 mg 17.8 Sm pg 4.42 f 0.02 mg 17.9 f 0.2 pg 

220.0 /lg 7.12 mg Sm 221 f 1 pg 7.06 f 0.09 mg 
11.0 jig 7.12 Sm mg 11.1 *0.2 pg 7.11 *I.09 mg 
4.41 mg 7.98 Dy g 4.40 f 0.03 mg 7.95 f 0.06 mg 
4.41 mg 20.0 Dy pg 4.42 f 0.03 mg 19.9 f 0.2 pg 

11.0 jig 7.98 Dy mg 10.9 f 0.2 /lg 8.00 f 0.06 mg 
4.41 8.62 Yb mg 4.41 f 0.02 mg 8.60 f 0.04 mg 
4.41 21.6 Yb pg 4.42 f 0.03 mg 21.5 f 0.3 gg 

11.0 /lg 8.62 Yb mg 11.0*0.3 /Jg 8.64 f 0.05 mg 

*Mean f standard deviation of five determinations. 
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Table 3. Determination of neodymium in synthetic mixtures 

Amount present Amount found* 

Neodymium Other element Neodymium Other element 

6.56 mg 7.12 mg Sm 6.58 + 0.04 mg 7.09 f 0.07 mg 
6.56 mg 17.8 Sm pg 6.55 f 0.05 mg 17.9 f 0.3 pg- 

16.4 fig 7.12 mg Sm 16.3 f 0.2 ug 7.11 f 0.08 ma 
6.56 mg 7.98 mg Dy 6.57 f 0.06 mg 7.99 z 0.05 mg 
6.56 mg 20.0 Dy pg 6.54 f 0.04 mg 20.1 f 0.3 pg 

16.4 pg 7.89 Dy mg 16.5 + 0.3 pg 7.96 f 0.6 mg 
6.56 mg 8.62 Yb mg 6.55 f 0.5 mg 8.61 f 0.03 mg 
6.56 mg 21.6 ,ug Yb 6.56kO.04 mg 21.7kO.2 pg 

16.4 pg 8.62 Yb pg 16.3 f 0.2 pg 8.64 f 0.04 pg 

*Mean rf: standard deviation of five determinations. 

samarium and other lanthanides by the pro- 
cedure used for yttrium. Results for analysis of 
some mixtures are given in Table 3. 

DISCUSSION 

The method described separates yttrium and 
neodymium from samarium and the heavier 
lanthanides. Praeseodymium, cerium and lan- 
thanum are more strongly sorbed than 
neodymium, and can also be separated from 
samarium and the heavier lanthanides. This 
seems to be the only quantitative group separ- 
ation for lanthanides in which yttrium remains 
with the cerium group. When anion-exchange in 
nitric acid-methanol medium is used to separate 
the cerium group from samarium and the 
heavier lanthanides,6 yttrium accompanies the 
samarium etc. Known elution sequences or 
stability constants indicate that the same applies 
to complexing agents such as a-hydroxyisobu- 
tyric, lactic or citric acid or the aminopolyacetic 
acids such as EDTA and DCTA. The method 
therefore provides a useful preliminary separ- 
ation before the lanthanides are determined by 
ion chromatography and avoids the interference 
of yttrium in the determination of the heavier 
lanthanides. The light lanthanides and the 
yttrium can then be easily determined by 
known ion chromatography methods. 

The separations are reasonably sharp and 
quantitative, even for the most critical element 
pairs, yttrium-samarium and neodymium- 
samarium. When 4.41 mg of yttrium and 7.12 
mg of samarium were present, only between 3 
and 15 ~1 g of samarium was found in the yttrium 
fraction, and between 0.8 and 3.4 pg of yttrium 
in the samarium fraction. The elution curve for 
the samarium-yttrium pair (Fig. 1) shows only 
a relatively small separation between the peaks. 
Because the distribution coefficients of yttrium 
and the lanthanides are very strongly dependent 

on pH (see Table l), rigid control of the pH 
during the column operation is essential to 
prevent shifts in the peak positions. When, in a 
trial run, the column was converted into the 
ammonium form by passage of an excess of 1M 
ammonium chloride but not equilibrated with 
the monochloroacetate buffer (pH 2.85), both 
samarium and yttrium were more rapidly 
eluted, presumably because the pH of the eluent 
was altered by exchange of some hydrogen ions 
for ammonium ions. Furthermore, when the 
original sample contains free acid, this should 
be removed by evaporation if the acid is 
readily volatile (hydrochloric, nitric) or by ion- 
exchange if it is not (sulphuric, phosphoric), and 
the dry salts dissolved in the monochloracetate 
buffer before being put on the column. Other- 
wise shifts to larger elution volumes can occur. 

The distribution coefficients in Table 1 were 
determined with an 8% cross-linked resin. Since 
column experiments indicated that the exchange 
kinetics of the HEDTA-lanthanide complexes 
will be quite slow with this resin, resulting 
in very wide peaks, and overlapping unless 
impracticably slow flow-rates are used, it was 
decided to use a 4% cross-linked resin, which 
gives faster kinetics. From experience it was 
known that the distribution coefficients for the 
4% cross-linked resin are about 50-60% of 
the values for the 8% cross-linked resin, so the 
values in the tables are still usable. Separation 
factors also tend to become smaller with lower 
cross-linkage. Although the separation factor 
for the yttrium-samarium pair decreases from 
about 2.7 to 2.2 when the 4% cross-linked resin 
is used, the separation at room temperature is 
considerably better, with reasonable flow-rates. 
The resin with the lower cross-linking was also 
preferred for the separation of the lanthanides 
from sodium, ammonium and HEDTA, be- 
cause it provides a much sharper and faster 
elution of lanthanum and the light lanthanides. 
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Because, as has been pointed out, the 
separation between samarium and yttrium or 
neodymium is rather critical, only small 
amounts (a few mg) of these elements can be 
separated with a reasonable safety margin. Lan- 
thanum and cerium are much more strongly 
sorbed than neodymium, and the distribution 
coefficients (Table 1) suggest that probably 
more than 200 mg of these elements can be 
separated from samarium and the heavier lan- 
thanides without problems. From samarium to 
dysprosium and holmium the distribution co- 
efficients decrease only very slowly with increas- 
ing atomic number (Table 1) and the stability 
constants of the HEDTA complexes are practi- 
cally the same.’ Thus dysprosium (Fig. 2) and 
holmium are eluted only slightly ahead of 
samarium, and the amounts which can be separ- 
ated from yttrium are probably only slightly 

larger (about 20 mg) with a column of the 
same size. The stabilities of the thulium, 
ytterbium and lutetium complexes increase and 
the distribution coefficients decrease at a faster 
rate and larger amounts of these elements can be 
separated from yttrium. 
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Summary-The equilibria and kinetics of the solvent extraction of gallium(III) from aqueous 
monochloroacetic acid [HA] media with a benzene solution of I-phenyl-3-methyl4benxoyl-S-pyrazolone 
pMBP or HL] has been studied at 25 f 0.1” and an ionic strength of 0.2. The species extracted was found 
to be GaL, . The value of the acid dissociation constant of PMBP determined spectrophotometrically was 
1.17 x 10e4. The values of the partition coefficient of PMBP and the extraction constant of its gallium 
complex between an aqueous and a benzene phase were found to be 3.72 x 10) and 2.51 x lti, respectively. 
The rate of extraction was first-order with respect to the concentrations of gaIlium(II1) in the aqueous 
phase and PMBP in the organic phase, inversely first- and second-order with respect to the hydrogen-ion 
concentration and zero- and first-order with respect to the concentration of monochloroacetate ions. Two 
mechanisms operate for this extraction, depending on the pH of the aqueous phase, one where the 
formation of the first complex, GaL*+, between Ga3+ and L- in the region of pH < 1.6 becomes the 
rate-determining step, and the other where the formation of the first complex between GaAz+ and L- 
in the region of pH 2.0-2.3 is the rate-determining step. The rate constant for the first of these reactions 
was calculated to be 1.62 x 10’1. mole-’ . xx-‘, but that for the second could not be determined. 

Because I-phenyl-3-methyl-4-benzoyl-5-pyra- 
zolone FMBP or HL] is easily prepared by 
benzoylation of 1-phenyl-3-methyl-5-pyra- 
zolone, is chemically stable and has the ability 
to extract many “hard” metal ions at relatively 
low pH, it has been used as a powerful and 
useful extractant for alkali metals,‘*2 transition 
metals,” lanthanides6s7 and actinides,“‘O and 
their extraction equilibria have also been 
studied. 

There is little information, however, on its use 
for extraction of gallium(II1). Gallium is an 
element of fairly low crustal abundance, and is 
usually obtained as a by-product in the zinc and 
aluminium industries. The increasing use of 
gallium compounds in the electronics industry 
requires effective separation and/or concen- 
tration of gallium. 

In the present work the equilibria and kinetics 
of the extraction of gallium(II1) with PMBP 
have been investigated in detail. 

*Present address: Furukawa Technical High School, 
Kitamachi, Furukawa, Miyagi, 989-61 Japan. 

tAuthor for correspondence. 

Reagents 
EXPERIMENTAL 

All reagents were analytical-reagent grade 
unless stated otherwise. All aqueous solutions 
were prepared with distilled demineralized water. 

PMBP solutions. Prepared by dissolving 
PMBP (synthesized according to the method of 
Jensen”) in benzene or l&dioxane. 

Standard gallium(III) solution, 5.0 x IO-%. 
Prepared by dissolving the required weight of 
metallic gallium (99.999% pure), with heating, 
in a sutiicient volume of nitric acid (1 + 1) to 
give an acidity of 0.05M in the final solution. 
Working solutions were prepared by diluting 
this solution with water. 

Bu$er solutions. The following buffers were 
used, adjusted to the pH required: 0.2M mono- 
chloroacetic acid-O.2M sodium monochloro- 
acetate (pH 1.8-3.5), 0.2M acetic acid-0.2M 
sodium acetate (pH 3.542) and 0.067M potass- 
ium dihydrogen phosphate4067M disodium 
hydrogen phosphate (pH 6.240). 

Apparatus 

A Hitachi model 139 spectrophotometer and 
model 340 automatic recording spectrophoto- 
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1164 TSUGIKATSU ODASUMA et al. 

meter with IO-mm fused-silica cells, a Toa 
HM-20B pH-meter, an Iwaki KM shaker and a 
Lauda K-4R thermoelectric water-circulating 
bath were used. All extractions were performed 
by shaking the samples in 50-ml separating 
funnels jacketed to keep the system at constant 
temperature (25 f 0.1’) by water circulated 
from the thermostatic bath. 

Procedures 

Acid dissociation constant. The acid dis- 
sociation constant of PMBP was determined 
spectrophotometrically’z in aqueous dioxane 
solutions of various concentrations (S-40% v/v) 
at 25 k 0.1” and an ionic strength of 0.2 (ad- 
justed with sodium perchlorate). Values of pH 
measured in aqueous dioxane solutions were not 
corrected, because the logarithmic values of Vu 
were very small (- 0.03 at a dioxane concen- 
tration of 40% v/v), where U, is the conversion 
factor in the equation proposed by van Uitert 
and Haas.13 

Partition of PMBP. A lo-ml portion of an 
aqueous solution containing acetate or phos- 
phate buffer and sodium perchlorate to keep 
the ionic strength at 0.2 was placed in a 
50-ml separating funnel along with 10 ml of 
1.0 x lo-*M PMBP solution in benzene. The 
funnel was shaken for 30 min and allowed to 
stand for 15 min for phase separation. A 5-ml 
portion of the aqueous phase was transferred 
into a 25-ml standard flask, to which were added 
5 ml of 1M sodium hydroxide to convert all the 
PMBP into its anionic form, L-, and water 
to dilute to the mark. The absorbance of this 
solution was measured at 320 nm against water, 
the concentration of PMBP being obtained 
from a calibration graph of L- prepared by 
measurement of the absorbances of standard 
PMBP solutions in 0.2M sodium hydroxide. 
The equilibrium concentration of PMBP in the 
organic phase was calculated by difference. 

Distribution of gallium. The distribution of 
gallium between benzene and an aqueous phase 
was determined as a function of the hydrogen- 
ion concentration. 

A lo-ml portion of an aqueous solution con- 
taining 73.9 pg of gallium(III), monochloro- 
acetate buffer and nitric acid to adjust the pH to 
the required value, and sodium nitrate to keep 
the ionic strength at 0.2, was placed in a 50-ml 
separating funnel along with lOm1 of 
2.0 x 10F3M PMBP solution in benzene. The 
funnel was shaken for 80 hr. After phase separ- 
ation, the equilibrium concentration of gallium 

in the aqueous phase was determined spec- 
trophotometrically with Rhodamine B.14 The 
equilibrium concentration of gallium in the 
organic phase was calculated by difference. 

Determination of kinetics. The kinetic runs 
were performed under pseudo first-order con- 
ditions, i.e., with a large excess of PMBP. 

A lo-ml portion of an aqueous solution con- 
taining 73.9 pg of gallium(II1) and monochloro- 
acetate buffer and nitric acid to adjust the pH to 
the required value, and sodium nitrate to keep 
the ionic strength at 0.2, was placed in a 50-ml 
separating funnel. After thermal equilibration 
(for ca. 30 min), an equal volume of a benzene 
solution of PMBP was carefully added. The 
reaction was begun by shaking. The experiments 
were performed in the “plateau” region where a 
further increase in shaking speed had no effect 
on the rate of extraction. After being shaken for 
a predetermined time (from 5 to 25 min), the 
funnel was allowed to stand for 15 min to ensure 
complete phase separation. The concentration 
of gallium in the aqueous phase was determined 
spectrophotometrically with Rhodamine B.14 
The gallium concentration in the organic phase 
was calculated by difference. 

RESULTS AND DISCUSSION 

Extraction behaviour 

A preliminary experiment suggested that 
gallium(II1) is extracted with PMBP as a 1: 3 
complex, GaL,, from weakly acidic solutions 
into benzene. A lengthy shaking time was 
necessary to attain extraction equilibrium, but 
in the presence of monochloroacetate ions the 
rate of extraction was almost doubled. The 
influence of chloride, perchlorate and nitrate 
ions on the extraction was small, so mono- 
chloroacetate buffer and nitric acid were used 
for pH adjustment, and sodium nitrate was used 
for keeping the ionic strength constant in the 
studies on the extraction equilibria and kinetics 
of gallium(II1). 

Shaking speed. Figure 1 shows that shaking 
at more than 317 strokeslmin has no effect on 
the rate of the extraction. A shaking speed of 
332 strokes/min (maximum shaking speed of 
the shaker used) was used for all subsequent 
experiments. 

Shaking time. Figure 2 shows that the rate of 
extraction is affected by the pH. Even in the 
presence of monochloroacetate ions shaking for 
more than 75 hr is necessary to attain extraction 
equilibrium when the pH is low. Shaking for 
80 hr was used in the equilibrium study. 
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Fig. 1. Influence of shaking speed on the extraction of 
gallium(II1) with PMBP. Ga(III), 1.1 x IO-‘&f; PMBP, 

1.0 x lo-*M; V, = V,, = 10 ml, shaking time, IS min. 

Extraction equilibria 

Acid dissociation constant and partition co- 
eficient of PMBP. Although the acid dis- 
sociation constant, K&, and the partition 
coefficient, K,,, of PMBP have already been 
reported,‘5*16 we determined these values for 
con8rmation. 

The acid dissociation constant in purely 
aqueous medium was estimated by extrapolat- 
ing the plot of apparent pKGru values obtained 
in aqueous 8-40% v/v dioxane solutions ES. the 
dioxane concentration. The value of pK%nL thus 
obtained was 3.93, which is nearly the same as 
the value of 3.94 determined by Sasaki and 
Koizumi’ and close to that of 3.80 in 10% v/v 
aqueous dioxane determined by Akama et aLI6 

The distribution ratio, DL, of PMBP between 
an aqueous and a benzene phase can be ex- 
pressed by equation (1) in terms of the acid 
dissociation constant and partition coefficient: 

log DL = log KD + pK,,nL - pH (1) 

Hence a plot of log DL us. pH should give a 
straight line with a slope of - 1, and the value 

I 

0 2 4 6 8 
Shakl~ tlr, hr 

Fig. 2. Influence of shaking time on the extraction of 
gallium(II1) with PMBP. pH-A, 2.1; B, 1.2. Gther con- 

ditions as for Fig. 1. 

of KD can be calculated from the intercept of 
this line. Such a relation was experimentally 
obtained and gave log KD = 3.57, close to the 
value (3.67) reported by Sasaki and Koinuni.” 

Distribution of gallium. The overall reaction in 
the extraction of gallium(III) with PMBP into 
benzene may be expressed as 

Ga’+ + nHL .,eGaLa,;; + nH+ (2) 

where the subscript org denotes the organic 
phase. The extraction constant, &, is defined as 

K, = PaL?l,,[H+l 
Pa’+ 1 WI:, 

(3) 

Taking into consideration the complexation of 
gallium(II1) with monochloroacetate ions and 
assuming that (a) gallium(II1) is not appreciably 
hydrolysed, (b) the formation of intermediate 
complexes between gallium(III) and PMBP in 
the aqueous phase is negligible, (c) only one 
complex, GaLz-“, is extracted into benzene and 
(d) the volume of the organic phase is equal to 
that of the aqueous phase, the extraction con- 
stant, KL, called here the apparent extraction 
constant, is expressed by equation (4), which 
can be rewritten as equation (5) by using the 
distribution ratio, Dh, of gallium(II1) 

(4) 

log DGa = log K:, + n log[HL],, + n pH (5) 

where [Ga(III)]r denotes the total concentration 
of gallium(II1) not combined with PMBP and CI 
is the mole fraction of gallium(II1) ion defined 
by equation (6) with use of the consecutive 
formation constants, 4, K,, . . . . , of the gal- 
lium(III)-monochloroacetate complexes: 

[Ga3+] 1 

a = [Ga(III)], = 1 +K,[A-]+K,K2[A-]2+**** 

(6) 

Equation (5) implies that the plot of log D, us. 
pH at constant PMBP concentration is a 
straight line with a slope of n, and that the value 
of K& can be calculated from the intercept of 
this line. A linear relationship with a slope of 
about 3 was obtained experimentally, from 
which it can be concluded that only GaL, is 
extracted into benzene in this system. The value 
of log K& was calculated to be 4.40. At pH < 1.6 
the formation of gallium(III)-monochloro- 
acetate complexes is negligible, and a can be 
taken as unity. Therefore, in equation (4) the 
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value of K,, is practically equal to that of K:,, 
i.e., 4.40. 

Kinetics of gallium extraction 

Rate equation. The rate of extraction of galli- 
um(II1) with PMBP into benzene in the presence 
of an auxiliary complexing agent, monochloro- 
acetate, may be written as 

WaUII)h - 
dt 

= k’[Ga(III)j+[H+]*[HL]&,[HA]!: (7) 

where t is the reaction time, k’ is the rate 
constant, [Ga(III)].r denotes the total concen- 
tration of gallium(II1) not combined with 
PMBP, [HA], denotes the total concentration of 
the auxiliary complexing agent not combined 
with gallium(II1) and a, b, c and d are the 
reaction orders with respect to the concen- 
tration of the relevant species. When the extrac- 
tant and the auxiliary complexing agent are 
present in large excess over gallium(II1) and the 
concentration of hydrogen ion is fixed, i.e., 
pseudo first-order conditions are used, equation 
(7) can be written as 

4WWT - 
dt = kobsd KWII)h (8) 

where kobsd is the observed pseudo first-order 
rate constant. Integrating equation (8) yields 

(9) 

where [Ga(III)],,z _ ,, and [Ga(III)],, _ , are the 
total concentrations of gallium(II1) not com- 
bined with PMBP in the aqueous phase at t = 0 
and t, respectively. 

Reaction order with respect to gallium ion 
concentration. Equation (9) means that from a 
plot of ln([Ga(III)]r,, _ o/[Ga(III)]r,, _ ,) US. t, we 
can confirm whether the rate of the extraction is 
first-order with respect to the concentration of 
gallium(II1) not combined with PMBP. In fact, 
such plots were all linear and passed through the 
origin at each pH value from 1.87 to 2.30, as 
shown in Fig. 3, which indicates that the rate of 
the extraction is first-order with respect to the 
concentration of gallium(II1) not combined with 
PMBP, i.e., a = 1 in equation (7). 

Reaction orders with respect to concentrations 
of hydrogen ion, extractant and auxiliary com- 
plexing agent. From equations (7) and (8), 
equation (10) can be derived, and rewritten as 
equation (11). 

2.5 

Fig. 3. Plots of ln([Ga(III)h, ,s/[Ga(III)],., _ , vs. 1. Ga(III), 
1.1 x lo-‘M: PMBP. 1.0 x IO-*M: monochloroacetate. 
4.0 x 10-2M; VW = iom = 10 ml, tknperature, 25 f 0.1’; 
ionic strength, 0.2; pH-A, 1.87; B, 2.00; C, 2.08; D, 2.17; 
E, 2.30. The solid lines were obtained by least-squares 

treatment of the data. 

kibsd = WH+l*[HU&[HAl~ (10) 

log k,,,_., = log k’ - b pH + c log[HL], 

+ d lo&HA], (11) 

Equation (11) implies the following: (i ) when 
[HL], and [HA], are kept constant, the plot of 
log k,, US. pH gives a straight line with a slope 
of -6; (ii) when the pH and [HA], are kept 
constant, the plot of log kobsd us. log[HL],, gives 
a straight line with a slope of c; (iii) when the 
pH and [HL],, are kept constant, the plot of 
log kobsd vs. log[HA], gives a straight line with a 
slope of d. 

The plot for log kobsd 11s. pH (Fig. 4) has a 
slope of unity for pH < 1.8 but this increases 
with pH until it approaches 2 at pH 2.0-2.3, 
indicating that the reaction order with respect to 
the hydrogen-ion concentration depends on the 
pH and in particular is inversely first-order (i.e., 

Fig. 4. Plot of log kobd VS. PH. Conditions are the same as 
for Fig. 3. 
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b = - 1) in the lower pH region, but inversely 
second-order (i.e., b = -2) in the higher pH 
region. 

In the plot of log k,,w ZLS. log[HL],, the slope 
was unity at both pH 1.56 and 2.17, showing 
that the rate is first-order with respect to the 
extractant concentration, i.e., c = 1. 

The slope of the log k,, U.S. log[HA], plot was 
zero at pH 1.33, and unity at pH 2.17, indicating 
that the rate is independent of the total concen- 
tration of the auxiliary complexing agent, i.e., 
d = 0, in the region where the reaction order 
with respect to the hydrogen-ion concentration 
is - 1, but is first-order dependent on the 
monochloroacetate concentration, i.e., d = 1, in 
the region where the reaction order with respect 
to the hydrogen-ion concentration is -2. 

Rate-determining steps. The major species of 
gallium(III), the extractant and the auxiliary 
complexing agent in the aqueous phase under 
the conditions studied are considered to be 
Ga3+, GaA’+, HL, L-, HA and A-. Taking 
into consideration the kinetic results described 
above, however, equations (12x17) are in- 
volved in the eauilibria and reactions in the 
formation of a daL2+ complex: 

HL,,=HL & = [HLlo,/[W 
HL$H+ + L- K,,H, = [H+][L-]/[HL] 

HA$H+ -I- A- Ka,HA = [H+][A-]/[HA] 

Ga3+ + A- z$GaA2+ 

K, = [GaA’+ ]/[Ga3+] [A-] 

Ga3+ + L-- k’ GaL*+ 

kz 
GaA’+ + L-- GaL2+ + A- 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

where K&A is the acid dissociation constant of 
monochloroacetic acid and k, and k2 represent 
the rate constants of the two reaction steps. 

Monochloroacetic acid is more than 80% 
undissociated in the pH region investigated. If it 
is assumed that the rate-determining step of the 
extraction system is formation of the GaL’+ 
complex in the aqueous phase [expressed by 
equation (16) for extraction in the lower pH 
region and equation (17) for that in the higher 
pH region), the following equations can be 
derived as the rate equations: 

(i) for pH < 1.6 

4WIIIIlr - 
dt 

= kl[Ga3+][L-] 

= k Ka,HL a [Ga(III)l, [HLI,, 
I 

KD[H+ 1 
(1 8) 

(ii) for 2.0 < pH < 2.3 

WWII)lT - 
dt 

= k,[GaA*+][L-] 

= k K, &i&-a,iia.HA~ [Ga(III)h [HL],, [HA], 
2 KDIH+I~ 

(19) 

Equations (18) and (19) are consistent with the 
kinetic experimental results described above in 
that the rate of the extraction is always first- 
order with respect to PMBP, inversely first- and 
second-order with respect to hydrogen ion and 
zero- and first-order with respect to mono- 
chloroacetate. 

Hence it can be concluded that there are two 
mechanisms for the extraction of gallium(II1) 
with PMBP in the presence of monochloroacetic 
acid, one at pH < 1.6, where formation of 
GaL2+ is the rate-determining step, and the 
other at pH 2.0-2.3, where the complexation 
between GaA2’ and L- is the rate-determining 
step. The first mechanism is first-order depen- 
dent on the PMBP concentration and inversely 
first-order dependent on the hydrogen-ion 
concentration, and the second is first-order 
dependent on the concentrations of PMBP and 
monochloroacetate not combined with gallium- 
(III), and inversely second-order dependent on 
the hydrogen-ion concentration. 

Rate constants. Since the rate constant k, 
cannot be determined because the formation 
constant, K,, of the GaA’+ complex is un- 
known, only the rate constant kl was deter- 
mined. 

Since the value of 6! is regarded as nearly 
equal to 1 at pH < 1.6, as stated already, 
equation (20) can be derived from equations (8) 
and (18): 

log kobsd = log 
k,K,Hi_ 
( + pH + log [HL],, K (20) 

D 

which means that the value of k, can be calcu- 
lated from the intercepts of the plots of log kobsd 
vs. pH and log kobsd vs. log[HL],,,. The average 
of the logarithmic values of k, thus obtained 
gave k = 1.6 x 1041. mole-’ . set-‘. 

1. 

2. 

3. 

4. 
5. 
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Summary-The segmentation of two immiscible solvents in a continuous liquid-liquid extraction flow 
system has been studied with a computer-controlled photometric detection system (resolution time -3 
msec). The T-shaped segmentors tested were made of fluoroplastic, glass (ACT fitting) and a modified 
glass (A8-T fitting). The modified A&T fitting gave the most repeatable segmentation (rsd N 2%). 

Liquid-liquid extraction is frequently used as a 
separation/preconcentration method in flow- 
injection analysis (FIA).lms For systems utilizing 
liquid-liquid extraction FIA, segmentation is 
of crucial importance. Poor segmentation can 
adversely affect the sample dispersion, the 
extraction rate and the phase separation.6*7 Poor 
repeatability of the segmentation can have a 
detrimental effect on the precision of the signal 
and may frequently complicate signal process- 
ing. Only a small variation in segment length is 
possible with the currently available segmentors 
and the repeatability of segmentation is unsatis- 
factory. Further, the applicability of the segmen- 
tors at the high flow-rates and phase flow-rate 
ratios often sought in connection with preconcen- 
tration is limited. In some experiments (especially 
when it is preferable not to use a phase 
separator) very precise and repeatable segments 
are needed. Such segmentation can be accom- 
plished with a pneumatically or electrically actu- 
ated loop injector. Very precise and repeatable 
volumes of one phase can then be introduced 
into a continuous flow of the other phase.’ 

Several types of segmentor have been 
described in the literature. Classical T-piece 
segmentors are made of glass,9s’o fluoro- 
plastics”*‘* or combinations of hydrophobic and 
hydrophilic materials. Improved glass A%T and 
AlO-T fittings,9g’3*‘4 and fluoroplastic T-pieces 
with Teflon tubing inserts7*” or enlarged 
outflow-channel bore6,15 are most widely 
used. Different configurations of Y”j.i7 and W 
pieces,7~‘a20 made of glass or fluoroplastic, 

*On leave from the Department of Analytical Chemistry, J. 
E. Purlcynl! University, Kotldiska 2, CS-61137 Bmo, 
Czechoslovakia. 

and four-way fittings*’ have also been recom- 
mended. Recently a coaxial (falling drop) seg- 
mentor has been introduceda to overcome some 
of the disadvantages of other types of segmentor. 
The geometry of the inner capillary system of the 
T-shape segmentors9*23 and the geometry of the 
confluence chamber of the coaxial segmentors24 
have been carefully investigated. Coaxial seg- 
mentors seem to offer a more practical and 
convenient solution to the segmentation prob- 
lem, as the segmentation repeatability is compar- 
able to that obtained with the loop injector over 
a wide range of solvent flow-rates.24 Their use 
does not introduce any additional moving parts 
into the liquid-liquid extraction FIA system. 

In spite of the importance of the segmentation 
process in liquid-liquid extraction FIA few 
detailed studies of the factors that govern 
the segment size and the segmentation repro- 
ducibility have been made. Only limited con- 
clusions can be drawn about the advantages and 
disadvantages of different types of segmen- 
tors.**‘j Thus there is a need to classify the 
existing types of segmentors, compare their 
characteristics and set guidelines for the design 
of more efficient segmentors. 

EXPERIMENTAL 

Apparatus 

The system used for generating a segmented 
flow and the measurement procedure for the 
determination of segment lengths were the same 
as those described previously.*’ A schematic 
picture of the manifold is shown in Fig. 1. A 
significant advantage of this system compared to 
other methods used for the study of segmenta- 
tion is that the segments are measured in the 
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I PC I 
U 

Fig. 1. Liquid-liquid extraction FIA system manifold. Pl, 
P2-either HPLC pumps with pulse dampers and pressure 
indicators or peristaltic pumps, C-restrictor column, R- 
displacement bottle, S-segmentor, EC-Teflon equilibrat- 
ing coil, D-fast reading detector, PC-personal computer, 

R-restrictor coil, W-waste. 

flowing stream and not when the flow has been 
halted. 

A number of different segmentors were 
tested. Classical T-piece segmentors made of 
PVDF (polyvinyldifluoride) with different com- 
binations of the inner diameters of the inlet and 
outlet channels (0.7/0.7, 0.7/l .2 and 0.7/2.0 mm) 
as well as a glass A4-T piece (2.0 mm i.d.) with 
inserts of Teflon or FEP tubing in the inlet 
and outlet channels were tested. Furthermore, 
a glass AS-T connector (Technicon) with a 
platinum inlet capillary and two coaxial inserts 
of FEP and Teflon tubes (0.7/l .l and 1.2/2 mm 
i.d./o.d.) in the outflow channel was also tested. 
Schematic views of the different segmentors in 
their normal operating positions are shown in 
Fig. 2. 

Reagents 

Chloroform (Merck, analytical grade) satu- 
rated with water was used. All solutions were 
degassed in a Branson 2200 ultrasonic bath 
before use. 

RESULTS AND DISCUSSION 

PVDF T-segmentors 

The common T-segmentors made of PVDF, 
oriented so that the aqueous phase flows 

A I or-9 

c Jaq 
org - +iil 

Fig. 2. Different segmentor types tested. A-PVDF T-piece, 
R-glass A4-T, C-glass A&T. See text for details. 

horizontally through the long axis, generally 
give the shortest segments and the least 
repeatable segmentation, compared to the other 
segmentors (Fig. 3a). This is due to the 
formation of segments in the extraction coil 
(“ripple” segmentation mode) and the low 
precision associated with measurement of short 
segment lengths. High relative standard devi- 
ations (rsd N 10%) of the mean segment lengths 
were obtained for total flow-rates Q,, ranging 
from 0.2 to 5 ml/mm, with a minimum at 
Q, = 0.5-3 ml/min and a flow-rate ratio close 
to unity. The repeatability decreased rapidly 
at very low and very high flow-rates 
(rsd > 20%). 

The relative segment length of the organic 
phase decreased with increasing aqueous phase 
flow-rate Q, = 0.5-5 ml/mm at a constant 
organic phase flow-rate for all inner diameters 
of the outlet tubes. The segment length increases 
(2,3 and 5 mm) with increasing outflow channel 
bore (0.7, 1.2 and 2.0 mm respectively) at low 
flow-rate of the aqueous phase, Q,, = 1.5 
ml/min, and constant organic phase flow-rate 
Q, = 0.5 ml/min. 

Rotating the segmentor around the horizon- 
tal main axis led to increased segment length 
and poorer repeatability at low aqueous flow- 
rates for segmentors with enlarged outlet 
diameters. The largest effect was obtained when 
the organic phase was fed from below (180” 
rotation). Rotating the segmentor so that the 
aqueous phase flowed vertically gave much 
longer segments (i- 50%) for upward flow, 
whereas downward aqueous flow gave some- 
what shorter segments than the horizontal flow 
orientation did. 

The glass A4-T segmentor 

The glass T-segmentor with Teflon and FEP 
tubing inserted into the outflow channel 5 and 
15 mm from the T-joint, and oriented so that 
the aqueous phase flows horizontally along 
the main axis, gives repeatable segmentation 
(rsd N 5%) over a wide range of aqueous phase 
flow-rates, Q,, = 0.2-3 ml/min, when the organic 
phase flow-rate is 0.5 ml/min. The segment 
length is reduced by up to 30% with increasing 
flow-rate of the aqueous phase, and reaches a 
limiting value at Q, > 4 ml/min. The segment 
length increases with increasing organic phase 
flow-rate, Q, = 0.2-1.6 ml/mitt, at constant 
flow-rate of the aqueous phase, Q,. Shorter 
segments are obtained at higher total flow-rates 
and constant flow-rate ratio. 
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Fig. 3. Repeatability of the organic phase (chloroform) 
segment length (ml in %) for different T-pieces. (a) At 
different aqueous phase flow-rates, Q, = 0.5 ml/min. (b) At 
different organic phase flow-rates, Q, = 1.5 ml/min. 0 

PVDF-T; n A4-T; A A8-T. 

A graph showing the variation in segmenta- 
tion repeatability under different flow con- 
ditions is given in Fig. 3b. The best repeatability 
is achieved for Qa = 1 - 2 and Q, = 0.25-1.2 
ml/min, respectively, and at a flow-rate ratio of 
Q./Q, = 0.7-4. The segmentation repeatability 
decreases rapidly at higher flow-rates and flow- 
rate ratios because of the formation of small 
droplets at the end of the Teflon tubing insert. 
The segments are divided into several more or 
less separate droplets, and double or multiple 
peaks appear as a result. 

The segment length is a linear function of 
the distance between the Teflon tubing and 
the confluence point of the T-piece, over the 
range 3-15 mm, at constant flow-rates of the 
two phases. In this way, the segment length 
can easily be varied in the range 3-45 mm. 
At short distances the segmentation repeat- 
ability is drastically reduced owing to a 
change from “drop” to “ripple” mode of 
segmentation. 

A8- T glass modijed jitting 

The influence of different aqueous phase flow- 
rates on the segmentation was tested with a 
distance of 10 mm between the platinum and 
Teflon capillaries. This large separation was 
chosen to prevent any influence of the wetting 
properties of the Teflon capillaries on the seg- 
ment formation. The AS-T fitting was oriented 
so that the aqueous flow was vertical along 
the main axis, with the platinum capillary pro- 
truding horizontally. With increasing aqueous 
phase flow-rate, Q,, from 0.2 to 4 ml/min, at 
constant flow-rate of the organic phase, 
Q, = 0.8, 1.2 and 1.6 ml/mm, there is initially an 
exponential decrease in the length of the organic 
segments (Fig. 4). The segment length reaches 
some limiting value at high aqueous phase 
flow-rates, Q, > 3 ml/min. This behaviour is 
especially pronounced for low organic phase 
flow-rates. The limiting segment length depends 
primarily on the position of the edge of the 
inserted Teflon tube and on the total flow-rate 
Qt. This behaviour can be explained by the 
segmentation theory for such a segmentor.% A 
basic assumption is that the drop of organic 
phase forming at the end of the inlet capillary 
does not make contact with the walls of 
the confluence cavity. In that case it will be 
dislodged when the hydrodynamic force exerted 
on its cross-section by the aqueous flow is large 
enough to overcome the forces holding the drop 
on the inlet capillary. However, for non-coaxial 
segmentors a distortion of the shape of the 
droplets towards the outlet leads to a premature 
dislodging of droplets when the forming drop 

40 
. 

1 2 3 4 

Flow rate tnl/nin) 

Fig. 4. Itifluence of the aqueous phase flow-rate (Q,, 
ml/min) on the organic (chlorofom) and aqueous phase 
segment lengths for the A8-T segmentor. Q, = 0.8 ml/min, 
A organic segment; A aqueous segment. Q0 = 1.6 ml/min, 

n organic segment; 0 aqueous segment. 
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makes contact with the hydrophobic insert in the 
outlet. The basic assumptions are more strictly 
fulfilled in the case of the glass compartment 
than in the case of the relatively hydrophobic 
compartment of the T-segmentor made from 
Teflon or PVDF.” 

The situation changes when a segmentor with 
a short separation distance (3 or 5 mm) between 
the capillaries is used. In this case the size of 
the droplets formed is limited by the volume 
of the confluence chamber. The segment length 
is much shorter and ony weakly influenced by 
the flow-rate of the organic phase in the range 
Q, = 0.25-l .6 ml/min at constant aqueous flow- 

rate, Q. = 2 or 4 ml/min. The influence of the 
total flow-rate Qt is practically negligible over 
the flow-rate range studied, Qt = 0.8-7.5 ml/ 
min, for both Teflon/Pt capillary distances and 
also for both flow-rate ratios QJQ, = 1 and 2. 
The segment length is only slightly increased at 
the lower Q, values and is practically constant at 
the higher Q, values. 

The segmentation repeatability is satisfactory 
(rsd < 10%) over the relatively wide ranges 
Q, = 0.3-10 ml/min and Q,/Q, N 0.3-12.5. The 
best repeatability (rsd N l-3%) is achieved in the 
flow-rate ratio range Q,,/Q, = l-5. 

A small tilt of the main axis of the A8-T 
segmentor from its normal vertical orientation 
does not influence the segment length or the 
segmentation repeatability, especially not at high 
aqueous phase flow-rate, Q,. Less repeatable 
segmentation with longer segments is obtained 
for larger tilts (>45”). As with the PVDF-T 
segmentor, a 180” rotation around the Ptcapil- 
lary, resulting in an upward aqueous flow, gives 
rise to longer segments. 

CONCLUSIONS 

Of the segmentors tested the PVDF-T gave 
the least repeatable segmentation. The two seg- 
mentors made of glass were similar in perform- 
ance, with the A8-T superior at high flow-rates. 
Generally, the A&T segmentor gives results 
similar to those for the coaxial segmentor 
recently presented.24 

The T-shape segmentors made of hydrophilic 
material operate by the wetting and skewing 
principle at low or moderate flow-rates. The 
length of the segments is governed by the orien- 
tation of the input and output channels and 
partly by the inner diameter of the output 
channel (at constant inner diameter of the input 
channels). When Teflon tube inserts are intro- 

duced into all branches of the T-piece, the 
maximum droplet size is limited by the volume 
of the compartment formed between the joint 
and the edge of the Teflon tube in the outflow 
channel. The segment lengths depend on the 
total flow rate, Q,, over a limited range, and 
decrease with increasing Q,. 

The T-shaped segmentors made of the fluoro- 
plastics are in many cases able to produce 
small and reproducible segments, provided the 
geometry of the inner capillary system is optimal. 
The length of the segments is, however, large 
compared to the smallest segments obtainable 
with an AS-T segmentor. Increase in the inner 
diameter of the outflow channel results in longer 
segments, a prerequisite being that the organic 
phase can fill the whole diameter of the channel 
before the organic segment is dislodged by 
the aqueous flow. At high phase flow-rate 
ratios this is not the case and the segments are 
actually formed in the extraction coil by the 
“ripple” segmentation process. This type of 
segmentor works best at low flow-rates and at 
flow ratios Q,/QO close to unity. At higher 
flow-rate ratios the repeatability is unsatisfac- 
tory. The major advantages of the Teflon T-piece 
segmentor are that it is inexpensive and readily 
available. 

Although the modified A8-T segmentor func- 
tions very well, it cannot be used with standard 
tubing connectors of the low-pressure HPLC 
type, which is a drawback in routine work. 
Serious leakage often occurs at the high 
pressures needed for membrane-based phase 
separation. 
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Summary-The extraction of Ga3+ and A13+ with the liquid cation-exchangers di-n-butyldithiophosphoric 
acid (DBTPA) and di-(2-ethylhexylklithiophosphoric acid (DETPA) in kerosene, in the presence and 
absence of alcohols and tri-n-butyl phosphate (TBP) has been studied. Both Gal+ and A13+ can be 
extracted in the form of a neutral complex, MA,, but the distribution coefficient of Ga’+ is the higher 
by about two orders of magnitude, which can be the basis of the solvent extraction separation of gallium 
and aluminimn. The differences can be explained by the interaction between the sulphur donor atoms of 
the extractants and the d’O electronic shell of Ga’+ as well as by the lower steric hindrance of ligands 
co-ordinated to Ga’+. 

The separation of gallium from aluminium is 
of practical importance because gallium is often 
produced from the sodium aluminate liquor 
of the Bayer process. Laboratory-scale solvent 
extraction separations have been achieved by 
the use of Kelex-100 and o-dihydroxy deriva- 
tives of benzene or naphthalene.‘-’ 

It is known that A13+ and Ga3+ are “hard” 
cations and tend to form complexes of higher 
stability with oxygen donor ligands than with 
those of sulphur.4 However, some experimental 
results indicate that Ga3+ ([Ar]3d10) has a higher 
affinity for ligands of charged sulphur donors 
than does Al’+ ([Ne] electronic structure).5*6 

Dialkyldithiophosphoric acids, which are 
used in various fields of industry (as lubricants, 
antioxidants, pesticides, etc.) have been applied 
as liquid cation-exchangers for the separation of 
a number of metal ions.‘** The gallium(II1) 
tris(dialkyldithiophosphate) complexes have also 
been prepared as solid crystalline compounds in 
anhydrous benzene.g 

It has been reported that dibutyldithiophos- 
phoric acid partly extracts Ga3+ but not AP+ 
from acidic solutions, but the study did not 
investigate extractions from neutral and basic 
solutions. To obtain more information on the 
application of dialkyldithiophosphoric acids 
as non-expensive extractants we have studied 

*Author for correspondence. 

the solvent extraction of Ga3+ and A13+ with 
dibutyldithiophosphoric acid (DBTPA) in a 
kerosene+n-butanol solvent mixture as well as 
di-(2ethylhexyl)dithiophosphoric acid (DETPA) 
in the presence and absence of n-octanol or 
tri-n-butyl phosphate (TBP) in kerosene. 

JZXPERIMENTAL 

Gallium nitrate and aluminium nitrate stock 
solutions were prepared by dissolving gallium 
(99.999%, Hungarian Aluminium Works, Ajka) 
and aluminium (p.a. Reanal) in dilute nitric 
acid. The concentrations of the solutions were 
determined by complexometry. 

The dialkyldithiophosphoric acids were pre- 
pared and purified by Martin’s procedure.‘O 

The purity of the acids formed was deter- 
mined by a two-phase acid-base titration and 
found to be 98.40% for DBTPA, and 90.0% for 
DETPA. 

n-Butanol, n-octanol, 2-ethylhexanol, TBP 
and kerosene were of puriss. grade (Reanal), and 
no further purification was performed. 

In the solvent extraction experiments equal 
volumes (10 ml) of the organic and aqueous 
phases were shaken together until equilibrium 
was reached (about 2 min). The initial concen- 
trations of the extractants in the organic phase 
and of metal ions in the aqueous solution 
were 0.20 and O.O02M, respectively. The ionic 
strength in the aqueous solution was kept 
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constant (1 .OM potassium chloride) which 
resulted in good phase separation. 

The equilibrium concentrations of AP+ and 
Ga3+ in the aqueous phase were determined by 
spectrophotometry (Beckman DB-GT spectro- 
photometer, l-cm cells) with Eriochrome 
Cyanine” and Malachite GreenI respectively. 
Malachite Green forms a blue-green ion- 
association complex with GaCli in 6-6X4 
hydrochloric acid, which can be extracted into 
benzene. The absorption of the organic phase 
was measured at 634 nm. The calibration curve 
is linear in the range 0.06-1.00 pg/ml gallium in 
the benzene phase. The pH of the aqueous phase 
was measured with a Radelkis 208/l pH-meter, 
with a Radiometer GK 2301 combined glass 
and calomel electrode. 

The equilibrium concentration of DBTPA in 
the organic phase was determined by two-phase 
acid-base titration. 

RESULTS AND DISCUSSION 

Distribution ratios of the extractants 

The solubility of DETPA in water must 
be very low, since its distribution ratio (D)13 
between kerosene and water was found to be 
10s.4.‘4 However, DBTPA, which has a lower 
molecular weight, is more soluble and its solu- 
bility was investigated as a function of the initial 
pH of the aqueous phase at different concen- 

trations of n-butanol, with kerosene as diluent. 
The results (Fig. 1) show that the solubility of 
DBTPA is relatively low in the presence of 5% 
v/v n-butanol at pH < 11. In the extraction 
experiments with DBTPA a 5% v/v n-butanol 
solution in kerosene was used as the organic 
solvent. 

Extraction of the gallium and aluminium 
complexes 

The results of the solvent extraction exper- 
iments are shown in Figs. 2-4, where the logar- 
ithms of the distribution ratios (log D) are 
plotted against the equilibrium pH of the 
aqueous phase. The extent of the extraction of 
Ga’+ and Al’+ significantly depends on the pH 
of the aqueous solution for both DBTPA and 
DETPA. The trend of the log D values can be 
explained by the competition of metal ions and 
protons for the extractant at lower pH and by 
the formation of metal hydroxocomplexes, 
which decreases the extent of extraction at 
higher pH values. In the pH interval from about 
1.4 to 2.0 the log D-pH curves for extraction 
with both DBTPA and DETPA can be regarded 
as straight lines. 

The slope, n = 3, can be interpreted as 
due to extraction of the neutral complexes 
A1(DBTPA)3, Ga(DBTPA)3, A1@ETPA)3 and 
Ga(DETPA),. The neutral MA3 complexes are 
formed in the organic phase according to the 
equation: 

11 12 13 pH 

Fig. 1. Fraction of DBTPA in the aqueous phase, as a 
function of the initial pH in 1M KCl. Concentration of 
n-butanol (% v/v: (l), 0; (2), 50; (3), 32.5; (4), IO; (5), 5; 

1 2 3 PH 

(61, 2. 
Fig. 2. Extraction of Ga3+ (1) and Al’+ (2) from 1M KCI 
with DBTPA in kerosene containing 5% v/v n-butanol. 
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Dialkyldithiophosphoric acids are present in 
the organic phase as monomers, HA,, in 
contrast to the dialkylphosphoric acids, which 
significantly dimerize.* 

If the solubility of the extractant in the 
aqueous solution is low and [HA], S= ~IvIA],, 
then the logarithm of the distribution ratio can 
be expressed as13 

log D = log K + 3 log[HA], + 3pH (2) 

where K is the extraction equilibrium constant. 
These conditions are fulfilled in our experiments 
and the observed slope, n = 3 in Figs. 2-4, can 
be interpreted by means of equation (2). 

The presence of n-octanol has no effect on the 
distribution ratios, which are higher for Ga3+ 
than for A13+ (Fig. 3). However, in the presence 
of TBP the distribution ratios for Ga3+ with 
DETPA are lowered (Fig. 4). The slope of the 
log D-pH curve also decreases (to about 2) in 
the presence of TBP, and the extracted species is 

L 

log D 

2.5. 

2.0. 

1.5. 

1.0. 

OS- 

0.0 

-05 

4.0. 

2.5 pH 

Fig. 3. Extraction of Ga3+ (1) and Al-‘+ (2) from 1M KC1 
by DETPA in kerosene (-a-) and in kerosene containing 

2M n-octanol (-_O-). 

probably an ion-pair, Ga(DETPA)* (TBP),+ . Cl-. 
A molecule of TBP presumably dis- 
places a DETPA- ion from the inner co- 
ordination sphere of Ga’+ and the species 
Ga(DETPA),(TBP),+ [TBP can solvate the 
species Ga(DETPA)r(TBP)+] is not extractable. 
It can be dissolved in the organic phase as an 
ion-pair, with a chloride ion neutralizing its 
charge. The presence of the chloride ion in the 
organic phase has been detected by qualitative 
experiments with silver nitrate. The displace- 
ment of DETPA by TBP is possible, since even 
the bidentate co-ordination of dithiophosphate 
can be blocked by bulky nitrogen bases in 
complexes such as Zn[S,P(OR),12 .I5 

The presence of TBP has practically no effect 
on the extraction of A13+ (Fig. 4, 2a, 2b). The 
extraction of Al(DETPA), both into kerosene 
and mixed kerosene-TBP is proposed. 

The pH dependence of the distribution ratios 
could not be investigated between pH about 4 
and 9, since in this range the aqueous phase was 
unbuffered (the use of a buffer was avoided as 
this could change the extraction equilibrium by 
complex formation with Ga3+ or Al’+). The 
values of D for distribution of Ga’+ and A13+ 

log D 
I .I 1: 

I / lb 

to 1.5 2.0 25 pH 

Fig. 4. Extraction of Ga3+ (1) and A13+ (2) from 1M KC1 
by DETPA in kerosene (a; -a--) and in kerosene contain- 

ing 2M TBP (b; -_O-). 
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between 144 potassium chloride and DETPA in 
neat kerosene were estimated to be lo3 and loZ, 
respectively, in the given pH range. At pH 
values > 10.5 there is practically no extraction, 
probably because of formation of the stable 
Al(OH); and Ga(OH); complexes.16 

The chemical bonding and structure of the 
neutral complex MA3 have been investigated 
for some metal ions. Ahmed et al. suggested 
an octahedral geometry and bidentate co- 
ordination of the ligand in Ga[S,P(OR)J3.9 
Coggon et al. reported the single-crystal struc- 
ture of In[S,P(OC,HJJ, which involves an octa- 
hedral co-ordination, with chelating behaviour 
of the ligand. ” The same structure is reported 
for Fe[S,P(OPr’),js.” 

The structures of dithiophosphates and 
dithiocarbamates are compared and discussed 
by Drew et al. Is The M-S bonds are less 
covalent in dithiophosphates than in dithio- 
carbamates, because the electron density is 
diminished by back-donation from the sulphur 
atom to the 3d orbitals of the phosphorus atom. 
These results suggest that the interaction be- 
tween the dialkyldithiophosphates and Ga3+ as 
well as A13+ in the MA3 complexes is predomi- 
nantly electrostatic. The stability constants can- 
not be very high since hydroxide ions can very 
easily displace both DETPA and DBTPA from 
the complexes. The relatively high values of D 
can be rationalized as due to the high solubility 
of the neutral complexes in the organic phase 
rather than to high stability constants. 

In spite of the predominantly electrostatic 
metal-ligand interaction, the distribution ratios 
obtained for Ga3+ (which is the larger in ionic 
size) are l-2 orders of magnitude higher than 
those for AP+. The stability of the Ga3+ com- 
plexes can be higher than that of the AP+ 
complexes owing to the stronger interaction of 
Ga3+ with the sulphur donor atoms, which is 
related to the presence of its d” outer electron 
shell. 

CONCLUSIONS 

Dibutyldithiophosphoric and di-(Zethyl- 
hexyl)dithiophosphoric acids dissolved in 
kerosene extract Ga3+ and Al’+ as non-charged 
complexes (MA,) from slightly acidic solutions. 
At pH 10.5 the extent of extraction is negligible. 

same for the extractions with DBTPA and 
DETPA, but the application of DETPA is more 
favourable since its solubility in the aqueous 
phase is lower. The phase separation is fast and 
complete in the presence of n-octanol or TBP, 
but TBP results in a decrease in the distribution 
ratios of Ga3+. The D values for Ga’+ are higher 
than those for AP+ by about a factor of 10-100 
and thus the two species can be separated by 
repeated extraction and washing operations. 
With DETPA the most favourable pH is about 
2.5. The chemical bonding between the dialkyl- 
dithiophosphate and Gas+ or A13+ is predomi- 
nantly electrostatic. The higher D values 
obtained for the extraction of Ga3+ are prob- 
ably due to interaction between the 3d’O elec- 
trons of Ga3+ and the empty 3d orbitals of the 
sulphur donor atoms. Another factor could be 
the smaller steric hindrance betwen the ligands 
when co-ordinated to Ga3+, which is larger than 
A13+ in ionic size. 
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Summary-The effect of temperature on the extraction of Fe@) by dehydrated castor oil fatty acids 
(DCOFA) has been studied in the temperature range 283-3 13 K at 1 .OMconstant ionic strength (NaCIO,). 
The temperature dependence of the conditional constant of extraction is given in the form: 
InLt = 31.95 - 12800(1/T). Also, it was found that the average thermodynamic parameters, AIf&, 
AG;,, and AS:, are 106.5 Id/mole, 27.3 Id/mole, and 0.3 kJ.mole-’ .K-I, respectively. The extracted 
species in toluene solution were identified as FeR, . HR and Fe(OH)R, , where HR represents the fatty acid 

The extraction of Fe(II1) with carboxylic acids 
is well documented. it can be extracted with 
naphthenic acids,le4 Versatic 911 acid (a mixture 
of mainly monocarboxylic acids containing 
9-l 1 carbon atoms),s-9 monocarboxylic acids 
with short’o-‘6 and long chains,17-34 mixtures of 
unsaturated aliphatic monocarboxylic acids,*’ 
salicylic acid35 and metal salts of many fatty 
acids.36-38 

A few studies have reported the equilibrium 
constants and species for solvent extraction of 
Fe(II1) with carboxylic acids.5*9*‘7*‘9~3’ Only one 
paper dealing with temperature effects has been 
published,34 referring to saturated acids. 

This paper presents results obtained for ex- 
traction with a mixture of the cis,cis- and 
cis,truns- isomers of 9,l l- and 9, IZoctadeca- 
dienoic acid. These double-bonded carboxylic 
acids are found in dehydrated castor oil fatty 
acids (DCOFA). Extraction studies were per- 
formed at controlled temperatures ( f 0.1”) and 
constant 1 .OM ionic strength. Graphical 
methods4*’ led to identification of the species 
extracted into toluene. From the effect of tem- 
perature on the extraction, the thermodynamic 
parameters were evaluated. 

Reagents 
EXPERIMENTAL 

The stock solution of Fe(II1) was prepared 
by dissolving 9.804 g of Fe(NH4),(S04),~6H20 

(Mohr salt) in 100 ml of 4.OM perchloric/nitric 
acid mixture. The working solutions were pre- 
pared from stock solutions by dilution. The 
ionic strength of these solutions was adjusted to 
l.OM with sodium perchlorate. All reagents 
were of analytical grade. 

The DCFOA was obtained from Ceralit In- 
dustria e Comercio S/A (Campinas, Slo Paulo, 
Brazil) and used without further purification. 
The average molecular weight of this commer- 
cial product was found to be 283.4 by alkali- 
metric titration, which is very close to the 
theoretical value 280.3. The iodine value (Wij’s 
method) of 147.0 is consistent with the expected 
two double bonds. Solutions of the acid mixture 
were prepared in analytical grade toluene. 

Extraction procedure 

Both the equilibrium and temperature effect 
studies were performed as previously de- 
scribed,39@’ Equal volumes (15.0 ml) of the 
toluene solution of DCOFA and the aqueous 
working solution were introduced into a mixing 
vessel kept at constant temperature ( f 0.1”) 
by circulation of water from a thermostatic 
bath. 

The concentration of Fe(II1) in the aqueous 
phase after extraction was determined by 
atomic absorption spectrometry at 248.3 nm 
(Perkin-Elmer Model 305 instrument). The con- 
centration of Fe(II1) in the organic phase was 
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obtained by difference in order to calculate the 
distribution ratio, D. 

The conditional pH of the working solutions, 
expressing hydrogen ion concentration instead 
of activity, was measured with a glass elec- 
trode previously standardized with O.OlOOOM 
perchloric acid in 0.99M sodium perchlorate, to 
which a conditional pH of 2.000 was assigned. 

RESULTS AND DISCUSSION 

For the treatment of the extraction equi- 
librium data the methodology reported earlier 
was used.4’ The plots of log D VS. the conditional 
pH at different DCOFA concentrations (0.300, 
0.600, 1.00 and 1 SOM) for a l.OOmM Fe(II1) 
solution of ionic strength l.OM are linear, with 
slopes of 2.1, 2.3, 2.3 and 2.4, respectively (Fig. 
1). This indicates that an average of 2.3 protons 
were released per metal ion extracted and an 
average of 2.3 DCOFA anions was needed to 
neutralize the charge on each metal ion. On the 
other hand, considering the average value of 
pH in the working range ( pH = 1 S-3.5) and 
the instability constant4* of 1.52 x lo-‘* for 
FeOH*+, the calculated value of the concen- 
tration of this species was 6.7 x 10e4M, which 
leads to the estimate that about 70% of the 
initial concentration of Fe(II1) was hydrolysed. 
Hence it can be inferred that the fatty acid 
extracts about 70% of the Fe(II1) as FeOH*+ 
and the rest as Fe3+. The experimental value of 
2.3 for the slope is in agreement with the 
calculated value of 2.32 based on the assump- 
tion of partial hydrolysis of the iron(II1). 
Although other Fe(II1) hydrolysis products 
exist in this pH range, and their relative 
concentrations would be pH-dependent, the 
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-2 - 
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2 3 
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The value of 2.7 calculated for m from 
this equation when n = 2.3, implies that each 
complex molecule extracted is solvated by an 
average of 0.4 molecule of DCOFA. 

If log D is plotted VS. pH for different metal 
ion concentrations (1.00, 10.0, 20.0, 30.0 and 
40.OmM), all the points lie more or less on the 
same straight line (Fig. 3), suggesting that the 
extracted complexes are monomeric. 

From the experimental results calculated for 
n and m, the initial concentrations of Fe3+ and 
FeOH*+ and the solvation number (m - n), it is 
concluded that FeR, - HR and Fe(OH)R2 are the 
predominant species extracted into toluene. 
Karpacheva er al.” investigated the extraction 
of Fe(II1) with a mixture of saturated aliphatic 
monocarboxylic acids with 7-9 carbon atoms in 
kerosene and found the extraction equation: 

Fig. 1. Effect of pH on extraction of IO-“M. Fe(U) 
by DCOFA at different concentrations (0: 0.3; 0: 0.6; 

+: 1.0 and A: 1.5M) at 25”. 

log D = 0.74 + 2.10 pH 

The value of 2.10 for n in this equation is 
in fair agreement with that reported here. 

PH~,~ - 2.13-0.59 log (H,R,l, 

i- - 0.9797 

m/Pn-0.59 

m-2.7 

-1 0 

0 

I I 

1 -0.5 0 

log (Hz R2 )o 

Fig. 2. Relation of pI& and DCOFA dimer concentration 
for the extraction of 10s3M Fe(II1) by DCOFA. 

hydrolysis is slow and on the time-scale of the 
experiments is unlikely to proceed beyond 
FeOH*+. 

The PH., (pH at which there is 50% extrac- 
tion) was determined from the plots of log D 
us. pH. These PH~.~ data, when plotted against 
log[(DCOFA),], , exhibited linear behavior with 
a slope of -0.59 (Fig. 2). 

The number of fatty acid monomer molecules 
involved in the extraction, m, was calculated 
from the value of -0.59 for the slope, according 
to the relationship: 

0.59 = m/2n 

where n is the number of protons liberated. 
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Fig. 3. Effect of pH on extraction of Fe(II1) at different 
concentrations (0, lo-‘; 0, lo-‘; A, 2 x 10-r; 0,3 x 10e2 

and + , 4 x IO-*M) by 1.OM DCOFA. 

Karpacheva ef al. proposed that FeR,. HR was 
the main species extracted. Lee and Kim’ and 
Fletcher et al.’ studied the extraction of Fe(II1) 
by Versatic acid in benzene and found that FeR, 
was the compound extracted. The value of the 
conditional equilibrium constants obtained in 
our work (see Table 1) are larger than those 
obtained by Lee and Kim,’ under the same 
experimental conditions, which indicates that 
DCOFA has greater extraction power than 
Versatic acid. 

The average thermodynamic parameters 
AH:,, AC& and AS$ were determined in the 
same fashion as reported previously.3g 

Figure 4 shows the variation of log D as a 
function of pH for the extraction of Fe(II1) at 
283, 298, 303 and 313 K. Values of &, at these 
temperatures (Table 1) were determined by 
using the equation 

PI-L = (- 1ln)log L - (m/2n) h#-MU 
Figure 5 shows the variation of In & with the 

inverse of the absolute temperature. The value 
of H$ calculated from the slope of this plot is 
106.5 kJ/mole. The positive value of AH& 

Table 1. Conditional equilibrium constants 
for extraction of iron by DCOFA at several 

temperatures* 

T, K l/T, lo-) K-’ 106 x K,, -In K,, 

283 3.53 1.9fO.l 13.2 
293 3.41 10.2 f 0.5 11.5 
303 3.30 30.4 f 1.5 10.4 
313 3.19 122.6 f 6.1 9.0 

-1 

-20-1 4 5 

PH 
Fig. 4. Effect of temperature on extraction of lo-‘M Fe(III) 

by l.OM DCOFA in the temperature range 283-313 K. 

shows that the extraction of Fe(II1) by DCOFA 
is an endothermic process, indicating that an 
increase in temperature increases the degree of 
extraction. In contrast, when Abubakirov et 
al.” extracted Fe(II1) from Al,4 suspensions, 
a decrease in the extraction efficiency was ob- 
served when the temperature was increased 
from 13 to 60”. However, adsorption on the 
solid A&O3 may be the cause of this effect. 

The following equation was used to calculate 
lk;,t within the temperature range studied: 

In K,, = 31.95 - 12800/T 

The calculated value for &, at 298 K gives 
27.3 kJ/mole for AC;, by use of the standard 
equation: 

AG,q, = - RT In K,,, 

-5 

2 
-10 

5 
I 1 / 

B 
-151 

-3.6 -3.1 

-f lo-3,K-' 

Fig. 5. Variation of In& with the inverse of absolute 
temperature. *The error is estimated to be f5%. 
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The entropy change involved in the extraction 
can be calculated from: 

AG$ = AH&, - TAS&, 

The positive value of AG& shows the non- 
spontaneity of the extraction reaction. How- 
ever, the extraction is more efficient than that of 
CU(II).~~ The large positive entropy change 
(ASzX, = 266 cal . mole-’ . K-l) is due mainly 
to the removal of water molecules from the 
iron(II1) aquo-ion in formation of the complex 
extracted. 

A comparison of the present results with 
those for extraction of uranyl and rare-earth 
cations will be reported subsequently. 
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Summary-A computer-assisted method for analysis of multicomponent mixtures by use of conventional 
absorbance as well as discrete Fourier transform coefficients (combined trigonometric functions) is 
presented. The program can store absorbance data (A vs. A), process data by convolution with combined 
trigonometric functions, apply least-squares analysis and solve the resultant simultaneous linear equations, 
and display data on screen, printer or plotter. 

There have been many attempts to devise It has been shown previously,‘**‘9 that a 
methods of computer-assisted spectropho- correction for linear background absorption 
tometry for the analysis of complex systems,‘-17 can be made by the combination of two 
but none of these has successfully tackled the trigonometric functions (Table 1). Thus, for 
problem of background interferences. discrete measurements at equally spaced wave- 

Absorption curves have been expanded as a lengths, the coefficients of cosjx, calculated 
finite Fourier series.‘G20 If (n + 1) is an odd from f(J) with a linear component d + mx 
number, the expansion is added, are 

f(l)=a,+a,cosx+a~cos2x+**~ 

- * * + a,,, cos(n/2)x + b, sin x + 

b2 sin 2x + . - * + b,,, sin@ /2)x 

or if (n + 1) is an even number then 

f(~)=a,+a,cosx+a~cos2x+*~~ 

(1) 

,f,otf(J)t+d+ mx,]cOS jxi/D = aj - m/D (4) 

where D is the denominator of equation (3). 
If x is displaced by one interval, i.e., by 

2a/(n -t I), then 

* * * + a, + I)/2 cos(n + 1)/2x + b, sin x + 

b2 sin 2x + * * * + b, + ,),2 sin@ + 1)/2x (2) 

The calculation of the coefficients a,, a,, 
a3,... and b,, b2, b3,... is simplified since the 
trigonometric functions are mutually orthogonal. 

Any coefficient, t, can be calculated from 
a set of absorbances, measured at equally 
spaced wavelengths, by the following sum- 
mation, in which x takes values from 0 to 
27r - [2a/(n + I)], at intervals of 27r/(n + 1): 

z = i$o/(i)iTxi/ i tTxi12 (3) 
i-0 

i$o [f(n), + d + mXi]cos j[xi + 2n/(n + l)]/D 

=a;-tm/D (5) 

Addition of equations (4) and (5) leads to a sum 
of two coefficients (aj + a;), which is directly 
proportional to the concentration of the pure 
compound and is independent of the linear 
component added to f(L).19 

The two functions, e.g., cos x and cos[x + 
a/(n + I)] or the corresponding sine functions, 
can be linearly combined to give T’x. Thus 

t’ = ,iof(i)i YXi/ i (T’x,)2 (6) 
i-0 

where T represents cosine or sine. 

*Author for correspondence. 

where T’xi is the combined function and 

t’ =o’C (7) 

1183 
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Table 1. Combined trigonometric Fourier functions for n + 1 equally spaced points 
(generated by the computer program) 

[cos x, + 
(:, 2; cos(x,+ 60”)] 

[co5 2x, + [sin x, - [sin 2x, - 
co8 2(x, + 60”)] sin(x, + 600)] sin 2(x, + 60”)] 

0 0 1.5 0.5 -0.866 -0.866 
1 60 0 -1.0 1.732 
2 120 -1.5 0.5 i.866 -0.866 
3 180 -1.5 0.5 0.866 -0.866 
4 240 0 -1.0 0 1.732 
5 300 1.5 0.5 -0.866 -0.866 

D 3 3 3 3 

n x,1 [cos x, + [cos 2x, + [sin x, - [sin 2x, - 
(i) deg cos(x, + 45”)] cos 2(x, + 45’)] sin(x, + 45”)] sin 2(x, + 45’11 

0 0 1.707 1.0 -0.707 -1.0 
1 45 0.707 -1.0 -0.293 1.0 
2 90 -0.707 -1.0 0.293 1.0 
3 135 - 1.707 1.0 0.707 -1.0 
4 180 - 1.707 1.0 0.707 -1.0 
5 225 -0.707 -1.0 0.293 1.0 
6 270 0.707 -1.0 -0.293 1.0 
7 315 1.707 1.0 -0.707 -1.0 

D 4 4 4 4 

where o’ is t’(l%, 1 cm) and C is the concen- 
tration.‘8~‘g 

MULTICOMPONENT 
SPECTROPHOTOMETRIC ASSAY 

In a multicomponent system (provided that 
each component obeys Beer’s law and no 
interaction exists between the components), the 
absorbance of the mixture at any wavelength is 

A,= Cii c1!, + CZ~$/ + * . * + Cin$, (8) 

where A, is the absorbance of solution i at 
wavelength j, Ci, is the concentration of com- 
ponent n in solution i, and a,,, is the At”&, value 
of component n at wavelength j. 

The Fourier coefficient of the mixture at 
any Iz [mean wavelengths (&ha, + &,,,)/2] is 
given by 

f$= C,lO;j+ CaOb+ * * * + CbOij (9) 

where t; is the coefficent of the combined trig- 
onometric functions for solution i calculated at 
the mean wavelength (J)j, C, is the concen- 
tration of component n in solution i and CO;, is 
t/(1%, 1 cm) for component n at mean wave- 
length (A),. 

THE COMPUTER PROGRAM 

The program provides an interactive dialogue 
to control the data processing of data collected 
from the spectrophotometer. The program per- 
forms the following main tasks. 

(A) Storage of data. Wavelength and ab- 
sorbance data for a compound are stored in a 
sequential named file on magnetic diskette. 

(B) Processing of data. Data stored in flies can 
be processed as follows: 

(1) Convolute2’ the absorption data with 
combined trigonometric Fourier functions 
and output the results to a file. 

(2) Reduce the number of equations entered 
to N equations by least squares, and 
solve for concentrations of N com- 
pounds. 

(3) Solve for concentration of N compounds 
with N equations. 

The convolution process can be performed 
for (a) different numbers of points in a segment, 
(b) different orders of combined trigono- 
metric functions and (c) different wavelength 
intervals. 

The program outputs the absorption curve 
convoluted with the combined trigonometric 
functions. These functions (Table l), with their 
respective divisors, are generated by the pro- 
gram according to the number of points entered 
by the user. 

(C) Display of data. Data are displayed on 
screen, printer or plotter. The plotter driver 
allows data to be scaled to match the dimen- 
sions of the plotting area, and specifies the 
labelling of the axes. 

A block diagram of the program is shown in 
Fig. 1. 
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Fig. 1. Functional block diagram of the computer program. 

RESULTS AND DI!3CUSSiON 

The absorption spectra of the codeine 
phosphate, phenylephrine hydrochloride, chlor- 
pheniramine maleate and ephedrine hydro- 
chloride are shown in Fig. 2. The methods used 
to assay these components in a mixture were 
the Unique Absorbance Method (UAM) and 
Unique Fourier Function Method (UFFM), 
and the corresponding least-squares procedures. 
In UAM four absorbance readings (equal to 
the number of components) were determined (at 
different 1 values) for each component on its 
own. Then each mixture was measured at the 
selected wavelengths. 

In UFFM the absorption curves for different 
components were convoluted (Fig. 2) and the 
coefficients t’ = (a, + a;) were calculated by 
using &point T’ [ = cos x, + cos(x, + 4S”)] com- 
bined trigonometric functions (Table 1) from 

&tnitipi to &,.i [268-296 nm (codeine phosphate), 
260-288 nm (phenylephrine hydrochloride), 
250-278 nm (chlorpheniramine maleate) and 
242-270 nm (ephedrine hydrochloride)] at 4-nm 
intervals. 

For the corresponding least-squares methods, 
the number of coefficients must be greater 
than the number of components, so for A-LSM 
(Absorbance Least-Squares Method), 27 ab- 
sorbances were measured for each component 
in the region 244-296 nm at 2-nm intervals. 
For FF-LSM (Fourier Function Least-Squares 
Method), 19 coefficients were calculated for 
each component (for 260-296 mn at 2-nm 
intervals). The results for four synthetic four- 
component mixtures are given in Table 2. 
According to the variance-ratio test, all the 
methods gave F values not exceeding the 
theoretical value (95% confidence limits). The 
four methods thus gave equal reproducibility. 
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30 pg/ml chlorpeniramine maleate (. .*), 0.30 mg/ml Fig. 3. Absorption curves of 2 mg/ml gum acacia (-), 
ephedrine hydrochloride (- . . -), and propylparaben (-a - ) 2 mg/ml gelatin (---), 41 ng/ml barium sulphate ( ..), 
in 0.05M sulphuric acid (a), and the corresponding convo- 2pg/ml colouring matter (-. .-) in 0.05M sulphuric 
luted curves derived by using 8-point T’ [= cos x, + acid (a), and the corresponding convoluted curves derived 
cos(x,+ 45”)] combined trigonometric functions at 4-nm therefrom by using I-point T’ [ = cos x, + cos(x, + 45”)] 

intervals (b). combined trigonometric functions at 4-nm intervals (b). 

Table 2. Results for assay of four-component laboratory-made mixtures by the proposed 
computer-assisted spectrophotometric methods 

Recovery, % 

Codeine Phenylephrine Chlorpeniramine Ephedrine 
phosphate (I) hydrochloride (II) maleate (III) hydrochloride (IV) 

Mixture* UAM UFFM UAM UFFM UAM UFFM UAM UFFM 

1 100.0 99.4 98.6 98.7 98.4 96.8 101.2 
2 101.4 100.5 100.1 99.8 100.1 100.8 
3 97.8 99.2 99.9 99.7 98.7 

z?: 
102.6 

4 99.1 98.7 99.6 99.9 99.5 98:4 101.9 

Mean 99.6 99.4 99.5 99.5 99.2 98.0 101.6 
SD. 1.5 0.8 0.7 0.8 0.8 1.1 0.8 
t-value? 0.23 0.05 1.62 
F-value? 3.98 1.35 2.07 

100.4 
99.1 
99.7 

101.1 

100.1 
0.9 
2.55 
1.19 

A-LSM FF-LSM A-LSM FF-LSM A-LSM FF-LSM A-LSM FF-LSM 

1 100.6 100.8 98.7 98.7 98.0 98.0 101.8 101.3 
2 101.3 101.8 99.7 99.7 100.1 100.8 101.2 99.9 
3 99.9 99.9 99.5 100.0 98.2 98.2 102.3 102.4 
4 100.4 100.6 99.5 100.4 99.3 99.1 101.3 102.0 

Mean 100.5 190.8 99.3 99.7 98.9 99.0 101.6 101.4 
S.D. 0.6 0.8 ZO 0.7 1.0 1.7 0.5 1.1 
t-value 1.2 

::: 2:25 
0.30 0.43 0.14 0.05 0.29 

F-value 6.8 1.18 1.62 2.73 2.45 1.91 

*Component concentrations (mg/lOO ml) in mixtures 14 were I (8,6,6,9); II (6,5,5,6); III 
(3,2,3,1.9); IV (30,35,30,32). 

tThe z- and F-values are calculated with respect to the UAM values. The corresponding 
theoretical values are 2.44 and 9.28, respectively. 
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Table 3. Results for assay of a four-component mixture* in the presence of various additives by 
the proposed computer-assisted spectrophotometric method 

Recovery, % 

1187 

Codeine Phenylephrine Chorpheniramine Ephedrine 
phosphate (I) hydrochloride (I) maleate (III) hydrochloride (IV) 

Additive UAM UFFM UAM UFFM UAM UFFM UAM UFFM 

None 100.0 (1:::) 98.6 98.7 98.4 96.8 101.2 loo.4 
(100.6) (98.7) (98.7) (98.0) (98.0) (101.8) (101.3) 

Carmoisine, 101.1 97.9 101.5 100.4 100.0 96.6 106.1 100.2 
2 r8/ml (102.5) (99.4) (99.4) (99.9) (101.0) (98.6) (106.0) (100.2) 

Barium sulphate, 150.6 97.3 92.5 100.3 121.63 96.45 97.8 102.0 
41 lrglml (127.0) (98.5) (99.2) (99.6) (130.2) (98.2) (73.9) (100.7) 

Gum acacia, 114.1 103.5 
2 mg/ml (109.0) (101.6) (1:::) (::::) (::::, (:& ;::) (:::;) 

Gelatine, 123.83 110.89 100.49 84.9 111.6 117.8 118.9 55.9 
2 mg/ml (124.6) (102.3) (94.5) (101.1) (118.7) (98.1) (105.2) (101.4) 

*The mixture contained 80 &ml (I), 60 pgjml (II), 30 &ml (III) and 0.30 mg/ml (IV). The figures 
in parentheses are the assay results obtained by using the same methods with the least-squares 
approach. 

Table 4. Results for assay of a four-component mixture in the presence of a preservative 
(propylparaben) as the fifth component, by the proposed computer-assisted spectrophotometric 

methods 

Recovery, % 

Methods 

UAM 
UFFM 
A-LSM 
FF-LSM 

Codeine Phenylephrine Chorpheniramine Ephedrine 
phosphate hydrochloride maleate hydrochloride Propylparaben 
(30 pg/ml) (20 fig/ml) (10 &ml) (100 !&ml) (10 pg/ml) 

97.6 99.7 96.1 93.2 100.1 
112.5 97.7 104.2 99.4 102.7 
99.5 97.8 99.1 97.8 99.0 

100.5 101.5 98.3 104.1 98.6 

A t-test gave 95% confidence that the four 
methods are of equal accuracy. 

To investigate matrix effects and spectral 
interferences, materials such as colouring matter 
(carmoisine), barium sulphate, (to form a turbid 
solution), thickening agents (gum acacia and 
gelatine) and a preservative (propylparaben) 
were added. The absorbance spectra of these 
additives are shown in Fig. 3. Barium sulphate 
at 41 pg/ml gives a significant linear spectral 
interference, whereas carmoisine (2 ,ug/ml) gives 
a negligible interference. Gelatine at 2 mg/ml 
absorbs strongly at wavelengths shorter than 
about 246 nm, then has a more or less constant 
absorbance at longer wavelengths. Therefore 
special paramaters had to be used for the 
multicomponent analysis when gelatine was 
present (FF-LSM was used with 15 coefficients 
calculated over the range 260-288 nm at 2-nm 
intervals). Gum acacia exhibits less spectral 
interference than gelatine. The convoluted 
curves derived by using combined trigonometric 
functions are shown in Fig. 3. 

The results obtained by the proposed com- 
puter-assisted spectrophotometric procedure in 

the presence of various additives (Table 3), 
showed that neither UAM nor A-LSM can 
correct for systematic errors caused by addition 
of barium sulphate, gum acacia and gelatine. 
Such errors occurred with codeine phosphate, 
chlorpheniramine maleate and ephedrine hydro- 
chloride. The other methods allowed correction 
to be made for matrix effects. The Fourier 
function least-squares method (FF-LSM) was 
usually found to be the most accurate. 

A different procedure was adopted in the 
presence of propylparaben preservative, in that 
the latter (Fig. 2) was treated as a fifth com- 
ponent. The mixture was analysed as before but 
with an increased number of coefficients deter- 
mined. Assay results for the five-component 
mixture are presented in Table 4. The poorest 
performance was obtained with the UFFM. 
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Summary-Procedures are described whereby iron (1-SOpg) and cobalt (l-25 pg) are determined 
spectrophotometrically, iron as iron(I1) with the disodium salt of 3-(2-pyridyl)-5,6bis(4-phenylsulfonic 
acid)-1,2,4-triaxine (Ferrozine) and cobalt as the cobalt(II1) dithixonate complex. The reduction to iron 
prevents interference of iron(II1) in the cobalt determination, and both metals can be determined in the 
same portion of sample solution. Removal of interference by other metal ions is described. 

Iron can be determined spectrophotometrically 
in aqueous solution as the iron(I1) complex 
with the disodium salt of 3-(2-pyridyl)-5,6- 
bis(4-phenylsulfonic acid)- 1,2,4-triazine (Ferro- 
zinc).‘*’ This reagent behaves like l,lO-phenan- 
throline but is more sensitive by a factor of 
2.5 (molar absorptivity 2.79 x IO4 l.mole-’ 
x cm-‘).I Cobalt(I1) can be extracted into a 
solution of dithizone in carbon tetrachloride 
and determined spectrophotometrically as the 
cobalt(II1) dithizonate complex.3 However, 
dithizone is oxidized by iron(III), and the oxi- 
dation products interfere in the determination 
of cobalt. This interference can be overcome by 
the addition of fluoride before extraction of the 
cobalt.3 Alternatively, as shown here, if Fer- 
rozine is added together with hydroxylamine to 
a mixture of iron(II1) and cobalt(II), iron(I1) is 
produced and complexed and not only is the 
interference of iron(II1) in the dithizone extrac- 
tion prevented, but both metals can be deter- 
mined in the same portion of sample solution. 

EXPERIbIENTAL 

Reagent grade chemicals were used unless 
stated otherwise, and all aqueous solutions were 
prepared in demineralized water. Ferrozine 
(Aldrich) was used as received; a 0.75 mg/ml 
solution in water was prepared. Dithizone 
(B.D.H.) solution (5 x 10v4M) in carbon tetra- 
chloride was prepared fresh every few days and 
stored at 4” in the dark. Metal ion stock 
solutions were prepared in very dilute nitric 
acid. A 0.5M sodium acetate/O.lM sodium tar- 
trate mixture adjusted to pH 6.8 + 0.5 with 

acetic acid was used as a buffering and auxiliary 
masking agent. A 100 mg/ml aqueous hydroxyl- 
amine hydrochoride solution was used as the 
reductant for iron(II1). 

Before use the buffer and reducing agent 
solutions were shaken with 5 x 10v4M dithizone 
in carbon tetrachloride to remove extractable 
metals. 

Apparatus 

A Bausch & Lomb Spectronic 20 spectropho- 
tometer was used for absorbance measurements, 
and a Varian Car-y-2390 spectrophotometer for 
taking spectra. 

Procedure. Transfer a known volume of 
solution containing l-25 pg of cobalt and 
l-50 pg of iron into a 25-ml standard flask, add 
2 ml of reducing agent, 2 ml of Ferrozine 
solution and 5 ml of buffer/masking solution 
and set aside for 10 min to allow development 
of the iron(Ferrozine complex. Dilute to 
volume with water, mix and measure the ab- 
sorbance at 562 mn in a l-cm cell against a 
reagent blank. Transfer 10.0 ml of this solution 
to a separating-funnel, add 10.0 ml of dithizone 
solution and shake the mixture vigorously for 
at least 12 min. Collect the organic phase and 
remove excess of dithizone by shaking the 
organic phase with 10-15 ml portions of O.OlM 
ammonia solution for a few seconds each time 
until the aqueous extract is colourless. Measure 
the absorbance of the organic phase at 550 nm 
in a l-cm cell against a reagent blank prepared 
by similar treatment of the blank solution from 
the iron determination. 
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Table 1. Statistical data from 3 series of replicate measurements on iron and cobalt 
mixtures (C.V. = coe5cient of variation) 

Iron, Mean C.V., Cobalt, Mean C.V., No. of 
Series j4g absorbance % Pg absorbance % determinations 

1 1.00 0.015 
2s 

100 0.91 1.0 3 
2 15.0 0.329 

1:1 
4’00 
1:OO 

0.330 1.9 5 
3 40.0 0.88 0.081 6.4 3 

Alternatively, for up to 10 pg of cobalt 
and 20 pg of iron, the initial aqueous solution 
can be made up to 10.0 ml instead of 25.0 
ml, the same volumes of reagents being used. 
This approach is recommended for low levels 
of iron (l-5 pg) in the presence of 2 15 pg of 
cobalt. 

RESULTS AND DISCUSSION 

The calibration graphs obtained by appli- 
cation of the entire procedure to mixtures of 
iron and cobalt are linear, and that for cobalt is 
essentially identical with one obtained in the 
absence of iron in the initial solution, showing 
that iron(II1) is efficiently reduced and the 
iron(I1) complexed. Table 1 gives data on the 
reproducibility of analysis of mixtures of iron 
and cobalt at low, medium and high concen- 
trations within the recommended ranges. 

The reproducibility is good, except, as would 
be expected, at the low end of the concentration 
ranges. 

The presence of at least 15 pg of cobalt does 
not interfere in the determination of iron and up 
to at least 10 pg of nickel is also without effect 
(Table 2). 

According to Stookey,’ tests with copper, 
cobalt, calcium, magnesium, lead, silver, 
molybdenum, aluminum, nickel, zinc, arsenic, 
manganese, chromium(W) and chromium(II1) 
revealed that only iron( copper(I) and 
cobalt(I1) form coloured complexes with Ferro- 
zinc. The broad absorbance bands centered4 
at 470 nm for copper and 450-520 nm for 
cobalt can be expected to cause some inter- 

Table 2. Effect of cobalt and nickel on iron determination 

Iron, Pg Cobalt, pg Nickel pg Iron found, pg 

1.0 25.0 0.0 1.2 
5.0 20.0 0.0 5.4 

10.0 15.0 0.0 9.8 
15.0 10.0 0.0 15.0 
30.0 5.0 0.0 30.3 
40.0 2.5 0.0 39.6 

5.0 20.0 10.0 5.0 
15.0 10.0 10.0 14.8 
40.0 2.5 10.0 39.3 

ference in the determination of iron. As the 
data in Table 2 con&m, however, within 
the concentration limits specified in the pro- 
cedure, an error exceeding 5% in the iron 
determination is likely only for ~5 fig of iron 
in the presence of >/ 15 pg of cobalt. This source 
of error can be eliminated by extracting the 
cobalt from the aqueous phase with dithizone 
before measuring the absorbance of the iron 
complex. 

Interference can also be caused by other metal 
ions which can form complexes with Ferrozine 
if they are present in sufficient amount to com- 
pete with iron(I1) for the reagent. Nickel(I1) is 
such an ion; for, example, in the procedure 
given here the presence of 1500 pg of nickel 
along with 15 p g of iron will completely prevent 
formation of the iron-Ferrozine complex. How- 
ever, as shown in Table 2 up to at least 10 pg 
of nickel will not interfere in the iron determi- 
nation under the recommended conditions. 

Nickel(I1) is partially extracted along with 
cobalt by dithizone in the presence of Ferrozine, 
however, and even increasing the Ferrozine 
concentration lo-fold (to 1.2 x 10e4M in the 
25 ml of final test solution) will not retain all 
the nickel in the aqueous phase. Four samples 
containing 5.00 pg each of cobalt, nickel and 
iron gave an average absorbance of 0.480 (stan- 
dard deviation 0.008) when the dithizone extract 
was measured at 550 nm against carbon tetra- 
chloride (the average absorbance in the absence 
of nickel was 0.480). More than 6 pg of nickel 
was found to increase the absorbance unaccept- 
ably, however. Fortunately nickel can be re- 
moved efficiently3 by the addition of a few mg 
of l,lO-phenanthroline to the carbon tetra- 
chloride extract and shaking this with an equal 
volume of O.Ol-O.lM hydrochloric acid for 
about 30 set; this treatment also removes zinc, 
cadmium, thallium(I), and lead(I1). Removal of 
the released dithizone, by shaking with O.OlM 
ammonia solution, as in the procedure, leaves 
only the cobalt(II1) dithizonate in the carbon 
tetrachloride phase. 

The extraction of cobalt(II1) dithizonate 
can be used to improve the reliability of the 
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determination of low levels of iron ( < 5 pg) and Acknowkdgemenr-The authors acknowledge support from 

can also be extended3 for the spectrophoto- the Chemistry Department, King Fahd University of 

metric determination of cobalt in the presence 
Petroleum & Minerals. 

of nickel and other elements at pug levels as 
outlined above. The work described here illus- 
trates some advantages derived from the use 
of two calorimetric reagents in the determi- 

1: 

nation of more than one component in a single :: 
sample. 

REFERENCES 

L. L. Stookey, Anal. Chem., 1970, 42, 779. 
M. M. Gibbs, Water Res. 1979, 13, 295. 
M. V. Dawson and S. J. Lyle, Tukmta, 1990, 37, 443. 
S. K. Ku&a, M. Katyal and R. P. Singh, Anal. Gem., 
1974, 46, 1605. 



Tahta, Vol. 37, No. 12, pp. 1193-1196, 1990 0039-9140/90 53.00 + 0.00 
Printed in Great Britain Pergamon Pm8 plc 

SPECTROPHOTOMETRIC DETERMINATION OF 
TETRACYCLINES IN PHARMACEUTICAL 

PREPARATIONS, WITH URANYL ACETATE 

U. SAHA, A. K. SEN and T. K. DAS 

Central Public Health & Drug Laboratory, 2 Convent Lane, Calcutta 700016, India 

S. K. BHOWAL* 

Department of Chemistry, Jadavpur University, Calcutta 700032, India 

(Received 26 September 1988. Revised 21 June 1990. Accepted 26 June 1990) 

Summary-Uranyl acetate is proposed as a reagent for the spectrophotometric determination of 
the tetracycline group of antibiotics. The reagent forms orange-red 1: 1 complexes with the drugs in 
N,N-dimethylformamide medium. The complexes show absorption maxima at 414, 406, 419, 405 and 
402 nm for tetracycline hydrochloride (TCH), oxytetracycline hydrochloride (OTCH), chlortetracycline 
hydrochloride (CTCH), doxycycline hydrochloride (DCH) and methacycline hydrochloride (MCH), 
respectively. Beer’s law is valid over the concentration ranges O-l 15,0-120,0-1250-135 and O-l 10 pg/rnl 
for TCH, OTCH, CTCH, DCH and MCH, respectively. 

Tetracycline hydrochloride (TCH), oxytetracy- 
cline hydrochloride (OTCH), chlortetracycline 
hydrochloride (CTCH), doxycycline hydro- 
chloride (DCH) and methacycline hydro- 
chloride (MCH) are important members of the 
tetracycline group of antibiotics, which have 
found extensive use in current therapy because 
of their broad spectrum antibacterial properties. 
Spectrophotometry is the most popular method 
for determination of these drugs in bulk and in 
pharmaceutical preparations.lV9 Reagents used 
for this purpose include sodium hydroxide, 
ferric chloride, thorium nitrate, ammonium 
vanadate or molybdate, aminophrine, sodium 
tungstate, cupric chloride and cerium acetate. 
The ferric chloride method is applicable only in 
the narrow pH range of 2.0 + 0.05 and there 
is interference by phosphate, thiocyanate and 
fluoride. The other methods also have draw- 
backs such as narrow Beer’s law range, 
instability of colour, critical reaction and heat- 
ing times, low sensitivity, multiple reaction steps 
and multiple pH adjustments. Uranyl nitrate 
has been used for the determination of 
OTCH,” but the procedure was not widely 
accepted, owing to the slow colour develop- 
ment. A second method utilizing uranyl nitrate” 
is very sensitive to changes in pH and has a 
very narrow optimum pH range (4-4.5). Also 

*Author for correspondence. 

the complex precipitates in aqueous medium 
shortly after colour development. Moreover, 
the method is very insensitive and the solubility 
of the drug in ethanol (used as a solvent in the 
method) is very low. Determination of micro- 
biological potency” is recognized as an official 
method for the estimation of tetracycline hydro- 
chloride and its derivatives. The method 
described here utilizes the colour reaction of 
tetracyclines with uranyl acetate in dimethyl- 
formamide (DMF) medium. The procedure is 
superior to the earlier methods with respect 
to stability of the colour, Beer’s law range, 
simplicity, speed and sensitivity. The method 
has been applied to the determination of various 
tetracyclines in bulk and in various pharma- 
ceutical preparations. The results obtained are 
similar to those obtained by the official 
method.12 

EXPERIMENTAL 

Apparatus 

A Shimadzu UV 160 spectrophotometer with 
matched l.OO-cm fused-silica cells was used. 

Reagents 

All reagents and solvents were of analytical 
grade. Uranyl acetate solution was prepared by 
dissolving 200 mg of the dihydrate in 100 ml of 
DMF. Test solutions were freshly prepared by 
dissolving 100 mg of the tetracycline in 100 ml 
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of DMF. Laboratory reference standards were 
used for calibration. 

General procedure 

Suitable volumes of standard drug solutions 
(0.25-5.75 ml for TCH, 0.25-6.00 ml for 
OTCH, 0.25-6.25 ml for CTCH, 0.25-6.75 ml 
for DCH and 0.25-5.50 ml for MCH) were 
transferred separately into 50-ml standard 
flasks, 3.5 ml of reagent solution were added to 
each, and the solutions were diluted to the mark 
with DMF and mixed. The absorbances were 
measured at 414, 406, 419, 405 and 402 mn 
for TCH, OTCH, CTCH, DCH and MCH, 
respectively, against a reagent blank. 

Capsules and tablets 

A quantity of the sample (a mixture of 
20 powdered tablets or the contents of the 
capsules) equivalent to 100 mg of the drug 
was weighed accurately and transferred into a 
loo-ml standard flask and shaken with 50 ml of 
DMF for 10 min. The mixture was then diluted 
to volume with DMF and filtered. A portion of 
filtrate (1.5 ml) was transferred into a 50-ml 
standard flask and the assay was completed as 
above. 

Ointments 

An accurately weighed amount, equivalent to 
100 mg of the drug, was transferred into a 
loo-ml conical flask. The drug was extracted 
with three successive 30-ml portions of warm 
DMF, which were filtered into a lOO-ml stan- 
dard flask, cooled, and diluted to volume with 
DMF. The analysis was completed with 1.5 ml 
of the solution. 

Suspensions and syrups 

The suspension or syrup was shaken well and 
an accurately known amount, equivalent to 100 
mg of the drug, was transferred into a lOO-ml 
standard flask. The assay was completed as for 
capsules and tablets. 

Injections 

An accurately known volume of the injection, 
equivalent to 100 mg of the drug, was trans- 
ferred into a loo-ml standard flask and then 
diluted to volume with DMF. The analysis was 
completed with 1.5 ml of this solution. 

RESULTS AND DISCUSSION 

The tetracyclines formed orange-red com- 
plexes with uranyl acetate in DMF solution. 

Chloroform, benzene, ethanol, methanol and 
diethyl ether were found unsuitable because of 
the low solubility of the drugs or their uranium 
complexes in them. The complexes are also 
unstable in these solvents. In aqueous medium, 
the complexes are formed at pH 4.0, but 
gradually precipitate. In dimethylsulphoxide or 
formamide medium the colours are less intense 
than in DMF. 

Absorption spectra 

The absorption spectra of the TCH, OTCH, 
CTCH, DCH and MCH complexes have maxi- 
mum absorbance at 414,406,419,405 and 402 
nm respectively, whereas the reagent blank has 
relatively low absorbance. 

Choice of uranium salt and pH 

Uranyl acetate has been found to be the most 
efficient uranium salt for colour formation with 
the tetracyclines. The phosphate and sulphate 
are only sparingly soluble in DMF and the 
reaction of the nitrate with the tetracyclines is 
too slow (maximum colour intensity obtained 
only after 96 hr). The acetate is freely soluble in 
DMF, and the complexes form instantaneously, 
and are stable for about 7 days, at temperatures 
in the range O-100”. For 100 pg of the tetra- 
cycline, 100 pg of uranyl acetate is sufhcient 
to produce maximum colour intensity, but 
addition of more has no adverse effect. 

The effect of pH on the colour intensity 
was studied by addition of hydrochloric acid, 
ammonia, sodium acetate+acetic acid buffer 
(pH 4-6) and ammonium chloride-ammonia 
buffer (pH 8-g), to the DMF solution of the 
complex, and in all cases there was a drastic 
reduction of the colour intensity. Hence, a 
completely non-aqueous DMF environment is 
required for obtaining the maximum colour 
intensity. 

Beer’s law and sensitivity 

The complexes obey Beer’s law over the 
concentration ranges shown in Table 1, and the 
correlation coefficients” were calculated. 

Nature of the complex 

The composition of the complexes was shown 
to be 1: 1 by Job’s method” (Fig. 1) and the 
molar ratio method.” From the structures of the 
tetracyclines investigated, it was deduced that 
the active groups for complex formation were 
the same for all. Therefore a representative 
complex, that formed between uranyl acetate 
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Table 1. Regression equations for the calibration graphs 

cr Beer’s law &, Correlation 
l@ I.mole-’ cm-’ range, fig/ml nm Regression equation . coefkient 
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TCH 1.05 O-115 414 A = 0.0216C + 0.0077 0.9999 
OTCH 0.98 O-120 406 A = 0.018X + 0.0060 0.9998 
CTCH 1.04 O-125 419 A = 0.0198C + 0.0158 0.9995 
DCH 0.95 O-135 A = 0.0196C + 0.0082 0.9996 
MCH 1.07 O-110 A = 0.0222C + 0.0111 0.9998 

*A = absorbance at I._ (l-cm cells), C = concentration bg/ml). 

and tetracycline hydrochloride, was isolated. 
Dimethylformamide solutions of uranyl acetate 
dihydrate (0.356 g, 10 ml) and excess of TCH 
(0.465 g, 10 ml) were mixed in a loo-ml conical 
flask and shaken for 5 min. Diethyl ether 
(50 ml) was added dropwise to precipitate 
the orange-red complex (with scratching with 
a spatula if necessary). The mixture was kept in 
a refrigerator for about 30 min for the pre- 
cipitate to settle. The ether layer was then 
decanted and the complex washed with three 
small portions of petroleum ether (b.p. 40-60”). 
The solvent was removed and the complex 
was repeatedly washed with warm (50-60”) 
portions of methanol to remove the excess 
of tetracycline. The complex was then filtered 
off with a sintered-glass crucible and washed 
repeatedly with warm methanol. The product 
was finally dried under vacuum and kept in a 
desiccator. 

The complex is insoluble in water, chloro- 
form, benzene, hydrocarbons, petroleum ether, 

I I , 1 I 

00 0.2 OL 0.6 06 10 

IA1 

IAl+ [RI 

Fig. 1. Continuous variation curves for uranyl acetate 
complexes of TCH Q, OTCH (0), CTCH (C), DCH (D) 
and MCH (M) in DMF. [A] = [drugs] (T, 0, C, D and M) 

[R] = [uranyl acetate] [A] = [R] = 2 x lo-‘M. 

diethyl ether, acetone, ethyl acetate and 
dichloromethane, slightly soluble in methanol 
and ethanol, and readily soluble in dimethyl- 
formamide and dimethylsulphoxide. Acids and 
bases dissolve the complex and decompose it. 
The complex does not melt even at 280” and 
becomes dark at > 220”, whereas TCH melts at 
210-215”. The solid complex has the empirical 
formula U0,(CuH,NZ0s)~CH3COO~4H20, 
as ascertained from elemental analysis, infrared 
spectral data, and thermogravimetric (TG) and 
differential thermogravimetric (DT) studies. 
The elemental analysis gave 34.1% C, 3.2% H, 
3.6% N and 27.8% U; the formula above 
requires 34.15% C, 3.79% H, 3.32% N and 
28.22% U. The TG curve shows the gradual 
loss of four molecules of water from about 
50 to 180”. The DT curve shows this loss as 
an endothermic change, which is compatible 
with the loss of water molecules. The weight loss 
at 200-300” corresponds to loss of the acetate, 
and this appears as an exothermic peak in 
the DT curve, because of the liberation of 
CO1. At above 300” the complex slowly breaks 
down by decomposition of the tetracycline 
moiety. 

The infrared spectra of the hydrated and 
dehydrated forms of the complex were recorded. 
The dehydrated form was obtained by heating 
the hydrated complex to constant weight at 70” 
(8.51% loss; the formula requires 8.54%). The 
spectrum of the hydrated complex could not 
be fully interpreted, however, owing to the band 
at 1630-1600 cm-’ for the bending mode of 
water.‘6s’7 

Application 

Table 2 shows the results obtained for the 
determination of tetracyclines in bulk form 
and in various pharmaceutical preparations 
by the proposed and official methods.‘* The 
Student t-test and the variance-ratio F-test,18 
show that there is no significant difference 
between the two methods as regards accuracy 
and precision. 
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Table 2. Determination of tetracyclines by the nronosed and official methods 

Found*, % 

Sample Proposed method Official method r,,t F_,,t 

TCH 
TCH 
TCH 
TCH 

TCH 
TCH 
DCH 
DCH 
DCH 
DCH 

OTCH 
OTCH 
OTCH 
OTCH 
OTCH 
OTCH 

CTCH 
CTCH 
CTCH 

MCH 
MCH 
MCH 

Powder 
Capsule 
Tablet 
SYruP 

Injection 
Ointment 
Powder 
Capsule 
SYruP 
Suspension 

Powder 
Capsules 
Tablet 
Suspension 
Ointment 
Injection 

Powder 
Capsule 
Ointment 

Powder 
Capsule 

100.1 f 0.3 
97.8 f 1.2 
99.3 f 0.5 

102.8 f 0.5 

97.6 f 0.8 
102.3 + 0.3 
101.0 IO.3 
99.5 * 0.4 

102.3 + 0.6 
101.0 f 0.4 

100.2 + 0.4 
99.9 f 0.3 

101.7 f 0.7 
97.1 * 0.3 

103.4 f 0.8 
98.8 & 0.5 

loo.1 f 0.5 
102.1 * 1.1 
102.2 + 0.6 

100.0 & 0.2 
97.4 f 1.0 

101.3 f 0.2 

100.1 f 0.1 
98.1 f 0.9 
99.4 + 0.4 

101.6 : 0.4 

97.9 f 0.9 
100.6 f 0.2 
100.7 f 0.2 
99.6 f 0.5 

102.0 f 0.5 
100.6 f 0.2 

100.1 f 0.2 
99.9 f 0.4 0.23 

101.5 f 0.5 0.56 
0.99 
0.49 
0.56 

98.8 ; 0.4 
103.0 f 0.4 
99.0 + 0.4 

100.0 f 0.7 
101.8 + 1.2 
101.0 + 0.5 

100.1 f 0.2 
97.5 f 0.9 

100.1 f 0.1 

0.33 4.27 
1.32 1.90 
0.78 1.99 
1.67 1.49 

0.85 
0.71 
1.98 
1.38 
1.96 
0.27 

0.97 

1.27 
3.16 
1.37 
1.33 
1.26 
3.69 

3.06 
1.03 
1.91 
1.89 
3.96 
1.19 

0.40 2.00 
0.74 1.28 
2.20 1.36 

0.86 1.29 
0.61 1.21 
1.78 2.15 

*Average f standard deviation of 6 determinations. 
TTheoretical value 2.23 (p = 0.05). 
STheoretical value 5.34 (p = 0.05). 

Interferences 

The common excipients lactose, sucrose, 
glucose, starch, calcium lactate, magnesium 
stearate, talc, ascorbic acid, sodium ascorbate, 
carboxymethyl cellulose, gum acacia and guar 
gum did not interfere with the assays. 
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Summary-An extraction method based on the butanol-water system is used in an improved spectro- 
photometric determination of Xylenol Orange (x0), Semi-Xylenol Orange (SXO) and Cresol Red (CR) 
in mixtures. Small amounts of SXO in the presence of much greater amounts of X0, and small amounts 
of X0 in the presence of large amounts of SXO can be detemined with good accuracy atIer extractive 
separation of the compound to be determined, from the bulk of the other components of the mixture. 

Commercially produced Xylenol Orange (X0) 
always contains a certain amount of Semi- 
Xylenol Orange @X0) and in some cases small 
amounts of Cresol Red (CR)ie3 Even well 
purified synthetic SXO always contains small 
amounts of X0 and CR.3*4 The properties of the 
metal complexes of X0 and SXO are appreci- 
ably different, so the use of impure SXO or X0 
as spectrophotometric reagents for determi- 
nation of metalG6 can lead to errors and poor 
reproducibility. 

The methods described up till now allow 
relatively exact determination of one of the 
three dyes (x0, SXO and CR) when its molar 
fraction in the mixture is not lower than 10%. 
For accurate determination when the molar 
fraction of the dye is lower than this, a separ- 
ation is necessary to remove the bulk of the 
other dye(s) or the whole of the dye of interest. 

In either case a qualitative ~paration of 
all three dyes is not necessary, but the 
whole amount of the dye of interest should 
be present, accompanied by amounts of the 
other two dyes that are much lower than 
those in the initial mixture. As shown in the 
previous paper,4 extractive separation of the 
three dyes is possible with the butanol-water 
solvent system. In that work it was adapted for 
purification of the dyes, i.e., for practically 
complete removal of the impurities, without 
regard to any loss of the main compound. In the 
present work, the most important question is 
how to remove all or most of the main 
compound without loss of the impurity to be 
determined, 

In the raffinate from t successive extraction 
steps, the molar ratio of the components of a 
binary mixture is 

where (P& and (n$), are the numbers of moles of 
compound i in the aqueous phase (the m&ate) 
before and after t extractions, Di is the extrac- 
tion coefficient of compound i (defined as the 
ratio of its concentrations in the organic phase 
to that in the raflinate, and S is the volume ratio 
of the organic phase to the rafhnate. 

If compound 1 is the minor component, then 
(n&>(n,)o. Suppose that for exact determi- 
nation of compound 1 the necessary molar ratio 
for the desired separation is nlJnl > 0.2; then 
two cases arise. For the first, almost the whole 
amount of compound should remain in the 
raffinate, i.e., (n,), m (n,),,, and almost all of the 
major component (2) should be extracted, i.e., 
(n,), + 0, or more exactly, (n,),/(n,), > 0.2. For 
the second case practically all of compound 1 
should be extracted, i.e., (n,),+O, and ahnost 
all of the compound 2 should remain in the 
raffinate, i.e., (t& - (n&, or more exactly, 

[(n, )o - (4 MO& - (%X1 > 0.2. 
Extension of this to a ternary mixture of CR, 

SXO and X0 without significant loss of the 
compound to be determined is not possible by 
use of a single extraction system, but requires a 
combination of extraction and back-extraction 
processes, so these have been more particularly 
investigated. 
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EXPERIMENTAL 

Apparatus 

All absorption measurements were made with 
a Zeiss-Jena Specord M40 spectrophotometer 
with I-cm cells, and pH measurements were 
made with a type N 517 pH-meter (“Mera”, 
Poland). 

Reagents 

Semi-Xylenol Orange (SXO) and Xylenol 
Orange (X0) were obtained from the Organic 
Chemistry Department, Technical University of 
Poznan, and separated and purified as described 
previously. 1*3 The purified samples were free 
from Cresol Red (CR). Any other impurities did 
not absorb in the visible region of the spectrum, 
and their content did not exceed 1%. 

A commercial sample of CR was recrystal- 
lized from ethanol. All other reagents were of 
analytical grade. 

Extraction experiments 

The data given in the previous paper4 showed 
that the ratio of the extraction coefficients for 
CR and SXO was highest in the l-butanol- 
water system (DCR/DSXO = 13.0) and for SXO 
and X0 in the I-butanol-O.5M sulphuric acid 

system (Dsxo lDxo = 26.6), so these systems were 
used again. The phases were mutually saturated 
before use for the extraction experiments.4 

Fig. 1. Scheme for extractive separations. W,-water 
solutions, B,-butanol solutions, .$-ratio of volume of 
extractant phase to volume of the solution to be extracted, 

t,- number of extraction stages. 

Three kinds of mixture were extracted, with 
X0, SXO or CR as the dominant component. 
The first kind was dissolved in water, the second 
in water or in butanol, and the third in butanol. 
The preliminary experiments consisted of l- 
stage or 4-stage extractions with different phase- 
volume ratios. The next step was to examine 
t,-stage extractions followed by t,-stage back- 
extractions, and if necessary the procedure was 
continued according to the general scheme 
exemplified in Fig. 1, and the detailed scheme 
in Fig. 2 which shows the sequence of 
operations for sample No. 3 in Table 1, and the 
symbolism used for denoting the extraction 
systems. 

RESULTS AND DJSCUS!SION 

The preliminary work showed that CR can be 
relatively easily transferred from aqueous sol- 
ution into butanol, whereas almost all the X0 
and the major part of the SXO remain in the 
aqueous solution. However, the quantitative 
transfer of the CR requires a relatively large 
volume of butanol.4 However, all the X0 and a 
major part of the SXO in the butanol phase can 
be transferred back into an aqueous phase with 
a relatively small volume of water, the CR 
remaining in the butanol phase, but separation 
of X0 and SXO in this system is much more 
complicated. It is much simpler to use the 
butanol-0.5M sulphuric acid system, in which 
all the CR, accompanied by a large fraction of 
the SXO, can be transferred from 0.5M sul- 
phuric acid into a relatively small volume of 
butanol. In back-extraction from butanol into 
0.5M sulphuric acid, a major part of the X0 is 
transferred into the aqueous phase, almost all 
the CR and a major part of the SXO remaining 
in the butanol phase.4 

Figure 2 shows that the differences between 
the results obtained by l-stage and 4-stage 
extractions when the extraction coefficients are 
low (Di < 0.4) are relatively small in comparison 
with those when the extraction coefficients are 
high (Di > 3). For example, in extraction of X0 
from water into butanol (DxO = 0.19) when the 
relative volume of extractant (S,) is 0.48 or 0.96, 
the fractions of total X0 remaining in the 
aqueous phase are 0.914 (for t = 1) and 0.913 
(for t = 4) or 0.846 (for t = 1) and 0.837 (for 
t = 4) respectively, whereas for back-extraction 
of X0 from butanol into water, the fractions of 
X0 retained in the butanol phase are 0.28 (for 
t = 1) and 0.14 (for t =4) or 0.17 (for t = 1) 
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Mode of 
axtraction 

swow 

s&/W 

#3/W 

Water solution (in 0.5M tQS04) of the sample, 
lr, extracted with butonot saturated with O.SM H&+04 fsBf 

(first extraction pracass) 

But0001 eOlutiOn kombined butanol 
‘-c phases ), extracted with water (WI 

(second extraction process) 

i 
-Addftion of &SO4 ta w#Vz qves sW, (in O.SM HzS04t 

Water solution (O.SSM klpSO4)extrocted with butonol 
with 0.5M &-SO4 

(third extraction process) 

BUDnO solutton, extracted with 

(fourth extraction pmcess I 

The mrxture of & Ond ~8~ 
contains almost the whole 
amount of CR, and very tow 
amounts of SXO and X0 

Fig. 2. Scheme for extraction of sample 3 in Table 1. 

Fig. 3. Dependence of the molar fraction (X,) of compound 
remaining in the rafinate, on the ratio of the total volume 
of extra&ant (IV,,&, = St), to the volume of the solution to 
be extracted (0,) for l-stage (0) and 4_stage* (0) extraction 
processes. Extraction coeilkients: 1, 0.0198; 2, 0.198; 3, 
0.311; 4,3.21; 5, 5.26; 6,44.3. *The same volume as for the 

l-stage process but divided into four equal parts. 
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Table 1. Results* for determination of SXO after removal of most of the X0, and for determination of CR after extraction 
of X0 and most of the SXO 

Sample 

Taken, 
mole 

No. XD SXO CR 

-Analyti 
Found in ,W,, Mode of extraction; t, = number of stages, after extraction 

pmole (&)t = volume ratio used for system of phases ____ 
Found 

XD SXO CR ,WJ,B ,B,/W ,W,S/,B ,B,IW X, 

(2) (2) (2) (& (2) 
vole 

Phase (Sd) 
19010 0 89.1 12.2 - 4 - - - B I I sxo 

(1.9) (2.8) - (0.25) - - - (E) 

2 99 1 0 98.5 2.9 - 6 3 5 - B I 2 sxo 
0.94 

(1.8) (2.8) - (0.20) (0.30) (0.10) - .B, (0.23) 

3 28 70 2 28.1 69.4 1.8 3 4 2 4 V/B2 E 
(1.2) (2.2) (1.7) (0.10) (0.25) (0.05) (0.15) PB, (0:26) 

4 69 30.5 0.5 68.8 30.8 0.2 3 4 2 4 B w 2 CR 
0.45 

(1.5) (1.2) (1.3) (0.10) (0.25) (0.05) (0.15) vB, (0.16) 

*Mean (X) and standard deviations (sd) for 5 determinations. 
tS, = VJV, where V, = volume of extractant phase, V, = volume of solution to be extracted. 
1Afte.r addition of H,SO, to solution W,. 
,W, = sample solution in 0.5M H,SO,; I , B = butanol saturated with 0.5M H,SO,; wB, = butanol saturated with water. 

and 0.040 (for t = 4), for S, = 0.48 and 0.96 
respectively. 

Further improvement of the separation may 
be achieved by changing the extraction medium. 
For example if the approximate composition of 
the mixture is Cxo : Csxo : Cc, = 1: 10 : 100, the 
mixture should be dissolved in butanol and 
extracted a few times with small volumes of 
water. The whole of the X0, part of the SXO 
and a very small fraction of the CR will be 
transferred into the aqueous phase. Back- 
extraction of the dyes into butanol is then 
possible without addition of acid but needs large 

volumes of butanol for quantitative transfer of 
the SXO. Hence before the back-extraction the 
combined aqueous extracts should be made 
034 in sulphuric acid. After back-extraction, 
the aqueous phase will contain a major part of 
the X0, a very small part of the SXO and 
almost no CR, and the butanol extract will 
contain the major part of the SXO, almost all 
the CR which was previously in the aqueous 
phase, and a smaller but not negligible part of 
the X0. If this butanol solution is extracted 
with 0.5M sulphuric acid, almost all the CR and 
the major part of the SXO will remain in the 

Table 2. Results* for determination of X0 after removal of CR and most of the SXO 

Sample Found in w B, , Mode of extraction; t, = number of stages, 
mole (S,)t = volume ratio used for system of phases 

Taken, 
jimole x0 SXO CR BJW ,W,S/,B aBJsW sW,/,B 

x 
No. X0 SXO CR (sd) (5) (L (2) (& (2) 

x0 
found, pmole 

EZWI SW2 

(5) (5 

1 5 50 45 4.4 49.8 45.6 
(2.3) (0.7) (0.7) i.10) (i.20) G.125) i.05) 

2 2 18 80 1.3 18.3 80.3 
(1.1) (0.8) (0.7) (LO) (iq20) (LO) (LO) 

3 2 97 1 1.3 96.5 
(0.9) (1.1) (E) (04.00) (i.20) $125) (i.05) 

4 1 9 90 0.2 (Y::, ;::, (LO) (i.20) (LO) (LO) 
(1.4) 

*Mean (Y) and standard deviation (sd) for 5 determinations. 
tS,= VJV, where V, = volume of extractant phase, V, = volume of solution to be extracted. 
$After addition of H,SO, to solution W, . 

1.58 4.83 
(0.77) (0.51) 

1.68 1.92 
(0.55) (0.49) 

1.45 1.76 
(1.80) (0.55) 

0.85 0.93 
(0.35) (0.42) 
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Spectrophotometric determination of X0, SXO and CR 1203 

butanol phase, and the X0 be practically quan- 
titatively transferred into the aqueous phase. 
This aqueous phase can be washed with small 
amounts of butanol (to remove the rest of the 
SXO), and then added to the aqueous solution 
left after the first back-extraction. This com- 
bined aqueous solution will contain over 95% of 
the original amount of X0 and only a very little 
SXO and CR, which makes possible the exact 
determination of X0 in this solution. 

The details of the extractions and the results 
for determination of the small amounts of one 
of the dyes in the presence of much higher 
amounts of other two dyes, are collected in 

the results of examination of initially purified 
sxo. 

These results show that simple combinations 
of extraction and back-extraction processes with 
different phase volume ratios and neutral and 
acidic aqueous media make possible the 
relatively exact determination of very small 
amounts of one of the three dyes in spite of the 
presence of much higher amounts of the other 
two dyes in the original mixture. 

REFERENCES 

Tables 14. The results for determination of 
chosen dyes in specially prepared mixtures of 

1. M. Murakami, T. Yoshino and S. Harasawa, Tulanta, 
1967, 14, 1293. 

X0, SXO and CR are collected in Tables 1 and 2. R. P. Pantaler and I. V. Pulayeva, Zh. Analit. Khim., 

2. Table 3 shows the possibilities for determi- 1977, 32, 2450. 

nation of small amounts of SXO and CR in 3. S. Kiciak and H. Gontarz, Talanfa, 1986, 33, 341. 

Xylenol Orange reagents. 
4. S. Kiciak, ibid., 1989, 36, 1101. 

Table 4 gives results obtained during moni- 
5. N. F. Kosenko and T. V. Malkova, I.o. Vyssh. Uchelon. 

Zwod. Khim. i Khim. Tekhnol., 1981, 24, 54. 
toting of the first 3 hr of an SXO synthesis, and 6. S. Kiciak, Talunza, 1980, 27, 429. 

TAI. 37/12-G 



Tahfo, Vol. 37, No. 12, pp. 12054207, 1990 0039-914OpO 53.00 + 0.00 
Printed in Great Britain Perpmoa Plea Qk 

SPECTROPHOTOMETRIC DETERMINATION OF SOME 
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Smmmuy-A procedure has been developed for the determination of six dithiocarbamates [sodium 
dimethyldithiocarbamate (dibam), sodium diethyldithiocarbamate (NaDDC), tetramethylthiuram disul- 
phide (thiram), zinc dimethyldithiocarbamate @ram), sodium N-methylpiperazinecarbodithioate and 
potassium morpholine-4-carbodithioate] in microgram quantities by converting them into selenium 
dithiccarbamate complexes, which are then extracted into chloroform and measured at 430 run against 
a reagent blank. The method is sensitive and can be used for the determination of dithiocarbamates in 
commercial samples and synthetic mixtures. 

Dithiocarbamates and their metal derivatives 
are widely used as agricultural fungicides on 
foliage and fruit to control a variety of pests. 
Various methods have been reported for the 
determination of dithiocarbamates by the car- 
bon disulphide evolution technique. l-3 Spectro- 
photometric methods have also been reported 
for the determination of dithiocarbamates.@ As 
most of these methods are indirect and time- 
consuming there is a need for a simple, direct 
and rapid spectrophotometric method. Here we 
present a simple, sensitive and selective method 
for the determination of sodium dimethyldithio- 
carbamate (dibam), sodium diethyldithiocarba- 
mate (NaDCC), tetramethylthiuram disulphide 
(thiram), zinc dimethyldithiocarbamate (ziram), 
sodium N-methylpiperazinecarbodithioate and 
potassium morpholine-4carbodithioate, based 
on extraction of their selenium complexes into 
chloroform. 

EXPERIMENTAL 

Apparatus 

A digital pH-meter and an SP-20 Spectronic 
spectrophotometer were used. 

Reagents 

pure ziram and thiram samples were obtained 
from Wilson Laboratories, Bombay. Sodium 
dimethyldithiocarbamate and sodium diethyl- 
dithiocarbamate were prepared by the method 
of Klopping and van der Kerk,’ and sodium 
N-methylpiperazinecarbodithioate and potass- 
ium morpholine-4-carbodithioate by the method 

of Marcotrigiano et al.” The purity of the 
samples was checked by elemental analysis. 
Ziram was decomposed with concentrated nitric 
acid and the zinc content determined by EDTA 
titration with Eriochrome Black T as indicator.” 
Solutions (0.1%) of water-soluble dithiocarba- 
mates were prepared in distilled water and 
standardized by adding an excess of standard 
copper(I1) solution, buffering with pyridine and 
titrating the excess of copper with EDTA, using 
pyrocatechol as indicator.12 Stock solutions 
(0.1%) of ziram and thiram were prepared in 
0. 1M sodium hydroxide, the thiram requiring 
boiling for 20 min to achieve dissolution, and 
standardized.” All solutions were further diluted 
with distilled water as required. 

A 1% solution of sodium selenite (JMC 
Industrial Chemicals, England) in distilled 
water was prepared. Stock solutions of sub- 
stances to be tested for interference were pre- 
pared by dissolving suitable salts in water. 
Synthetic samples were prepared by mixing 
solutions of the constituents and diluting to give 
the required composition. 

Procedure 

A known volume (< 1 ml) of sample contain- 
ing up to 50 pg of the dithiocarbamate was 
pipetted into a beaker, 2 ml of 1% sodium 
selenite solution and 1.5 ml of acetic acid- 
sodium acetate buffer (pH 5.8) were added and 
the volume was made up to 5 ml with distilled 
water. This solution was transferred into a 
separating funnel and shaken with exactly 5 ml 
of chloroform for 2 min. The organic phase 
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was transferred into a dry tube containing an- 
hydrous calcium chloride. A second extract 
obtained with another 5 ml of chloroform had 
negligible absorbance, so the absorbance of the 
first extract, measured at 430 nm against a 
reagent blank, was used for the determination. 

RESULTS AND DISCUSSION 

The absorption spectra of selenium dithiocar- 
bamate complexes in chloroform were recorded 
against a reagent blank. The complexes absorb 
strongly at 430 nm. Maximum absorbance was 
observed when the pH of the aqueous phase was 
5.0-8.0 and 1.5-2.0 ml of 1 .O% sodium selenite 
was used, except for sodium N-methylpiper- 
azinecarbodithioate, for which the optimum pH 
was 4.0-7.0 The complexes were extracted into 
n-butyl acetate, amyl acetate, diethyl ether, 
butan-2-one, ethyl acetate, isobutyl alcohol, 
isobutyl methyl ketone and chloroform. Maxi- 
mum absorbance was obtained with chloro- 
form, hence its selection for use in this method. 
The absorbance of the complexes remained 
practically constant for more than 12 hr. 

Analytical characteristics 

The calibration graphs obtained under the 
optimum conditions were linear over wide con- 
centration ranges (Table 1). The molar absorp- 
tivity, and the relative standard deviation for ten 
replicate determinations of 50 pg of dithiocar- 
bamate are also given in Table 1. 

Interferences 

Sample solutions containing 50 pg of dithio- 
carbamates and various amounts of different 
anions (as alkali-metal salts) or metal ions 
were prepared and the general procedure was 
applied. The following foreign ions in the mg 
amounts shown in parentheses did not interfere: 
acetate (2.5), bromide (26), chloride (20), citrate 

(36), iodide (25), nitrate (24), oxalate (1) and 
sulphate (32). EDTA up to 0.1 mg is tolerable, 
whereas higher amounts decrease the absorb- 
ance. Thiosulphate, metabisulphite and ortho- 
phosphate interfere strongly. Of the metal ions 
examined, Pbz+ (0.50), Zn*+ (0.15), Fe3+ (0.04), 
Bi3+ (0.045) and Cd’+ (0.42) could be tolerated 
but Cu*+ interfered strongly. 

Interferences due to the presence of other 
dithiocarbamates such as disodium ethylene- 
bisdithiocarbamate (nabam), manganese ethyl- 
enebisdithiocarbamate (maneb), zinc ethylene- 
bisdithiocarbamate (zineb) and sodium 
N-methylanilinecarbodithioate were studied; up 
to 2 mg of these compounds did not interfere in 
the determination of 50 pg of the six dithio- 
carbamates tested, because they do not form 
complexes with sodium selenite under the 
conditions used. Nabam, sodium monomethyl- 
dithiocarbamate (vapam), sodium dimethyldi- 
thiocarbamate, sodium diethyldithiocarbamate 
and potassium morpholine-4_carbodithioate, if 
present with ziram or thiram, can be separated 
by extraction of the ziram or thiram with 
chloroform; the chloroform can then be 
removed by evaporation. 

Determination of ziram and thiram in synthetic 
mixtures and commercial samples 

Mixtures of ziram or thiram with nabam, 
zineb and maneb in various proportions were 
prepared and analysed by the general pro- 
cedure. Ziram and thiram can also be deter- 
mined in the presence of water-soluble 
dithiocarbamates by extraction into chloro- 
form, which is then evaporated to 2 ml on a hot 
water-bath, the remainder being removed by a 
gentle current of dry air. The residue is dissolved 
in O.lM sodium hydroxide; ziram is soluble in 
the cold and can be separated from the thiram, 
which dissolves only on boiling. 

Table 1. Absorption characteristics of the selenium dithiocarbamate complexes 

Dithiocarbamate 

Sodium dimethyldithiocarbamate (dibam) 

Tetramethylthiuram disulphide (thiram) 

Zinc dimethyldithiocarbamate @ram) 

Sodium diethyldithiocarbamate (NaDDC) 

Potassium morpholine-ecarbodithioate 

Molar 
Beer’s law absorptivity, 

range, pgglml l.mole-‘.cm-’ 

l-20 60 x 102 

0.9-16 1.06 x 10 

0.8-12 1.59 x 10’ 

1.2-16 5.65 x-lo3 

1.9-14 4.82 x lo) 

Relative 
standard 

deviation, % 

0.5 

0.5 

0.3 

1.0 

0.8 

Sodium N-methylpiperaxinecarbodithioate 2-14 4.15 x 103 0.9 
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Table 2. Analysis of dilutions of commercial samples of ziram and thiram 

Active Active ingredient found, % 
ingredient 

Commercial sample taken, % Present method Cullen method’ 

Ziram 27% SC 0.100 0.099 0.097 
0.250 0.249 0.247 
0.500 0.498 0.497 
0.800 0.798 0.796 
0.900 0.899 0.898 

Ziram 100% 0.100 0.100 - 
Thiram 75 w.p. 0.108 0.098 0.096 

0.200 0.197 0.197 
0.400 0.399 0.397 
0.600 0.598 0.598 
0.800 0.799 0.798 

Thiram 100% 0.108 0.100 - 

The method was applied to the determination 
of ziram and thiram in commercial samples. 
Table 2 shows typical results for five dilutions of 
the stock solutions prepared from “Ziram 27% 
S.C.” and “Thiram 75 W.P.” containing inert 
carrier materials. Pure samples of ziram and 
thiram were taken for reference. Results 
obtained by the present method are compared 
with those obtained by the Cullen method,3 in 
which the dithiocarbamates were destroyed in 
acidic solution to give carbon disulphide, which 
was then reacted with cupric acetate and 
diethanolamine to form the yellow cupric salt 
of N,N-bis(2-hydroxyethyl)dithiocarbamic acid, 
which was measured spectrophotometrically. 

Comparison of sensitivity 

The present method is more sensitive than 
those of Lowen,’ Cullen,’ Chmiel13 and many 
others reported in the literature. According to 
Lowen, a minimum of 10 pg of evolved CS2 can 
be determined. In the present method, a mini- 
mum of 5.0, 4.6, 4.0, 6.0, 9.8 and 10.0 pg 
of sodium dimethyldithiocarbamate, thiram, 
ziram, sodium diethyldithiocarbamate, potass- 
ium morpholine-4carbodithioate and sodium 
N-methylpiperazinecarbothioate, respectively, 

equivalent to 2.65,2.91, 1.99,2.66,3.68 and 3.84 
,ug of evolved CS2, can be determined. 

The wide applicability, simplicity and selec- 
tivity of this method make it preferable to 
others. 
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Mnltidlmensio~~al Chromatography: H. J. ~RlTS (editor), Dekker, New York, 1990. Pages viii + 378. $99.75 (U.S. and 
Canada), $119.50 (elsewhere). 

To the non-specialist the term ‘multidimensional chromatography’ would probably convey initially the well-known 
technique of thin-layer chromatography (TLC) in which a secondary separation is developed orthogonally on the same 
plate. This is just one example of the method and multidimensional TLC is the subject of Chapter 2. What this chapter 
does and indeed what the book as a whole achieves, is to bring together a wealth of information on the variety, scope and 
resolving power of multidimensional chromatography. It appears that all the important aspects of the subject are covered 
somewhere in the volume by contributors who are leading authorities in the field. 

As well as addressing the mathematical treatment and theoretical advantages of multidimensional chromatography and 
thus setting the scene for the rest of the book, Chapter 1 also deals more generally with multidimensional separation methods 
but only so far as is necessary to place multidimensional chromatography in context within the broader framework of 
separation methodology as a whole. 

Advances in two-dimensional gas chromatography are highlighted in Chapter 3 which emphasizes the practical aspects 
of the technique and focuses attention on recent developments relating to capillary columns. 

Chapter 4 deals with selectivity tuning in capillary gas chromatography (CGC), including multidimensional CGC, while 
Chapter 5 looks at the applications of multidimensional gas chromatography to process control. This chapter thus 
complements Chapter 3 and once again there is emphasis on practical aspects. 

Instrumentation and applications of on-line multidimensional high-performance liquid chromatography (MD HPLC) are 
covered in Chapter 6. 

In a book in which multidimensional HPLC amd multidimensional GC feature strongly, it is fitting that there should 
be a chapter devoted to on-line coupled HPLCCGC, a technique which offers a very high degree of resolution of complex 
mixtures. Transfer techniques for the introduction of the effluent from a liquid chromatography into a capillary gas 
chromatograph are considered in some detail, as are numerous applications. 

Another chapter is concerned with supercritical fluid chromatography (SFC) but it is little surprising to find that the 
following chapter deals with supercritical fluid extraction (SFE) coupled to SFC, since SFE is not a chromatographic 
technique. However, perhaps we should not be too pedantic and allow the editor some licence because, after all, SFE is 
likely to become increasingly important in future separation science. 

The final chapter performs a useful function by dealing with some practical points on the assembly and operation of 
automated equipment. 

The book contains 650 references, 150 clear illustrations, mainly line drawings and chromatograms, and 22 tables. It 
is a useful blend of theoretical principles, details of instrumentation and practical applications. As such it is bound to 
be a valuable guide and source of information for analytical and industrial chemists, biochemists and pharmaceutical 
scientists. 

A. K. DAVIES 

Marine Toxlsts-Grigln, Structure and Molecular Pharmacology: S. HALL and G. STRICHARTZ (editors), ACS, Washington, 
DC, 1990. Pages xi + 377. $74.95. 

This book developed from a conference on toxins from aquatic and marine environments, held at Woods Hole, Mass., in 
1987. However, the submission dates of individual chapters range from May to October 1989 so the work is commendably 
up-to-date and includes some 1989 references. 

In some parts of the world marine toxins are a significant health hazard, and cases of severe and lethal poisoning occur 
annually from such causes as the consumption of shellfish, contact with jelly&h, and from toxic algae in fresh water. 
Understanding such events is obviously of medical and scientific interest, and studies on these toxins may help to solve 
related biochemical and physiological problems, and provide leads for drug development. 

The editors are pharmacologists and the 27 chapters, like the preceding conference presumably, are devoted pre- 
dominantly to molecular pharmacology. Six chapters are concerned with polyether toxins, six with palytoxin, and eight 
with peptide toxins. Saxitoxins and related molecules are also discussed in several chapters. 

For Tulunra readers the chapters of most interest are those. on HPLC (Sullivan), X-ray studies (Van Duyne), and the 
biosynthesis of saxitoxins and brevetoxins (Shimizu). The HPLC method is comparatively new in this research area, and 
ion-interaction chromatography on porous polymer columns is found to be most efficient. Examples are given of the 
application of HPLC to the metabolism of toxins in clams, and in tracing toxins through the food chain. The X-ray chapter 
gives a detailed account of crystallographic work on the brevetoxins. 

i 
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Standardization Within Analytical Chemistry: P. KIVALQ, Akademiai Kiado, Budapest, 1989. Pages 155 + 125 (appendices). 
E23.00. 

*This book is about standard methods, not standard solutions, and is not concerned with matters of technique. It is also 
more about standardization than about analytical chemistry, so “electrical engineering” might be substituted throughout 
without much affecting the logic of the argument. Kivalo seems to propose that the force of the argument would be different, 
however, because he sees analytical chemistry as an undervalued discipline, to the extent that he calls for the formation 
of an International Union of Pure and Applied Analytical Chemistry (an isolationism curiously at odds with the general 
spirit of the book). I think we should beware of this view, since it may be one of a series of grudges we hold as chemists, 
scientists, graduates or even citizens, but can this book change it anyway? I doubt if those whom Kivalo seeks to influence 
will read it, or finish it if they start. The historical background has some interesting aspects and Kivalo puts the arguments 
for and against standardization very fairly, but his style is too close to that of a standards document for comfort. One 
or two concrete examples of progress in standardization, with costs and benefits, would have helped. The bad side of 
standardization is bureaucratic wrangling of the sort that gives rise to terminology that numbs the mind rather than 
elucidates the meaning; Kivalo hints at the phenomenon, but is not very critical of any specific effects. About half the book 
is taken up by reproductions of four standards documents which, while of value in themselves, are available elsewhere. This 
book does provoke thought and eventually I found that I mostly agreed with the author, but the ideas would have been 
better promoted at essay length. 

DEREK MIDGLEY 

Drug Formulation: I. RACZ, Wiley, Chichester, 1989. Pages x + 416. E61.00. 

The title of the text may prove rather misleading to many, as the bulk of material deals mainly with physiochemical details 
with little information provided on formulation or the processing methods used in formulation. The first chapter makes 
reference to pharamaceutical technology, saying that it includes unit operations such as milling, drying and compression 
to prepare dosage forms such as tablets, capsules and emulsions, but these are then not discussed in any detail. 

The book consists of four chapters. The first, covering the principles of preformulation and formulation testing, is rather 
brief at only 27 pages and including only 21 references. A useful list of tests which may be required in preformulation for 
different types of dosage forms is included, but as in some other areas of the text there is little or no other detail provided. 
A reasonable introduction to mathematical and experimental design is given in the limited space devoted to this topic, 
although further reading would be essential to anyone interested in this area. 

The second chapter, approximately one third of the text, with some 349 references, provides a comprehensive cover of 
chemical stability, including kinetics, decomposition mechanisms and assay methods. However, there is very little included 
on packaging, or formulation methods such as microencapsulation which may be used to minimize stability problems. Other 
areas such as the physical stability of emulsions and suspensions have not been mentioned at all. 

Physicochemical interactions are covered in some depth in the third chapter. Various combinations of drug-drug, 
drug-excipient and excipient-excipient interactions have all been included, with many useful examples. Potential advantages 
such as improved absorption by use of cyclodextrin inclusion complexes have also been given, as well as the numerous 
disadvantages. Many of the commonly used excipients have been included here but further reading of the many references 
listed may be required to obtain greater detail. Also included in this chapter is a table of some 14 pages listing expected 
interactions for i.v. preparations, all with references, which may prove useful for a limited number of readers but is more 
likely to be of limited value for most. 

The final chapter deals with biopharmaceutical aspects of formulation. Again there are a number of sections, including 
pharmacokinetics, bioavailability, physiochemical factors affecting absorption and one on controlled-release formulations. 
The physicochemical factors affecting absorption are well covered, with useful examples. The Section on controlled release 
is rather mathematical, with little detail on formulation processes. 

The book, rather than being an essential text for either those involved in drug development and manufacturing or those 
in research or academic areas, should be regarded as a useful reference text. To this end there are many detailed examples 
and over 1000 references are included. 

K. I. ~IJMMING 

Pharmaceutical Thermal Analysis-Techniques and Applications: J. L. FORD and P. Tn&lINS, Ellis Horwood, Chichester, 
1989. Pages 313. E55.00. 

Thermal analysis occupies an important niche in physical and industrial pharmacy and a text devoted to this area is long 
overdue. The book will be of much interest to those in both industry and academia, each being represented by the joint 
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Computer-Aided Drug Design: THOMAS J. FERUN and C. L. PROP~T (editors), Dekker, New York, 1989. Pages xii + 493. $99.75 
(USA and Canada), $119.50 (elsewhere). 

The discovery of drug molecules has been the principal aim of the pharmaceutical industry for many years. Traditional 
methods of drug discovery have included screening large numbers of synthetic chemicals and natural products, and isolating 
active components from mixtures used in folk medicine; occasionally serendipity has lent a hand. However, drugs are 
normally developed as part of an organized effort to treat specific disease states. 

This well-produced book is concerned with the methods and applications of advanced computer-based techniques that are 
used to examine potential medicinal agents, drug receptors, and the possible interactions between them. Contributions from 
authors in academia and industry, based in the USA and Germany, have been collated to form the 12 chapters of the text. 

The methods section covers the topics of computer graphics, molecular mechanics and molecular dynamics, X-ray 
crystallography, nuclear magnetic resonance and enzyme kinetics. These chapters are easy to read and are descriptive, rather 
than mathematical, in their treatment of the subject material. In fact, Bragg’s law is the only equation given in the chapter 
on X-ray crystallography. This section of the book is very informative but it would benefit from more details on quantum 
mechanics and databases of molecular structures. 

The applications section, which occupies about half of the book, deals with the modem design of drugs to treat specific 
disease states. There are chapters on the design of inhibitors of angiotensin-converting enzyme, renin and dihydrofolate 
reductase. A separate chapter on antiviral drug design includes studies involving rhinovirus, which is responsible for the 
common cold. Conformational features are emphasized in the final chapters devoted to opioid peptides and cyclopeptides. 
Much biochemistry is included in this section of the book and the interdisciplinary nature of modem drug design is presented 
in an extremely competent and professional manner. 

Nice features of the book include cross references between chapters, conclusions or summaries at the end of most chapters, 
extensive references, colour plates and excellent illustrations, including many stereo diagrams. It is to be recommended to 
the advanced student or to those already involved with drug research who wish to keep abreast of the concepts at the 
forefront of this technology. 

P. J. Cox 

Handbook of Low Temperature Electronic Spectra of Polycyclk Aromatic Hydrocarbow L. A. NAKHIMOVSKY, M. LAMO~TE 
and J. JOWS~T-DUB~EN, Elsevier, New York, 1989. Pages xiv + 508. U.S.S 260.50, DR. 495.00. 

Chapter 1 summarizes the theory of electronic transitions required for an understanding of some of the facets of Shpolskii 
spectroscopy, which provides the main theme of the book. This type of spectroscopy was described originally by E. V. 
Shpolskii and A. A. Il’ina, in 1951. It involves the observation of highly resolved (quasi-line) vibronic spectra of polycyclic 
aromatic compounds present as metastable supersaturated solid solutions in n-alkanes at low temperatures. Chapter 2 
covers aspects of the host-guest interactions which are relevant to choice of the optimum alkane. 

Chapter 3 deals with applications of the Shpolskii effect in analysis, particularly with respect to the identification and 
quantification of polycyclic aromatic compounds by “fingerprinting” from their quasi-line spectra. 

Chapter 4 provides an outline description of equipment constructed by the authors to measure Shpolskii spectra. Two 
monochromators, one before and one after the sample, are used in order to achieve adequate signal-to-noise ratios from 
the low levels of light transmitted through the solid solutions, and to minimize interference from fluorescence and 
phosphorescence. Although the best spectra are obtained at 5 K, bandwidths are increased only slightly for samples at 10-20 
K, thereby allowing a closed-cycle helium cryostat to be used for routine purposes. 

Chapter 5 accounts for over 80% of the book. It treats 2-, 3-, 4-, 5-, 6- and ‘I-ring systems in five separate sections, each 
containing a review of relevant spectroscopic data for selected members of the group, and presenting full-page graphs which 
show 77 K (liquid nitrogen) electronic spectra down to 220 nm, 5 K (liquid helium) absorption spectra in the first S, --S, 
region, and 5 K fluorescence (or phosphorescence) spectra, all recorded with the same equipment, thus ensuring comparability. 

There is a total of 360 graphs, presenting data for 118 compounds, although, unexpectedly in view of the title of the 
book, 28 of these are either quinones or oxygen, nitrogen or sulphur heterocycles. There are over 600 literature citations, 
covering the period from 1937 to 1987. The presentation is clear, with few typographical errors. 

It is unfortunate that the first author’s name appears on the outside cover as L. (or I.) Nakhimovsky, and on the 
frontispiece as L. (or I.) A. Nakhimovsky. This author is L. A. Nakhimovsky. Accuracy should take precedence over artistic 
styling. 

Overall, this book represents a major contribution to the field, and presents a s&able compilation of spectra, most of 
them published for the first time, which will serve as reference standards for those involved with the theory and applications 
of Shpolskii systems. 

The text provides stimulating reading. 
J. M. BRUCE 
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Computer-Aided Drug Design: THOMAS J. FERUN and C. L. PROP~T (editors), Dekker, New York, 1989. Pages xii + 493. $99.75 
(USA and Canada), $119.50 (elsewhere). 

The discovery of drug molecules has been the principal aim of the pharmaceutical industry for many years. Traditional 
methods of drug discovery have included screening large numbers of synthetic chemicals and natural products, and isolating 
active components from mixtures used in folk medicine; occasionally serendipity has lent a hand. However, drugs are 
normally developed as part of an organized effort to treat specific disease states. 

This well-produced book is concerned with the methods and applications of advanced computer-based techniques that are 
used to examine potential medicinal agents, drug receptors, and the possible interactions between them. Contributions from 
authors in academia and industry, based in the USA and Germany, have been collated to form the 12 chapters of the text. 
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on X-ray crystallography. This section of the book is very informative but it would benefit from more details on quantum 
mechanics and databases of molecular structures. 

The applications section, which occupies about half of the book, deals with the modem design of drugs to treat specific 
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Shpolskii and A. A. Il’ina, in 1951. It involves the observation of highly resolved (quasi-line) vibronic spectra of polycyclic 
aromatic compounds present as metastable supersaturated solid solutions in n-alkanes at low temperatures. Chapter 2 
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book, 28 of these are either quinones or oxygen, nitrogen or sulphur heterocycles. There are over 600 literature citations, 
covering the period from 1937 to 1987. The presentation is clear, with few typographical errors. 

It is unfortunate that the first author’s name appears on the outside cover as L. (or I.) Nakhimovsky, and on the 
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of Shpolskii systems. 

The text provides stimulating reading. 
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Preparative-Scale chromatography. Eli Grushka (editor), Dekker, New York, 1989. Pages xi + 324. Price $99.75 (USA and 
Canada); $119.50 (elsewhere). 

This book presents a highly detailed account of factors which either in theory, in practice, or in both, determine or 
markedly influence chromatographic characteristics and behaviour. The targets of concern are various types of preparative- 
scale chromatography. The opening chapter by P. Rouchon er al. details and explains reasons for the departure of 
chromatographic behaviour from linearity when larger samples are being separated, by considering what happens to a single 
component band on a column. Theoretical calculations are excellently supported by experimental findings. D. J. Wilson 
1s concerned with a mathematical consideration of the effect of solventsolvent interactions on retention-times, on loss of 
resolution, and on peak-distortion in preparative GC. H. Colin deals with problems of design of preparative columns, 
including consideration of the effects of particle size, and of column length and diameter on the load a column can carry. 
K.-P. Hupe and B. Hoffmann deal with scaling-up from analytical to preparative liquid chromatographic columns so that 
under the conditions selected the sample may be separated in the shortest possible time, with as little solvent as necessary, 
on as small a column as possible and with recovery of the solutes in minimal volumes. These objectives must be the targets 
of many chromatographic separations: targets that are often easier to define than to meet in practice. G. Cretier and 
J. L. Rocca, in considering the optimization of the injection conditions in preparative liquid chromatography (PLC), provide 
excellent data on column-overloading and solute-separation but conclude that “the optimal injection conditions depend 
both on the isotherm and on the volubility limit of the sample in the mobile phase” and that trial-and-error is necessary. 
V. R. Meyer considers the influence of sample-mass and of flow-velocity in PLC by studying separations on fine and coarse 
grades of silica. C. Dewaele et al. continue in similar vein but deal additionally with the effect of column diameter and 
particle size. J. Newburger et al. offer interesting, and surprising, comments and explanation of observations on the 
sharpening of peaks when closely related compounds are eluted, compared to their elution from columns on which they 
are individually present. P. Gareil and R. Rosset are concerned with the characterization of strongly non-linear elution peaks 
in LC. Y. Ito deals in two chapters with the gyrations of coil planet centrifuges and demonstrates their successful use in 
separating DNP-amino-acids and dipeptides. P. E. Barker and G. Ganetsos supply a valuable survey of the use, and 
potential use, of semicontinuous chromatographic refining on an industrial scale and predict that industry, which is at 
present often hesitant to use chromatographic procedures, will shortly be persuaded of both their desirability and 
practicahty, not only for carbohydrate and biotechnological applications but for many other separations. G. Leaver et al. 
describe the production of pure protein (specifically of albumin from animal blood) by ion-exchange chromatography, 
and H. Schott deals with the isolation of purine oligonucleotides from partial hydrolysates of depyriminated DNA. 
E. Soczcwitiski et al. describe the migration of zones of dyes in PTLC. In spite of the complexity of some of the detail 
the authors and editor are to be congratulated on presenting clearly and interestingly matter which is on occasion quite 
complex. The text is clear and the diagrams excellent and extremely valuable. 

K. C. B. WILKE 

Laser Raman Spectrometry-Analythl Applications H. BARA~~SKA, A. LABUDZINSKA and J. TERP~SKI, Ellis Horwood, 
Chichester, 1987. Pages 271. E38.50 

Raman spectroscopy is a vibrational technique which is not as widely used in analytical chemistry as it might be. In a number 
of industrial situations it has proved to be an ideal answer to many problems. Its main advantage is that it can be used 
for analysis of aqueous solutions. The vibrations which it senses are usually symmetric and relatively easily recognized, and 
since laser excitation is used it is possible to employ flexible optical systems in which the beam is directed quite precisely. 
Perhaps some of the disadvantages are that it is not particularly sensitive and that in the past there have been problems 
with expensive and unreliable equipment. This latter disadvantage is rapidly disappearing and modem instruments using 
multiple wavelength detection have made Raman spectroscopy a much more user-friendly and available technique. Thus, 
a good book on basic Raman spectroscopy may be a welcome addition to the analytical chemist’s library. 

The book by Barariska er al. is well written and provides a good fundamental introduction to conventional Raman 
spectroscopy. It includes, along with standard chapters on the theory of Raman spectroscopy, a very useful short chapter 
on group theory that helps to make the spectral interpretation of small molecules more understandable to the average 
chemist or analyst. 

The measurement of Raman scattering requires that the instrument is capable of detecting weak signals in the presence 
of a strong signal at a slightly different wavelength. Normally visible-region lasers are used and consequently the 
conventional Raman spectrometer includes a large double or triple monochromator and a photon-counting photomultiplier 
detector. This type of spectroscopy and the many optical arrangements which Raman spectroscopists favour are well 



Talmm, Vol. 37, No. 4, pp. i-ii, 1990 
Pergamon Press pk. Printed in Great Britain 

BOOK REVIEWS 

Algorithms for Chemists: J. ZUPAN, Wiley, 1989. Pages xv + 290. E39.50. 

This book, which is for serious users of the computer, contains 31 algorithms that are suitable for handling experimental 
data sets. It is based on a course entitled “Introduction to computer methods for chemists” aimed at senior and postgraduate 
students. No one book can describe all computational procedures of interest to chemists and methods for manipulating data 
are constantly evolving. In this context the author has decided to concentrate on certain topics to the exclusion of others. For 
example, algorithms relating to linear regression, elementary statistical analysis and simultaneous equations are omitted. 
The book has been divided into three parts: “Data”, “Preprocessing of Data” and “Data Handling”. Algorithms are 
included in each of these sections but the allocation to subject headings is a little arbitrary. 

Part one covers data representation and structure of data files. The algorithms of interest here include generation of 
random numbers and sorting procedures. The pictorial explanation, of the bubble type complete with rising bubbles, is a nice 
addition. 

In part two, smoothing, peak detection and baseline correction of instrumental data are well presented. The chapter on 
transformations is of necessity very mathematical and includes geometrical, fast Fourier and Hadamard transformations. 
Some prior knowledge of these techniques would be desirable and the inclusion of some chemical applications, e.g., 
crystallographic analysis, would improve the chapter. An algorithm for Simplex optimization is also included in this section 
and the underlying principles are clearly explained. 

Part three bravely attempts to describe a number of demanding data handling techniques. These are clustering of data, 
pattern recognition, computer handling of chemical structures, fractal forms and processes, and expert systems. The final 
algorithm relates to spectra simulation by reference to a spectroscopy-based expert system. 

It should be noted that the algorithms presented are not suitable for immediate use. Each one is written as an unusual 
mixture of various computer languages but clear explanations are appended to each instruction line. The reason for this 
format relates to the course “Introduction to computer methods for chemists” where the students are asked to transform the 
algorithms into working programs. Most computer-literate chemists will be quite happy with the presentation of the 
algorithms. However, many chemists want commercial software for data handling, or complete, debugged programs that are 
suitable for immediate use. In an ideal world chemists should be able to process data in any way they wish and the book will 
be welcomed by those with the time and ability to aspire to this goal. Professor Zupan should be congratulated on bringing 
so many different computer software techniques to the attention of chemists. 

P. J. Cox 

Measurement of Oxygen by Membrane-covered Probes: V. LINEK, V. VACEK, J. SINKULE and P. BE&, Horwood, Chichester, 
1988. Pages 330. f45.00. 

This book aims at providing a state-of-the-art review on membrane-covered oxygen probes. There is little doubt it will 
attract the attention of scientists involved in oxygen detection and quantitative determination. 

Interesting characteristics of the book result from the practice-oriented presentation and writing. This is obvious from the 
very beginning of the book, where (Chapter 2) the polarographic determination of oxygen is described with selective 
comments and hints on the experimental conditions and the possible problems arising in the measurements. The formal 
descriptions of the probe response during oxygen reduction are sound and reasonably sized in Chapters 3 and 4. The major 
part of the book, however (Chapters 5-9) is dedicated to the practical implementation of the probe devices, to the analysis 
of their operational characteristics and to the control of their experimental significance and calibration. It includes several 
examples where membrane-covered oxygen probes are used for monitoring the progress of reacting systems and for 
determining kinetic and thermodynamic parameters. 

As such, this book is a comprehensive and up to date document, which should be in the hands of any scientist confronted 
with the monitoring of oxygen. 

M. GRoSS 

Chemical Instrumentation: A Systematic Approach: H. A. STROBEL and W. R. HEINEMAN, 3rd Ed., Wiley, New York, 1989. 
Pages 1210. E34.85. 

This book fills a long-felt need for a basic book on chemical instrumentation. The authors have been successful in 
condensing material from a wide variety of disciplines. Though other excellent books on instrumental analysis do exist, the 
present book has a definite edge because it treats the instrumental part in more detail and more authoritatively. The earlier 
books treated instruments simply by block diagrams and some discussion of the various components. However, with the 
massive developments in chemical instrumentation such an approach today is perhaps not adequate. 
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With great sadness we announce the death (from a heart attack, on 17 December 1989, at the age 
of 86) of Professor I P Ahmarm, Member of the USSR Academy of Sciences, Head of the 
Analytical Chemistry Division of Moscow University, Senior Scientist of the Vernadsky Institute 
of Geochemistry and Analytical Chemistry of the USSR Academy of Sciences, and a Regional 
Editor of Tahnta since 1962. 
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Computerized Multiple Input Chromatography: M. KALJURAND and E. KOLLIK, Ellis Horwood, Chichester, 1989. Pages 225. 
Price f45.00 

The authors explore a number of applications of computer control and data inte~retation in gas and liquid 
chromatography. Their principal interest is in correlation chromato~aphy (CC) in which a pseudo-random binary sequence 
of overlapping injections is coupled with cross-correlation between the sequence and the resulting signal to improve the 
signal to noise ratio for separations of trace levels of analytes. 

They then examine the application of sequential repeated injections to monitor changes in samples with time or 
conditions, and discuss column switching techniques in which time slices from the first column are fed to a second column. 
In both cases they emphasize the need to use a computer to control the multiple injections and monitor the results and 
describe the experimental systems used for injection and column switching. 

The overall theme of the book is the application of info~ation theory to these chromatographic processes. Unfortunately 
the authors often mix techniques and it is often difficult to decide whether CC or repeated injection with fast separations 
is being used. The applications concentrate on thermal analysis, including pyrolysis of polymers, and trace constituents in 
environmental samples. 

The book was completed in January 1987 but there are few references even to 1986, so that some sections, particularly 
those referring to computers, are dated. The advantages of the Apple II for control are described but no mention is made 
of the much more powerful computing ability of the IBM (or its clones). Newer instruments and intelligent integrators would 
also now routinely incorporate many of the required control facilities. 

The book is interesting to read (the matrix algebra can be skipped), but with relatively few applications to real samples 
other than pyrolysis, its value will be mainly as a general background to chromatography. 

R. M. SMITH 

Troubleshooting LC Systemr JOHN W. DOLAN and LLOYD R. SNYDER, Humana, New Jersey, 1989. Pages viii + 515. $65.00 
(U.S.), Export $75.00. 

The authors of this text am very we11 known in the field of liquid chromato~aphy, from their articles and short courses. 
Professor Snyder has also recently been appointed editor of J. Cftromarogrrzph~ and so even before opening this book the 
reader can be assured that its contents will merit consideration. 

The book is best described as a reference manual and it is similar in design to those books which describe the function, 
efficient use and possible faults that may occur in a car or a human body. The three sections of the book attempt to condense 
the expertise of many practical LC workers into an easy-to-use format. 

The first section examines LC difficulties in terms of problem area, primary symptom, secondary symptom and likely 
cause. This approach is expanded in an extensive problem-isolation table which is essentially a flowchart with 676 rows 
and 6 column headings. Examples explaining the use of this tabie are given and whereas many problems can be solved 
through use of this guide, others, such as specific eiectronic problems, are considered outside the expertise of most readers. 
The logic involved in isolating and correcting LC problems is similar to that found in computer-based expert systems such 
as “The HPLC Doctor”. Other basic considerations such as elementary separation theory, preventative procedures and 
good troubleshooting habits are covered in this section of the book. 

Individual LC modules are described in the next section and this occupies about half of the book. Each of the eight 
chapters here is self-contained and each describes a module, e.g., pumps, columns, detectors etc., in detail. Good use is 
made of diagrams and photographs, and principles of operation and maintenan~ are included together with extensive 
coverage of possible problems and their solutions. 

The final section deals mainly with problems associated with separation difficulties. Reasons for band tailing and peak 
distortion are given and other changes in the appearance of the chromatogram are discussed. Solutions to problems in 
quantification, gradient elution and sample pretreatment are offered. The index is comprehensive and deals efficiently with 
the inevitable overlap of subject material. 

I checked some of the advice offered on dealing with practical problems, with the chief technician in our HPLC 
ia~mtories. The resulting comments were favourable: “That’s precisely what I did” or “That‘s just what I would do”. 
In conclusion, a very useful book for beginners and those on their way to becoming competent in practical LC. 

P. J. Cox 

Advances in Drop: Therapy of Gastrointestinal Ulceration: ANDREW GARNER and BRENDAN J. R. WHtTTLE (editors), Wiley, 
Chichester, 1989. Pages xvi + 306. E40.00. 

The 20 chapters in this book are based on the proceedings of the 38th Annual Biological Council Symposium on Drug 
Action held at the Royal Institution in London on 11-12 April 1988. The topic is presented from a physiologicaI/ 
pharmacological viewpoint with chemistry very much in the background. As the emphasis is not on chemistry the book 
might be regarded as unsuitable for analytical chemists. However, much analytical effort today is directed towards 
producing safe and effective drugs and the world’s two top selling (i.e., money-making) drugs, ranitidine and cimetidine, 
are both anti-ulcer drugs. These two histamine Hz-antagonists together with other possible anti-ulcer agents are of much 
interest to the pharmaceutical industry, where many analytical chemists work. 
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and 6 column headings. Examples explaining the use of this tabie are given and whereas many problems can be solved 
through use of this guide, others, such as specific eiectronic problems, are considered outside the expertise of most readers. 
The logic involved in isolating and correcting LC problems is similar to that found in computer-based expert systems such 
as “The HPLC Doctor”. Other basic considerations such as elementary separation theory, preventative procedures and 
good troubleshooting habits are covered in this section of the book. 

Individual LC modules are described in the next section and this occupies about half of the book. Each of the eight 
chapters here is self-contained and each describes a module, e.g., pumps, columns, detectors etc., in detail. Good use is 
made of diagrams and photographs, and principles of operation and maintenan~ are included together with extensive 
coverage of possible problems and their solutions. 

The final section deals mainly with problems associated with separation difficulties. Reasons for band tailing and peak 
distortion are given and other changes in the appearance of the chromatogram are discussed. Solutions to problems in 
quantification, gradient elution and sample pretreatment are offered. The index is comprehensive and deals efficiently with 
the inevitable overlap of subject material. 

I checked some of the advice offered on dealing with practical problems, with the chief technician in our HPLC 
ia~mtories. The resulting comments were favourable: “That’s precisely what I did” or “That‘s just what I would do”. 
In conclusion, a very useful book for beginners and those on their way to becoming competent in practical LC. 

P. J. Cox 

Advances in Drop: Therapy of Gastrointestinal Ulceration: ANDREW GARNER and BRENDAN J. R. WHtTTLE (editors), Wiley, 
Chichester, 1989. Pages xvi + 306. E40.00. 

The 20 chapters in this book are based on the proceedings of the 38th Annual Biological Council Symposium on Drug 
Action held at the Royal Institution in London on 11-12 April 1988. The topic is presented from a physiologicaI/ 
pharmacological viewpoint with chemistry very much in the background. As the emphasis is not on chemistry the book 
might be regarded as unsuitable for analytical chemists. However, much analytical effort today is directed towards 
producing safe and effective drugs and the world’s two top selling (i.e., money-making) drugs, ranitidine and cimetidine, 
are both anti-ulcer drugs. These two histamine Hz-antagonists together with other possible anti-ulcer agents are of much 
interest to the pharmaceutical industry, where many analytical chemists work. 
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Mnltidlmensio~~al Chromatography: H. J. ~RlTS (editor), Dekker, New York, 1990. Pages viii + 378. $99.75 (U.S. and 
Canada), $119.50 (elsewhere). 

To the non-specialist the term ‘multidimensional chromatography’ would probably convey initially the well-known 
technique of thin-layer chromatography (TLC) in which a secondary separation is developed orthogonally on the same 
plate. This is just one example of the method and multidimensional TLC is the subject of Chapter 2. What this chapter 
does and indeed what the book as a whole achieves, is to bring together a wealth of information on the variety, scope and 
resolving power of multidimensional chromatography. It appears that all the important aspects of the subject are covered 
somewhere in the volume by contributors who are leading authorities in the field. 

As well as addressing the mathematical treatment and theoretical advantages of multidimensional chromatography and 
thus setting the scene for the rest of the book, Chapter 1 also deals more generally with multidimensional separation methods 
but only so far as is necessary to place multidimensional chromatography in context within the broader framework of 
separation methodology as a whole. 

Advances in two-dimensional gas chromatography are highlighted in Chapter 3 which emphasizes the practical aspects 
of the technique and focuses attention on recent developments relating to capillary columns. 

Chapter 4 deals with selectivity tuning in capillary gas chromatography (CGC), including multidimensional CGC, while 
Chapter 5 looks at the applications of multidimensional gas chromatography to process control. This chapter thus 
complements Chapter 3 and once again there is emphasis on practical aspects. 

Instrumentation and applications of on-line multidimensional high-performance liquid chromatography (MD HPLC) are 
covered in Chapter 6. 

In a book in which multidimensional HPLC amd multidimensional GC feature strongly, it is fitting that there should 
be a chapter devoted to on-line coupled HPLCCGC, a technique which offers a very high degree of resolution of complex 
mixtures. Transfer techniques for the introduction of the effluent from a liquid chromatography into a capillary gas 
chromatograph are considered in some detail, as are numerous applications. 

Another chapter is concerned with supercritical fluid chromatography (SFC) but it is little surprising to find that the 
following chapter deals with supercritical fluid extraction (SFE) coupled to SFC, since SFE is not a chromatographic 
technique. However, perhaps we should not be too pedantic and allow the editor some licence because, after all, SFE is 
likely to become increasingly important in future separation science. 

The final chapter performs a useful function by dealing with some practical points on the assembly and operation of 
automated equipment. 

The book contains 650 references, 150 clear illustrations, mainly line drawings and chromatograms, and 22 tables. It 
is a useful blend of theoretical principles, details of instrumentation and practical applications. As such it is bound to 
be a valuable guide and source of information for analytical and industrial chemists, biochemists and pharmaceutical 
scientists. 

A. K. DAVIES 

Marine Toxlsts-Grigln, Structure and Molecular Pharmacology: S. HALL and G. STRICHARTZ (editors), ACS, Washington, 
DC, 1990. Pages xi + 377. $74.95. 

This book developed from a conference on toxins from aquatic and marine environments, held at Woods Hole, Mass., in 
1987. However, the submission dates of individual chapters range from May to October 1989 so the work is commendably 
up-to-date and includes some 1989 references. 

In some parts of the world marine toxins are a significant health hazard, and cases of severe and lethal poisoning occur 
annually from such causes as the consumption of shellfish, contact with jelly&h, and from toxic algae in fresh water. 
Understanding such events is obviously of medical and scientific interest, and studies on these toxins may help to solve 
related biochemical and physiological problems, and provide leads for drug development. 

The editors are pharmacologists and the 27 chapters, like the preceding conference presumably, are devoted pre- 
dominantly to molecular pharmacology. Six chapters are concerned with polyether toxins, six with palytoxin, and eight 
with peptide toxins. Saxitoxins and related molecules are also discussed in several chapters. 

For Tulunra readers the chapters of most interest are those. on HPLC (Sullivan), X-ray studies (Van Duyne), and the 
biosynthesis of saxitoxins and brevetoxins (Shimizu). The HPLC method is comparatively new in this research area, and 
ion-interaction chromatography on porous polymer columns is found to be most efficient. Examples are given of the 
application of HPLC to the metabolism of toxins in clams, and in tracing toxins through the food chain. The X-ray chapter 
gives a detailed account of crystallographic work on the brevetoxins. 

i 
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The book has been attractively produced from camera-ready copy and is reasonably priced. Errors appear to be few, 
the most obvious to this reviewer being those in the saxitoxin formulae on pages 22 and 24. The book is unlikely to be 
purchased by analytical chemists, but it should find a home in the libraries of all institutions interested in marine metabolites. 

R. H. THOMWN 

RadioamtIyticaI Chendstry: J. Ttj~~vnss~ and M. KYRS, Ellis Horwood, Chichester, 1989. Volume 1, pages 354. Volume 2, 
pages 498. E59.95 (each). 

These two volumes describe a wide range of methods of analysis in which determinations culminate with measurement of 
radioactivity, and so are frequently applicable where low limits of detection or non-destructive analyses are required. 
Provided for an analytical readership, introductory chapters on basic radioactivity and instrumentation, which are 
frequently included in books in this area, are excluded. 

Volume 1 covers (i) Analysis by measurement of natural radioactivity, (ii) Isotope dilution analysis, (iii) Radio-reagent 
methods, (io) Radiometric titrations, (0) Radioimmunossay, and (vi) Radiochemical methods for determination of 
biological activity of enzymes. Whilst the last two sections are concerned with organic applications, the remainder (in both 
volumes) are concerned with inorganic analysis. The use of radioactive tracers is a useful means of investigating aspects 
of alternative methods of analysis, and a chapter on this topic would have been welcome. 

Volume 2 covers (i) Activation analysis and (ii) Physical methods based on absorption, scattering and fluorescence, with 
an additional chapter on automation and a 172 page appendix of radionuclide data and tables of optimum spike/analyte 
ratios for isotope dilution analysis. The survey of automation of radiochemical methods is timely since this approach is 
likely to increase in response to reduction of acceptable dose limits. With increasing awareness of radiological and other 
hazards experienced in the analytical laboratory, it would also have been timely to include some comment (possibly in the 
introduction) of potential radiation exposure when using the methods described. 

Each section concludes with a collection of references, for when comprehensive details of methods are required, and a 
“Selected” bibliography. The latter occasionally includes manufacturers’ literature and material from the 1960’s which may 
be difficult to locate. 

Overall, these two volumes provide comprehensive coverage of a variety of radioanalytical methods, some of which have 
only previously been described in specialized monographs. Whilst the applicability of some of these methods is limited, the 
overall content is relevant to postgraduate students of analytical chemistry, notwithstanding the apparent age of some 
apparatus used in illustrations. Examples of applications are very diverse, so most analysts should find something of interest 
in library copies. For those who subscribe to Kolthoff and Elving’s Treafise on Analytical Chemistry, most of the subject 
matter is also covered in the multi-authored Volume 14 (Part 1, 2nd Ed.) which was published by Wiley in 1986. 

J. E. WHtTL!ZY 

PhysicaI Organic Chendstry, 2nd Ed.: CALVIN D. RITCHIE, Dekker, New York, 1990. Pages x + 357. $59.75 (U.S. and 
Canada), $71.50 (elsewhere). 

Probably the first book to carry the title “Physical Organic Chemistry” was by Hammett in 1940. This remained the major 
text until the first edition of Ingold’s magnum opus in 1953. This tome spawned Gould’s book, which cheekily inverted 
Ingold’s title and presented material with a lighter touch; even today Gould’s book is far from passe. Subsequently a number 
of books in the area have appeared, but few have dominated the market for long. 

The second edition of Ritchie’s book follows fifteen years after the first, and, as with all second editions, is larger. In 
the preface, intending readers are counselled darkly against perusing the book at bedtime, and this is true since. the text 
is sited well to the physical side of physical organic chemistry. Much mathematical rigour is included. It is probable that 
there is a Boltxmann distribution of attitudes such that the majority audience would prefer a more descriptive approach 
and certainly one that included more background material. Ritchie has apparently gone unashamedly for the minority and 
one feels that he is almost wilfully shooting to miss the audience target. 

Although the author has written a commendable book from his viewpoint, it does not, in contrast to his research papers, 
mad easily. 

On selected specified points: p+ appears out of mid-air on page 138 and on page 137 peroxide ion is said, without 
explanation, to be a good nucleophile (and merits an index entry). The perceptive student may wonder: why peroxide rather 
than hydroxide, and what is the relationship between them? Yet there is no mention of the alpha effect, which featured 
in a paper of Ritchie’s in 1975. On pages 280-282 a section on solvent isotope effects is devoid of explanation; a potted 
summary of the papers of Bunton and Shiner in 1961 would provide more help. On page 288 a sterile problem on steric 
deuterium isotope effects could have been more enticingly posed around a real-life example--several are in the literature, 
e.g., results from Mislow, Melander and McKenna, again from the 1960s. 

It may be wondered how many students will benefit from the last chapter “Transition State Theory and Primary Isotope 
Effects” in which real chemistry is sparse; indeed a review article would be more appropriate for this material. 

It would be interesting to know the rationale of the publishers in charging $11.75 less for the book in the U.S.A., where 
salaries are higher, than elsewhere. 

D. G. MORRIS 
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Standardization Within Analytical Chemistry: P. KIVALQ, Akademiai Kiado, Budapest, 1989. Pages 155 + 125 (appendices). 
E23.00. 

*This book is about standard methods, not standard solutions, and is not concerned with matters of technique. It is also 
more about standardization than about analytical chemistry, so “electrical engineering” might be substituted throughout 
without much affecting the logic of the argument. Kivalo seems to propose that the force of the argument would be different, 
however, because he sees analytical chemistry as an undervalued discipline, to the extent that he calls for the formation 
of an International Union of Pure and Applied Analytical Chemistry (an isolationism curiously at odds with the general 
spirit of the book). I think we should beware of this view, since it may be one of a series of grudges we hold as chemists, 
scientists, graduates or even citizens, but can this book change it anyway? I doubt if those whom Kivalo seeks to influence 
will read it, or finish it if they start. The historical background has some interesting aspects and Kivalo puts the arguments 
for and against standardization very fairly, but his style is too close to that of a standards document for comfort. One 
or two concrete examples of progress in standardization, with costs and benefits, would have helped. The bad side of 
standardization is bureaucratic wrangling of the sort that gives rise to terminology that numbs the mind rather than 
elucidates the meaning; Kivalo hints at the phenomenon, but is not very critical of any specific effects. About half the book 
is taken up by reproductions of four standards documents which, while of value in themselves, are available elsewhere. This 
book does provoke thought and eventually I found that I mostly agreed with the author, but the ideas would have been 
better promoted at essay length. 

DEREK MIDGLEY 

Drug Formulation: I. RACZ, Wiley, Chichester, 1989. Pages x + 416. E61.00. 

The title of the text may prove rather misleading to many, as the bulk of material deals mainly with physiochemical details 
with little information provided on formulation or the processing methods used in formulation. The first chapter makes 
reference to pharamaceutical technology, saying that it includes unit operations such as milling, drying and compression 
to prepare dosage forms such as tablets, capsules and emulsions, but these are then not discussed in any detail. 

The book consists of four chapters. The first, covering the principles of preformulation and formulation testing, is rather 
brief at only 27 pages and including only 21 references. A useful list of tests which may be required in preformulation for 
different types of dosage forms is included, but as in some other areas of the text there is little or no other detail provided. 
A reasonable introduction to mathematical and experimental design is given in the limited space devoted to this topic, 
although further reading would be essential to anyone interested in this area. 

The second chapter, approximately one third of the text, with some 349 references, provides a comprehensive cover of 
chemical stability, including kinetics, decomposition mechanisms and assay methods. However, there is very little included 
on packaging, or formulation methods such as microencapsulation which may be used to minimize stability problems. Other 
areas such as the physical stability of emulsions and suspensions have not been mentioned at all. 

Physicochemical interactions are covered in some depth in the third chapter. Various combinations of drug-drug, 
drug-excipient and excipient-excipient interactions have all been included, with many useful examples. Potential advantages 
such as improved absorption by use of cyclodextrin inclusion complexes have also been given, as well as the numerous 
disadvantages. Many of the commonly used excipients have been included here but further reading of the many references 
listed may be required to obtain greater detail. Also included in this chapter is a table of some 14 pages listing expected 
interactions for i.v. preparations, all with references, which may prove useful for a limited number of readers but is more 
likely to be of limited value for most. 

The final chapter deals with biopharmaceutical aspects of formulation. Again there are a number of sections, including 
pharmacokinetics, bioavailability, physiochemical factors affecting absorption and one on controlled-release formulations. 
The physicochemical factors affecting absorption are well covered, with useful examples. The Section on controlled release 
is rather mathematical, with little detail on formulation processes. 

The book, rather than being an essential text for either those involved in drug development and manufacturing or those 
in research or academic areas, should be regarded as a useful reference text. To this end there are many detailed examples 
and over 1000 references are included. 

K. I. ~IJMMING 

Pharmaceutical Thermal Analysis-Techniques and Applications: J. L. FORD and P. Tn&lINS, Ellis Horwood, Chichester, 
1989. Pages 313. E55.00. 

Thermal analysis occupies an important niche in physical and industrial pharmacy and a text devoted to this area is long 
overdue. The book will be of much interest to those in both industry and academia, each being represented by the joint 
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authors, as the role of thermal analysis in the characterization of both pure substances and drugexcipient mixtures is 
covered extensively in this well-produced text. 

The first four chapters of the book are concerned with instrumentation, information obtained from thermal data, 
instrument optimization, and kinetics (stability). Relevant pharmaceutical examples are given but this section of the book 
is, in the main, quite general and the techniques described are not con6ned to studies solely in the pharmaceutical arena. 
The authors refer the reader to other works for greater details of instrument design. 

The remaining ten chapters, which occupy about two-thirds of the text, are each concerned with a particular aspect of 
pharmaceutical thermal analysis. These chapters cover purity, characterization, solid dispersions, polymeric systems, solid 
dosage forms, compatibility, semi-solid systems, liposomes, freeze-drying, and miscellaneous examples. Purity determina- 
tions based on the van’t Hoff equation are given and examples of various possible corrections for the fraction melted are 
discussed. Characterization of pharmaceutical solids concentrates on the important areas of isomers, polymorphs and 
solvates. Here, as throughout the book, complementary techniques such as X-ray diffraction and infrared spectroscopy are 
mentioned. Thermal analysis of urea, cyclodextrins, poly(vinyl pyrrolidone), poly(ethylene glycol) and other carriers in solid 
dispersions are covered and explained with respect to appropriate phase diagrams. Of particular interest is the role of both 
DSC and DTA in predicting and examining age-induced changes in these dispersions. The application of thermal methods 
to polymer characterization, detection of drug-polymer interactions and drug release mechanisms is also described. The 
characterization of drug excipients and solid dosage forms by thermal analysis is covered and the important area of 
drug-excipient compatibility is mentioned with suitable reference of the literature. Thermal analysis of fats and waxes, 
suppositories and pessaries, emulsions, and creams and ointments are all mentioned briefly. The chapter on liposomes is 
concerned with their potential use as drug delivery systems and their use as model membrane systems to provide a simple 
model of drug activity. The use of thermal analysis to determine eutectic temperatures of formulations to be freeze-dried, 
and the subsequent amounts of residual solvent in final products is included. The chapter on miscellaneous applications 
includes detection of polymorphic changes induced by spray-drying or co-grinding. 

Each chapter is followed by a suitable number of references and an index, the latter being a necessary inclusion for the 
inevitable overlap of subject material. On browsing through the index it was a little disappointing not to come across terms 
such as shelf-life, X-ray diffraction, infrared spectroscopy, reference materials, automation or computer control. As the 
subject matter of this field is so extensive, some pharmaceutical examples will be excluded from the text and some specific 
cases will not have been published by workers in industry. However, the authors are to be commended on bringing together 
a vast amount of material, scattered through many different literature sources, to produce a reference text that will have 
a place in every pharmaceutical laboratory engaged in thermal analysis. 

P. J. Cox 

Field-Flow Fractionation: Analysis of Macromolecules and Particles: JOSEF JANEA, Dekker, New York, 1988. Pages vi + 336. 

Field-flow fractionation is a method of separating substances of macromolecular and particulate dimensions. The driving 
force can be gravitational, centrifugal, thermal, electrical, magnetic, or shear, acting in the direction perpendicular to the 
flow of the fluid. The technique is similar in many aspects to chromatography but differs in that there is no stationary phase 
other than the walls of the fluid channel. 

Anyone unfamiliar with chromatographic or field-flow techniques will find this book hard to read and digest, partly 
because of the style of writing and/or translation, and partly because of the author’s predilection with minutiae; it is a case 
of not being able to see the forest for the trees. The review is comprehensive and will be of interest to those active in field-flow 
fractionation. 

J. B. CRAIG 

Ion Exchange and Sorption Proceases in Hydrometallurgy: M. STREAT and D. NADEN (editors), Wiley, Chichester, 1987. Pages 
x + 229. f45.00. 

This book is Volume 19 in a series of Critical Reports on Applied Chemistry, and was published for the Society of 
Chemical Industry in the UK. The book contains four chapters: Chapter 1, by the editors Streat and Naden, on the 
application of ion-exchange to the recovery of uranium, describes the interactions of the uranium recovery flowsheet 
and the ion-exchange process, the ion-exchange resins and equipment, and process design for continuous ion-exchange. 
Chapter 2, by McDougall and Fleming, on the extraction of precious metals by activated carbon, describes the manufacture, 
structure and adsorptive properties of activated carbon, the interaction between it and gold complexes, and its application 
to gold recovery. 

Chapter 3, by Warshawsky, on the extraction of platinum group metals (PGM) by ion-exchange resins, describes the 
modern approach to PGM recovery and separation, the concentration of PGM by selective polymers, and an integrated 
ion-exchange and liquid-liquid extraction process. Chapter 4, also by Warshawsky, on chelating ion-exchangers, describes 
the syntheses and applications of chelating and co-ordinating polymers. This book is a critical and objective review 
written by experts. It is well-written and illustrated by a mixture of clear and simple diagrams and photographs: there 
is also an excellent balance between theory and application. Primarily, the book will be of great interest to those 
involved in the extraction of metals, but it will also be of interest to all those using ion-exchange or sorption processes 
industrially. 

J. B. CFLAIO 
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Standardization Within Analytical Chemistry: P. KIVALQ, Akademiai Kiado, Budapest, 1989. Pages 155 + 125 (appendices). 
E23.00. 

*This book is about standard methods, not standard solutions, and is not concerned with matters of technique. It is also 
more about standardization than about analytical chemistry, so “electrical engineering” might be substituted throughout 
without much affecting the logic of the argument. Kivalo seems to propose that the force of the argument would be different, 
however, because he sees analytical chemistry as an undervalued discipline, to the extent that he calls for the formation 
of an International Union of Pure and Applied Analytical Chemistry (an isolationism curiously at odds with the general 
spirit of the book). I think we should beware of this view, since it may be one of a series of grudges we hold as chemists, 
scientists, graduates or even citizens, but can this book change it anyway? I doubt if those whom Kivalo seeks to influence 
will read it, or finish it if they start. The historical background has some interesting aspects and Kivalo puts the arguments 
for and against standardization very fairly, but his style is too close to that of a standards document for comfort. One 
or two concrete examples of progress in standardization, with costs and benefits, would have helped. The bad side of 
standardization is bureaucratic wrangling of the sort that gives rise to terminology that numbs the mind rather than 
elucidates the meaning; Kivalo hints at the phenomenon, but is not very critical of any specific effects. About half the book 
is taken up by reproductions of four standards documents which, while of value in themselves, are available elsewhere. This 
book does provoke thought and eventually I found that I mostly agreed with the author, but the ideas would have been 
better promoted at essay length. 

DEREK MIDGLEY 

Drug Formulation: I. RACZ, Wiley, Chichester, 1989. Pages x + 416. E61.00. 

The title of the text may prove rather misleading to many, as the bulk of material deals mainly with physiochemical details 
with little information provided on formulation or the processing methods used in formulation. The first chapter makes 
reference to pharamaceutical technology, saying that it includes unit operations such as milling, drying and compression 
to prepare dosage forms such as tablets, capsules and emulsions, but these are then not discussed in any detail. 

The book consists of four chapters. The first, covering the principles of preformulation and formulation testing, is rather 
brief at only 27 pages and including only 21 references. A useful list of tests which may be required in preformulation for 
different types of dosage forms is included, but as in some other areas of the text there is little or no other detail provided. 
A reasonable introduction to mathematical and experimental design is given in the limited space devoted to this topic, 
although further reading would be essential to anyone interested in this area. 

The second chapter, approximately one third of the text, with some 349 references, provides a comprehensive cover of 
chemical stability, including kinetics, decomposition mechanisms and assay methods. However, there is very little included 
on packaging, or formulation methods such as microencapsulation which may be used to minimize stability problems. Other 
areas such as the physical stability of emulsions and suspensions have not been mentioned at all. 

Physicochemical interactions are covered in some depth in the third chapter. Various combinations of drug-drug, 
drug-excipient and excipient-excipient interactions have all been included, with many useful examples. Potential advantages 
such as improved absorption by use of cyclodextrin inclusion complexes have also been given, as well as the numerous 
disadvantages. Many of the commonly used excipients have been included here but further reading of the many references 
listed may be required to obtain greater detail. Also included in this chapter is a table of some 14 pages listing expected 
interactions for i.v. preparations, all with references, which may prove useful for a limited number of readers but is more 
likely to be of limited value for most. 

The final chapter deals with biopharmaceutical aspects of formulation. Again there are a number of sections, including 
pharmacokinetics, bioavailability, physiochemical factors affecting absorption and one on controlled-release formulations. 
The physicochemical factors affecting absorption are well covered, with useful examples. The Section on controlled release 
is rather mathematical, with little detail on formulation processes. 

The book, rather than being an essential text for either those involved in drug development and manufacturing or those 
in research or academic areas, should be regarded as a useful reference text. To this end there are many detailed examples 
and over 1000 references are included. 

K. I. ~IJMMING 

Pharmaceutical Thermal Analysis-Techniques and Applications: J. L. FORD and P. Tn&lINS, Ellis Horwood, Chichester, 
1989. Pages 313. E55.00. 

Thermal analysis occupies an important niche in physical and industrial pharmacy and a text devoted to this area is long 
overdue. The book will be of much interest to those in both industry and academia, each being represented by the joint 
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authors, as the role of thermal analysis in the characterization of both pure substances and drugexcipient mixtures is 
covered extensively in this well-produced text. 

The first four chapters of the book are concerned with instrumentation, information obtained from thermal data, 
instrument optimization, and kinetics (stability). Relevant pharmaceutical examples are given but this section of the book 
is, in the main, quite general and the techniques described are not con6ned to studies solely in the pharmaceutical arena. 
The authors refer the reader to other works for greater details of instrument design. 

The remaining ten chapters, which occupy about two-thirds of the text, are each concerned with a particular aspect of 
pharmaceutical thermal analysis. These chapters cover purity, characterization, solid dispersions, polymeric systems, solid 
dosage forms, compatibility, semi-solid systems, liposomes, freeze-drying, and miscellaneous examples. Purity determina- 
tions based on the van’t Hoff equation are given and examples of various possible corrections for the fraction melted are 
discussed. Characterization of pharmaceutical solids concentrates on the important areas of isomers, polymorphs and 
solvates. Here, as throughout the book, complementary techniques such as X-ray diffraction and infrared spectroscopy are 
mentioned. Thermal analysis of urea, cyclodextrins, poly(vinyl pyrrolidone), poly(ethylene glycol) and other carriers in solid 
dispersions are covered and explained with respect to appropriate phase diagrams. Of particular interest is the role of both 
DSC and DTA in predicting and examining age-induced changes in these dispersions. The application of thermal methods 
to polymer characterization, detection of drug-polymer interactions and drug release mechanisms is also described. The 
characterization of drug excipients and solid dosage forms by thermal analysis is covered and the important area of 
drug-excipient compatibility is mentioned with suitable reference of the literature. Thermal analysis of fats and waxes, 
suppositories and pessaries, emulsions, and creams and ointments are all mentioned briefly. The chapter on liposomes is 
concerned with their potential use as drug delivery systems and their use as model membrane systems to provide a simple 
model of drug activity. The use of thermal analysis to determine eutectic temperatures of formulations to be freeze-dried, 
and the subsequent amounts of residual solvent in final products is included. The chapter on miscellaneous applications 
includes detection of polymorphic changes induced by spray-drying or co-grinding. 

Each chapter is followed by a suitable number of references and an index, the latter being a necessary inclusion for the 
inevitable overlap of subject material. On browsing through the index it was a little disappointing not to come across terms 
such as shelf-life, X-ray diffraction, infrared spectroscopy, reference materials, automation or computer control. As the 
subject matter of this field is so extensive, some pharmaceutical examples will be excluded from the text and some specific 
cases will not have been published by workers in industry. However, the authors are to be commended on bringing together 
a vast amount of material, scattered through many different literature sources, to produce a reference text that will have 
a place in every pharmaceutical laboratory engaged in thermal analysis. 

P. J. Cox 

Field-Flow Fractionation: Analysis of Macromolecules and Particles: JOSEF JANEA, Dekker, New York, 1988. Pages vi + 336. 

Field-flow fractionation is a method of separating substances of macromolecular and particulate dimensions. The driving 
force can be gravitational, centrifugal, thermal, electrical, magnetic, or shear, acting in the direction perpendicular to the 
flow of the fluid. The technique is similar in many aspects to chromatography but differs in that there is no stationary phase 
other than the walls of the fluid channel. 

Anyone unfamiliar with chromatographic or field-flow techniques will find this book hard to read and digest, partly 
because of the style of writing and/or translation, and partly because of the author’s predilection with minutiae; it is a case 
of not being able to see the forest for the trees. The review is comprehensive and will be of interest to those active in field-flow 
fractionation. 

J. B. CRAIG 

Ion Exchange and Sorption Proceases in Hydrometallurgy: M. STREAT and D. NADEN (editors), Wiley, Chichester, 1987. Pages 
x + 229. f45.00. 

This book is Volume 19 in a series of Critical Reports on Applied Chemistry, and was published for the Society of 
Chemical Industry in the UK. The book contains four chapters: Chapter 1, by the editors Streat and Naden, on the 
application of ion-exchange to the recovery of uranium, describes the interactions of the uranium recovery flowsheet 
and the ion-exchange process, the ion-exchange resins and equipment, and process design for continuous ion-exchange. 
Chapter 2, by McDougall and Fleming, on the extraction of precious metals by activated carbon, describes the manufacture, 
structure and adsorptive properties of activated carbon, the interaction between it and gold complexes, and its application 
to gold recovery. 

Chapter 3, by Warshawsky, on the extraction of platinum group metals (PGM) by ion-exchange resins, describes the 
modern approach to PGM recovery and separation, the concentration of PGM by selective polymers, and an integrated 
ion-exchange and liquid-liquid extraction process. Chapter 4, also by Warshawsky, on chelating ion-exchangers, describes 
the syntheses and applications of chelating and co-ordinating polymers. This book is a critical and objective review 
written by experts. It is well-written and illustrated by a mixture of clear and simple diagrams and photographs: there 
is also an excellent balance between theory and application. Primarily, the book will be of great interest to those 
involved in the extraction of metals, but it will also be of interest to all those using ion-exchange or sorption processes 
industrially. 

J. B. CFLAIO 



Tahm. Vol. 37, No. 5, pp. i-iih 1990 

Pergamon Press plc Printed in Great Britain 

BOOK REVIEWS 

Preparative-Scale chromatography. Eli Grushka (editor), Dekker, New York, 1989. Pages xi + 324. Price $99.75 (USA and 
Canada); $119.50 (elsewhere). 

This book presents a highly detailed account of factors which either in theory, in practice, or in both, determine or 
markedly influence chromatographic characteristics and behaviour. The targets of concern are various types of preparative- 
scale chromatography. The opening chapter by P. Rouchon er al. details and explains reasons for the departure of 
chromatographic behaviour from linearity when larger samples are being separated, by considering what happens to a single 
component band on a column. Theoretical calculations are excellently supported by experimental findings. D. J. Wilson 
1s concerned with a mathematical consideration of the effect of solventsolvent interactions on retention-times, on loss of 
resolution, and on peak-distortion in preparative GC. H. Colin deals with problems of design of preparative columns, 
including consideration of the effects of particle size, and of column length and diameter on the load a column can carry. 
K.-P. Hupe and B. Hoffmann deal with scaling-up from analytical to preparative liquid chromatographic columns so that 
under the conditions selected the sample may be separated in the shortest possible time, with as little solvent as necessary, 
on as small a column as possible and with recovery of the solutes in minimal volumes. These objectives must be the targets 
of many chromatographic separations: targets that are often easier to define than to meet in practice. G. Cretier and 
J. L. Rocca, in considering the optimization of the injection conditions in preparative liquid chromatography (PLC), provide 
excellent data on column-overloading and solute-separation but conclude that “the optimal injection conditions depend 
both on the isotherm and on the volubility limit of the sample in the mobile phase” and that trial-and-error is necessary. 
V. R. Meyer considers the influence of sample-mass and of flow-velocity in PLC by studying separations on fine and coarse 
grades of silica. C. Dewaele et al. continue in similar vein but deal additionally with the effect of column diameter and 
particle size. J. Newburger et al. offer interesting, and surprising, comments and explanation of observations on the 
sharpening of peaks when closely related compounds are eluted, compared to their elution from columns on which they 
are individually present. P. Gareil and R. Rosset are concerned with the characterization of strongly non-linear elution peaks 
in LC. Y. Ito deals in two chapters with the gyrations of coil planet centrifuges and demonstrates their successful use in 
separating DNP-amino-acids and dipeptides. P. E. Barker and G. Ganetsos supply a valuable survey of the use, and 
potential use, of semicontinuous chromatographic refining on an industrial scale and predict that industry, which is at 
present often hesitant to use chromatographic procedures, will shortly be persuaded of both their desirability and 
practicahty, not only for carbohydrate and biotechnological applications but for many other separations. G. Leaver et al. 
describe the production of pure protein (specifically of albumin from animal blood) by ion-exchange chromatography, 
and H. Schott deals with the isolation of purine oligonucleotides from partial hydrolysates of depyriminated DNA. 
E. Soczcwitiski et al. describe the migration of zones of dyes in PTLC. In spite of the complexity of some of the detail 
the authors and editor are to be congratulated on presenting clearly and interestingly matter which is on occasion quite 
complex. The text is clear and the diagrams excellent and extremely valuable. 

K. C. B. WILKE 

Laser Raman Spectrometry-Analythl Applications H. BARA~~SKA, A. LABUDZINSKA and J. TERP~SKI, Ellis Horwood, 
Chichester, 1987. Pages 271. E38.50 

Raman spectroscopy is a vibrational technique which is not as widely used in analytical chemistry as it might be. In a number 
of industrial situations it has proved to be an ideal answer to many problems. Its main advantage is that it can be used 
for analysis of aqueous solutions. The vibrations which it senses are usually symmetric and relatively easily recognized, and 
since laser excitation is used it is possible to employ flexible optical systems in which the beam is directed quite precisely. 
Perhaps some of the disadvantages are that it is not particularly sensitive and that in the past there have been problems 
with expensive and unreliable equipment. This latter disadvantage is rapidly disappearing and modem instruments using 
multiple wavelength detection have made Raman spectroscopy a much more user-friendly and available technique. Thus, 
a good book on basic Raman spectroscopy may be a welcome addition to the analytical chemist’s library. 

The book by Barariska er al. is well written and provides a good fundamental introduction to conventional Raman 
spectroscopy. It includes, along with standard chapters on the theory of Raman spectroscopy, a very useful short chapter 
on group theory that helps to make the spectral interpretation of small molecules more understandable to the average 
chemist or analyst. 

The measurement of Raman scattering requires that the instrument is capable of detecting weak signals in the presence 
of a strong signal at a slightly different wavelength. Normally visible-region lasers are used and consequently the 
conventional Raman spectrometer includes a large double or triple monochromator and a photon-counting photomultiplier 
detector. This type of spectroscopy and the many optical arrangements which Raman spectroscopists favour are well 
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described in this book and had it been published a few years ago this chapter would have been particularly useful. However, 
perhaps one reason why Raman spectroscopy is becoming an important technique is that more modem methods of detection 
are now employed. Thus, charge-coupled devices and similar systems are becoming favoured as the detection system. In 
addition, in order to enhance sensitivity, it is usual to spin the sample to reduce problems with photo-dissociation or 

absorption. Thus, this book would seem to me to be rather dated in its practical approach and I would have been happier 
if more attention had been paid to the modem development of Raman spectroscopy. 

Much of the interest of the chemist or analyst is usually centred on the vibrational analysis of particular molecules. In 
two chapters on organic and inorganic applications, the authors have summarized a number of important areas in a way 
in which the average reader can appreciate the types of signal to be expected and the value of recording them. The book 
then finishes with selected applications of Raman spectroscopy, including its use with polymers and bio-polymers, with 
complex compounds, and in matrix isolation spectroscopy. Perhaps surprisingly, the last chapter in the book is entitled 
fundamental concepts of spectroscopy and is a summary of much useful information that might well have appeared earlier 
in the text. There is also an atlas of spectra which may be quite useful to the average user. 

Thus, if what is required is a conventional teaching text for Raman spectroscopy, this book is about adequate. Where 
it fails completely is in discussing newer aspects of Raman spectroscopy and consequently it is not a book to be 
recommended for teaching purposes to those who are not familiar with modem developments. For example, there has beeu 
a very great expansion in resonance Raman spectroscopy, including the detection of the spin and oxidation states of 
haemoglobin. There has also been considerable interest in surface-enhanced Raman spectroscopy for such purposes as 
detecting the presence of anti-corrosive layers on metal surfaces. There are many more complicated techniques which have 
also appeared in the last few years. It is always difficult to know where a book should end, but it seems to me that resonance 
Raman spectroscopy in particular is now just part of the Raman spectroscopist’s armoury. Perhaps this can be best 
illustrated by saying that 10 or 15 years ago Raman spectroscopists tended to avoid coloured compounds, whereas now, 
many of the papers appearing in the literature make use of visible-region lasers and coloured compounds in order to obtain 
the sensittvity, through resonance, needed for the intended application. This would seem to be one of the key areas where 
analytical applications could be very much extended in the future. Thus, this is a good book to be recommended as a 
teaching text provided the course is taught by spectroscopists who are able to add a more modem gloss to the course they 
give. It cannot be recommended as an upto-date account of Raman spectroscopy. 

W. EWEN SMITH 

Idared S-y: W. 0. GEORGE and P. S. M~INTYE, Wiley, Chichester, 1987. Pages xx + 537. El?.50 (softback), 
f44.00 (hardback). 

Infrared spectroscopy is widely used by preparative chemists in qualitative analysis. It also has very important applications 
in quantitative analysis, but its use there is more restricted. Thus, in the teaching of analytical chemistry the place of infrared 
spectroscopy is secure but the depth of understanding that is required is more difficult to assess. Many chemistry courses 
spend most time on discussing theory, whereas the analytical chemist requires in addition a knowledge of the range of 
applications possible. Thus, there is need for a book which particularly deals with the analytical applications. The book 
reviewed here is one such text. 

The authors have constructed a text of open-learning type, which is both logical in its approach and easy to read. It covers 
the background theory, the modern applications of the Fourier transform and the main analytical areas very well. Most 
of the material that will be required for use in analytical courses is available from the text without reference to other books. 
Therefore it can be recommended as a good teaching text. 

Inevitably there will be drawbacks, since different courses have different requirements. This book has been delibemtely 
constructed so that the amount of theory is limited, and on one issue I do not agree with the authors’ approach. They 
use visible-region spectroscopy to illustrate the basic concept of absorption spectroscopy and switch from that to infrared 
during the first chapter. They do not discuss the selection rules for visible-region spectroscopy but simply switch to selection 
rules for infrared. I feel that a straight approach to infrared spectroscopy, particularly since it is not intended to cover the 
field in any depth, would have been better. However, the infrared theory, when it is reached, is well and clearly written. 
Fourier transform spectroscopy is likely to play a larger part in the use of infrared in future and the basic technique is 
well explained, as are the general advantages. Perhaps one slightly di~p~inting feature is that the applications given later 
in the book cover more conventional and well established areas where infrared has been used and the full potential of 
Fourier transform spectroscopy in tackling surface layers. biological cells etc.. is neither fully explained nor illustrated and 
it may be that a revised edition of this book will be required within a relatively short space of time. 

Parts of infrared spectroscopy theory appear difficult to some students. For example, the concept of normal vibrations 
is often not clearly explained. In this book them is an explanatton that seems both simple and logical, and in other areas 
of spectroscopy which cause problems (such as the use of group frequencies) the explanation is again both good and clear. 
ft is a pity therefore that the authors did not put a general index at the back of the book, to make it easier for a student 
later in his career to dip into the text and consider an individual toptc. This deficiency is one which I tind strange. During 
a lecture course a text is approached logically from one chapter to another, but in the laboratory, there is a need to turn 
to a paragraph or subsection to study a particular point of interest. Another omission which seems unusual is the limited 
amount of information on small molecules such as metal complexes, where symmetry and the nature of normal vibrations 
plays a bigger part. 
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Algorithms for Chemists: J. ZUPAN, Wiley, 1989. Pages xv + 290. E39.50. 

This book, which is for serious users of the computer, contains 31 algorithms that are suitable for handling experimental 
data sets. It is based on a course entitled “Introduction to computer methods for chemists” aimed at senior and postgraduate 
students. No one book can describe all computational procedures of interest to chemists and methods for manipulating data 
are constantly evolving. In this context the author has decided to concentrate on certain topics to the exclusion of others. For 
example, algorithms relating to linear regression, elementary statistical analysis and simultaneous equations are omitted. 
The book has been divided into three parts: “Data”, “Preprocessing of Data” and “Data Handling”. Algorithms are 
included in each of these sections but the allocation to subject headings is a little arbitrary. 

Part one covers data representation and structure of data files. The algorithms of interest here include generation of 
random numbers and sorting procedures. The pictorial explanation, of the bubble type complete with rising bubbles, is a nice 
addition. 

In part two, smoothing, peak detection and baseline correction of instrumental data are well presented. The chapter on 
transformations is of necessity very mathematical and includes geometrical, fast Fourier and Hadamard transformations. 
Some prior knowledge of these techniques would be desirable and the inclusion of some chemical applications, e.g., 
crystallographic analysis, would improve the chapter. An algorithm for Simplex optimization is also included in this section 
and the underlying principles are clearly explained. 

Part three bravely attempts to describe a number of demanding data handling techniques. These are clustering of data, 
pattern recognition, computer handling of chemical structures, fractal forms and processes, and expert systems. The final 
algorithm relates to spectra simulation by reference to a spectroscopy-based expert system. 

It should be noted that the algorithms presented are not suitable for immediate use. Each one is written as an unusual 
mixture of various computer languages but clear explanations are appended to each instruction line. The reason for this 
format relates to the course “Introduction to computer methods for chemists” where the students are asked to transform the 
algorithms into working programs. Most computer-literate chemists will be quite happy with the presentation of the 
algorithms. However, many chemists want commercial software for data handling, or complete, debugged programs that are 
suitable for immediate use. In an ideal world chemists should be able to process data in any way they wish and the book will 
be welcomed by those with the time and ability to aspire to this goal. Professor Zupan should be congratulated on bringing 
so many different computer software techniques to the attention of chemists. 

P. J. Cox 

Measurement of Oxygen by Membrane-covered Probes: V. LINEK, V. VACEK, J. SINKULE and P. BE&, Horwood, Chichester, 
1988. Pages 330. f45.00. 

This book aims at providing a state-of-the-art review on membrane-covered oxygen probes. There is little doubt it will 
attract the attention of scientists involved in oxygen detection and quantitative determination. 

Interesting characteristics of the book result from the practice-oriented presentation and writing. This is obvious from the 
very beginning of the book, where (Chapter 2) the polarographic determination of oxygen is described with selective 
comments and hints on the experimental conditions and the possible problems arising in the measurements. The formal 
descriptions of the probe response during oxygen reduction are sound and reasonably sized in Chapters 3 and 4. The major 
part of the book, however (Chapters 5-9) is dedicated to the practical implementation of the probe devices, to the analysis 
of their operational characteristics and to the control of their experimental significance and calibration. It includes several 
examples where membrane-covered oxygen probes are used for monitoring the progress of reacting systems and for 
determining kinetic and thermodynamic parameters. 

As such, this book is a comprehensive and up to date document, which should be in the hands of any scientist confronted 
with the monitoring of oxygen. 

M. GRoSS 

Chemical Instrumentation: A Systematic Approach: H. A. STROBEL and W. R. HEINEMAN, 3rd Ed., Wiley, New York, 1989. 
Pages 1210. E34.85. 

This book fills a long-felt need for a basic book on chemical instrumentation. The authors have been successful in 
condensing material from a wide variety of disciplines. Though other excellent books on instrumental analysis do exist, the 
present book has a definite edge because it treats the instrumental part in more detail and more authoritatively. The earlier 
books treated instruments simply by block diagrams and some discussion of the various components. However, with the 
massive developments in chemical instrumentation such an approach today is perhaps not adequate. 
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The chapter on basic electronics is one of the most well written chapters. With the increasing use of computers and 
microprocessors in various disciplines of chemistry, especially analytical chemistry, there is a need for lucid presentation 
of this topic. especially for the non-specialist. This purpose is more than served by this book. The chapters on basic optics 
treat it in sufficient detail to be warmly welcomed. Since electromagnetic radiation of various forms is in some way or 
another associated with many anaiytical techniques, an in-depth treatment (as in the present book) is essential. In the 
chapters on basic quantification I found chapter 12 (signal to noise enhancement) most fascinating, since this topic is not 
usually taught in much detaif, though such a need does definitely exist. 

The rest of the book deals with the principles, theory, etc. of conventional instrumental methods and here I hoped for 
more detailed treatments. I suppose, however, this may not have been possible if the book was to be kept to a manageable 
size, and in any case, the title does suggest an emphasis on instrumentation. I was nevertheless surprised that Nuclear 
Magnetic Resonance Spectrometry was ignored completely. In my view, the authors’ contention that NMR may best be 
left to monographs of organic chemistry seems rather odd. The usefulness of this technique lies not only in structure 
determination, but also in its use for quantitative analysis. Moreover, structure determination is also an integral part of 
analytical chemistry. 

In conclusion, this book is an outstanding contribution to the field of chemical instrumentation and more than fills its 
objectives. It should be of interest to the chemist and analyst alike. 

PUSHKIN M. QURESHI 
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Computerized Multiple Input Chromatography: M. KALJURAND and E. KOLLIK, Ellis Horwood, Chichester, 1989. Pages 225. 
Price f45.00 

The authors explore a number of applications of computer control and data inte~retation in gas and liquid 
chromatography. Their principal interest is in correlation chromato~aphy (CC) in which a pseudo-random binary sequence 
of overlapping injections is coupled with cross-correlation between the sequence and the resulting signal to improve the 
signal to noise ratio for separations of trace levels of analytes. 

They then examine the application of sequential repeated injections to monitor changes in samples with time or 
conditions, and discuss column switching techniques in which time slices from the first column are fed to a second column. 
In both cases they emphasize the need to use a computer to control the multiple injections and monitor the results and 
describe the experimental systems used for injection and column switching. 

The overall theme of the book is the application of info~ation theory to these chromatographic processes. Unfortunately 
the authors often mix techniques and it is often difficult to decide whether CC or repeated injection with fast separations 
is being used. The applications concentrate on thermal analysis, including pyrolysis of polymers, and trace constituents in 
environmental samples. 

The book was completed in January 1987 but there are few references even to 1986, so that some sections, particularly 
those referring to computers, are dated. The advantages of the Apple II for control are described but no mention is made 
of the much more powerful computing ability of the IBM (or its clones). Newer instruments and intelligent integrators would 
also now routinely incorporate many of the required control facilities. 

The book is interesting to read (the matrix algebra can be skipped), but with relatively few applications to real samples 
other than pyrolysis, its value will be mainly as a general background to chromatography. 

R. M. SMITH 

Troubleshooting LC Systemr JOHN W. DOLAN and LLOYD R. SNYDER, Humana, New Jersey, 1989. Pages viii + 515. $65.00 
(U.S.), Export $75.00. 

The authors of this text am very we11 known in the field of liquid chromato~aphy, from their articles and short courses. 
Professor Snyder has also recently been appointed editor of J. Cftromarogrrzph~ and so even before opening this book the 
reader can be assured that its contents will merit consideration. 

The book is best described as a reference manual and it is similar in design to those books which describe the function, 
efficient use and possible faults that may occur in a car or a human body. The three sections of the book attempt to condense 
the expertise of many practical LC workers into an easy-to-use format. 

The first section examines LC difficulties in terms of problem area, primary symptom, secondary symptom and likely 
cause. This approach is expanded in an extensive problem-isolation table which is essentially a flowchart with 676 rows 
and 6 column headings. Examples explaining the use of this tabie are given and whereas many problems can be solved 
through use of this guide, others, such as specific eiectronic problems, are considered outside the expertise of most readers. 
The logic involved in isolating and correcting LC problems is similar to that found in computer-based expert systems such 
as “The HPLC Doctor”. Other basic considerations such as elementary separation theory, preventative procedures and 
good troubleshooting habits are covered in this section of the book. 

Individual LC modules are described in the next section and this occupies about half of the book. Each of the eight 
chapters here is self-contained and each describes a module, e.g., pumps, columns, detectors etc., in detail. Good use is 
made of diagrams and photographs, and principles of operation and maintenan~ are included together with extensive 
coverage of possible problems and their solutions. 

The final section deals mainly with problems associated with separation difficulties. Reasons for band tailing and peak 
distortion are given and other changes in the appearance of the chromatogram are discussed. Solutions to problems in 
quantification, gradient elution and sample pretreatment are offered. The index is comprehensive and deals efficiently with 
the inevitable overlap of subject material. 

I checked some of the advice offered on dealing with practical problems, with the chief technician in our HPLC 
ia~mtories. The resulting comments were favourable: “That’s precisely what I did” or “That‘s just what I would do”. 
In conclusion, a very useful book for beginners and those on their way to becoming competent in practical LC. 

P. J. Cox 

Advances in Drop: Therapy of Gastrointestinal Ulceration: ANDREW GARNER and BRENDAN J. R. WHtTTLE (editors), Wiley, 
Chichester, 1989. Pages xvi + 306. E40.00. 

The 20 chapters in this book are based on the proceedings of the 38th Annual Biological Council Symposium on Drug 
Action held at the Royal Institution in London on 11-12 April 1988. The topic is presented from a physiologicaI/ 
pharmacological viewpoint with chemistry very much in the background. As the emphasis is not on chemistry the book 
might be regarded as unsuitable for analytical chemists. However, much analytical effort today is directed towards 
producing safe and effective drugs and the world’s two top selling (i.e., money-making) drugs, ranitidine and cimetidine, 
are both anti-ulcer drugs. These two histamine Hz-antagonists together with other possible anti-ulcer agents are of much 
interest to the pharmaceutical industry, where many analytical chemists work. 
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About half the book deals with peptic ulcer disease and existing therapy. The rest of the book examines possible areas 
for new drug development. Some chapters such as “Strategies for the Development of Novel Anti-ulcer Drugs” are very 
readable whereas others such as “Pro-&erogenic and Related Lipid Mediators in Gastric Mucosal Damage” are a little 
more demanding. 

Although of great relevance and importance this book can only be recommended for those chemists with more than a 
passing knowledge of physiology, pharmacology and biochemistry. 

P. J. Cox 

Practical Computing for Experimental Scientists: JOHN D. BEASLEY, OUP, Oxford, 1988. Pages xii + 233. f12.50. 

This book is eminently suitable for a beginning postgraduate student or postdoctoral fellow, but any other scientist who 
has not yet come to terms with the computer revolution would find it most helpful in cutting through the jargon that makes 
it difficult to start at the beginning in computing. It offers wide-ranging advice on the choice and application of computers 
for scientific ex~~mentation. Both mainf~e and personal computing are discussed, with no assumptions of prior 
knowledge. The wide variety of topics includes: conn~ing a computer to experimental equipment, data analysis, graphical 
and tabular presentation of data, scientific word processing, secure storage of data, transfer of data between computers, 
telemetry, graphical input, data retrieval, the scientist as programmer, use of spreadsheets, high-ievef languages, machine 
assembly language, rounding errors, statistical analysis of data, finite approximations, pseudo-random numbers, talking 
to a computer expert, choosing a computer, and care and safety. As must be evident from the range of topics, readers cannot 
expect to gain detailed knowledge of any single one, but they will find much sound advice that is not easy to find in the 
many more specialized computer books available today. 

MARY MASS~N 

Jntroductioo to Microwave Sample Prepsration: Theory and Practice: H. M. KINGSTON and LOIS B. JANE (editors), ACS 
Professional Reference Book, AC& Washington, D.C., 1988. Pages xxii + 263. price US S49.95. Export $59.95. 

The process of wet digestion is a necessary step in most analytical procedures, both classical and instrumental. This book 
describes a small revolution in wet digestion methods that has taken place since 1975. It aims to provide most of the 
info~ation required for an analyst to get started in microwave dissolution. The wide range of sample types covered includes 
geological and rne~ur~~l samples, botanical, biological and food samples, pha~a~uti~ls, ~lenium~on~ining 
materials, and minerals. Procedures for Kjeldahl nitrogen determination, remote operation, dissolution in radioactive 
environments, and robotic control are described. Theoretical aspects, and the design of equipment, including vessels, are 
discussed, and safety guidelines are also included. 

MARY MASS~N 
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6th INTERNATIONAL WORKSHOP ON TRACE 
ELEMENT ANALYTICAL CHEMISTRY IN 

MEDICINE AND BIOLOGY 

24-26 April 1991 
Neuherberg, F.R.G. 

Gesellschaft fur Strahlen-u. Umweltforschung (GSF) and Arbeitsgemeinschaft der 
Grogforschungseinrichtungen (AGF) 

Topics 

The main scientific topics on the 6th Workshop will be: 

(I) Trace element analysis 
(1) ICP-MS (capability for biological material) 
(2) Methods for the determination of micro-distributions of trace elements in tissues 

(II) Speciation of trace elements 
(1) Complex compounds of trace elements in tissues and foodstuff 

(III) Techniques for speciation studies 
(1) The functions of protein fractionation 
(2) Protein separation techniques (in body fluids and tissues); “state of the art” 
(3) and their connections to trace element analysis 

(IV) Trace elements in the bio-medical field 
(1) Trace element deficiency: reason or consequence of diseases? 
(2) Ambivalence of the essential trace elements (an actual inventory) 
(3) Transferability of data from animal experiments to man 
(4) Trace elements in geriatrics 

The most important aspect will be to cover different problems within special sessions in order 
to deal with all new points of view and to initiate fruitful discussions among the participating 
experts. The invited papers will deal with modem developments and latest scientific findings in these 
special fields. The Workshop will consist of a number of invited papers on specific problem areas 
followed by an extended discussion period in which all participants will be invited to take part. 

Registration fee for participants 

DM 400.- 
(before 1 March 1991) 

DM 450.- 
(after this date) 

Venue 

The Workshop and the Symposium will be held in the Conference Building (Auditorium) of the 

Gesellschaft fur Strahlen- und 
Umweltforschung (GSF) 
Ingolstiidter Landstrasse 1 
D-8042 Neuherberg near Munich 
F.R.G. 

Transportation between the U-Bahn-terminal “Kiefemgarten” and/or hotels booked and the 
GSF will be provided. 
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Accommodation 

Hotel reservation will be made through 

GSF-Conference Service Section 
Ingolstldter Landstrasse 1 
D-8042 Neuherberg 

You are requested to book hotels together with your final registration which will be included 
in the Second Circular. Deadline for hotel reservation: 1 March 1991. 

Address for correspondence 

Gesellschaft fur Strahlen- und Umweltforschung mbH 
Institut fur t)kologische Chemie 
AG “Spurenelementanalytik” 
PD Dr. P. Schramel 
Ingolstiidter LandstraBe 1 
D-8042 Neuherberg 
F.R.G. 

IUPAC COMMISSION ON CHROMATOGRAPHY 
AND OTHER ANALYTICAL SEPARATIONS 

The Commission structure of the Analytical Chemistry Division of The International Union of 
Pure and Applied Chemistry (IUPAC) has been better reorganized to reflect the present nature of 
the discipline. At the IUPAC General Assembly meeting in Lund, Sweden in 1989, a new 
commission on “Chromatography and Other Analytical Separations” was set up. This commission 
has taken up the mandate of the. previously existing IUPAC working group in chromatography 
and separations, of the former Commission on “Analytical Reactions, Reagents and Separations”, 
which is now restructured as the Commission on “General Aspects of Analytical Chemistry”. 

The terms of reference for the new Commission are as follows. 

(a) To develop and publish critical guidelines and recommendations for the operation of 
analytical separation methods. 

(b) To consider and recommend nomenclature and definition of terms used in analytical methods 
of separation. 

The present Commission structure has three ‘Titular and five Associate’members, together with 
a number of national representatives, although future expansion is envisaged as the work of the 
Commission expands. 

The Commission has a number of on-going projects as well as new ones which are planned. 
Subjects covered are all forms of chromatography, including interfaced methods, analytical 
electrophoretic separations, and analytical aspects of extraction. 

The Commission is anxious to reflect current and developing activities in analytical separations 
chemistry, and welcomes input from anyone interested in its activities. The Chairman or the 
Secretary, whose addresses are listed below, will be happy to respond to such contacts. 

Chairman: Professor P. C. UDEN Secretary: Professor C. A. M. G. CRAMERS 
Department of Chemistry Laboratorium voor Instrumentele Analyse 
Lederle Graduate Research Tower Faculty of Chemical Engineering 
University of Massachusetts Technische Universiteit Eindhoven 
Amherst, MA 01003 Postbus 513, SH 3.06 
U.S.A. 5600 MB Eindhoven, The Netherlands 
TEL: +l (413) 545 2293 TEL: + 31 (40) 473025/24 
TELEX: 955491 UNIV MASS AMST TELEX: 5 1163 TUEHV NL 
FAX: + 1 (413) 545 4490 FAX: + 31 (40) 442576 
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SYMPOSIUM ON GAS AND HEADSPACE VAPOUR ANALYSERS 
AND MONITORS 

Cardiff, Wales, 1 March 1991 

A Symposium on Gas and Headspace Vapour Analysers and Monitors relating to recent 
developments for monitoring gases and vapours in workplaces, headspace vapour analysis, control 
of fermentation processes, and for determining gas components in the clinical and biochemical 
fields, organized by the Analytical Division of the Royal Society of Chemistry, will be held at the 
University of Wales College of Cardiff on Friday 1 March 1991. 

For further details contact: 

Miss P. E. Hutchinson, Secretary 
Analytical Division, 
Royal Society of Chemistry 
Burlington House 
London WlV OBN 
England 

ELECTROCHEMICAL ANALYSIS 

Leipzig, 11-14 September 1991 

The annual conference series on analytical chemistry “Analytiktreffen” is organized by the 
Department of Chemistry of the Karl-Marx University of Leipzig in cooperation with the Chemical 
Society of the G.D.R. The next conference “Electrochemical Analysis” will take place in Leipzig, 
G.D.R., 11-14 September 1991. Leading international scientists are invited to give an overview of 
the following topics, including new developments in theory, instrumentation and application: 

-new electrochemical methods, including combinations with non-electrochemical techniques 
-electrochemical sensors and biosensors 
-computers in electroanalysis 
-applications of electrochemical methods for environmental, industrial and clinical analysis. 

In addition to the lectures the scientific programme consists of poster sessions. 
For further details contact: 

Dr H. Emons, 
Department of Chemistry 
Karl-Marx University 
Talstrasse 35 
Leipzig-70 10 
G.D.R. 
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ii BOOK REVIEWS 

The book has been attractively produced from camera-ready copy and is reasonably priced. Errors appear to be few, 
the most obvious to this reviewer being those in the saxitoxin formulae on pages 22 and 24. The book is unlikely to be 
purchased by analytical chemists, but it should find a home in the libraries of all institutions interested in marine metabolites. 

R. H. THOMWN 

RadioamtIyticaI Chendstry: J. Ttj~~vnss~ and M. KYRS, Ellis Horwood, Chichester, 1989. Volume 1, pages 354. Volume 2, 
pages 498. E59.95 (each). 

These two volumes describe a wide range of methods of analysis in which determinations culminate with measurement of 
radioactivity, and so are frequently applicable where low limits of detection or non-destructive analyses are required. 
Provided for an analytical readership, introductory chapters on basic radioactivity and instrumentation, which are 
frequently included in books in this area, are excluded. 

Volume 1 covers (i) Analysis by measurement of natural radioactivity, (ii) Isotope dilution analysis, (iii) Radio-reagent 
methods, (io) Radiometric titrations, (0) Radioimmunossay, and (vi) Radiochemical methods for determination of 
biological activity of enzymes. Whilst the last two sections are concerned with organic applications, the remainder (in both 
volumes) are concerned with inorganic analysis. The use of radioactive tracers is a useful means of investigating aspects 
of alternative methods of analysis, and a chapter on this topic would have been welcome. 

Volume 2 covers (i) Activation analysis and (ii) Physical methods based on absorption, scattering and fluorescence, with 
an additional chapter on automation and a 172 page appendix of radionuclide data and tables of optimum spike/analyte 
ratios for isotope dilution analysis. The survey of automation of radiochemical methods is timely since this approach is 
likely to increase in response to reduction of acceptable dose limits. With increasing awareness of radiological and other 
hazards experienced in the analytical laboratory, it would also have been timely to include some comment (possibly in the 
introduction) of potential radiation exposure when using the methods described. 

Each section concludes with a collection of references, for when comprehensive details of methods are required, and a 
“Selected” bibliography. The latter occasionally includes manufacturers’ literature and material from the 1960’s which may 
be difficult to locate. 

Overall, these two volumes provide comprehensive coverage of a variety of radioanalytical methods, some of which have 
only previously been described in specialized monographs. Whilst the applicability of some of these methods is limited, the 
overall content is relevant to postgraduate students of analytical chemistry, notwithstanding the apparent age of some 
apparatus used in illustrations. Examples of applications are very diverse, so most analysts should find something of interest 
in library copies. For those who subscribe to Kolthoff and Elving’s Treafise on Analytical Chemistry, most of the subject 
matter is also covered in the multi-authored Volume 14 (Part 1, 2nd Ed.) which was published by Wiley in 1986. 

J. E. WHtTL!ZY 

PhysicaI Organic Chendstry, 2nd Ed.: CALVIN D. RITCHIE, Dekker, New York, 1990. Pages x + 357. $59.75 (U.S. and 
Canada), $71.50 (elsewhere). 

Probably the first book to carry the title “Physical Organic Chemistry” was by Hammett in 1940. This remained the major 
text until the first edition of Ingold’s magnum opus in 1953. This tome spawned Gould’s book, which cheekily inverted 
Ingold’s title and presented material with a lighter touch; even today Gould’s book is far from passe. Subsequently a number 
of books in the area have appeared, but few have dominated the market for long. 

The second edition of Ritchie’s book follows fifteen years after the first, and, as with all second editions, is larger. In 
the preface, intending readers are counselled darkly against perusing the book at bedtime, and this is true since. the text 
is sited well to the physical side of physical organic chemistry. Much mathematical rigour is included. It is probable that 
there is a Boltxmann distribution of attitudes such that the majority audience would prefer a more descriptive approach 
and certainly one that included more background material. Ritchie has apparently gone unashamedly for the minority and 
one feels that he is almost wilfully shooting to miss the audience target. 

Although the author has written a commendable book from his viewpoint, it does not, in contrast to his research papers, 
mad easily. 

On selected specified points: p+ appears out of mid-air on page 138 and on page 137 peroxide ion is said, without 
explanation, to be a good nucleophile (and merits an index entry). The perceptive student may wonder: why peroxide rather 
than hydroxide, and what is the relationship between them? Yet there is no mention of the alpha effect, which featured 
in a paper of Ritchie’s in 1975. On pages 280-282 a section on solvent isotope effects is devoid of explanation; a potted 
summary of the papers of Bunton and Shiner in 1961 would provide more help. On page 288 a sterile problem on steric 
deuterium isotope effects could have been more enticingly posed around a real-life example--several are in the literature, 
e.g., results from Mislow, Melander and McKenna, again from the 1960s. 

It may be wondered how many students will benefit from the last chapter “Transition State Theory and Primary Isotope 
Effects” in which real chemistry is sparse; indeed a review article would be more appropriate for this material. 

It would be interesting to know the rationale of the publishers in charging $11.75 less for the book in the U.S.A., where 
salaries are higher, than elsewhere. 

D. G. MORRIS 
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authors, as the role of thermal analysis in the characterization of both pure substances and drugexcipient mixtures is 
covered extensively in this well-produced text. 

The first four chapters of the book are concerned with instrumentation, information obtained from thermal data, 
instrument optimization, and kinetics (stability). Relevant pharmaceutical examples are given but this section of the book 
is, in the main, quite general and the techniques described are not con6ned to studies solely in the pharmaceutical arena. 
The authors refer the reader to other works for greater details of instrument design. 

The remaining ten chapters, which occupy about two-thirds of the text, are each concerned with a particular aspect of 
pharmaceutical thermal analysis. These chapters cover purity, characterization, solid dispersions, polymeric systems, solid 
dosage forms, compatibility, semi-solid systems, liposomes, freeze-drying, and miscellaneous examples. Purity determina- 
tions based on the van’t Hoff equation are given and examples of various possible corrections for the fraction melted are 
discussed. Characterization of pharmaceutical solids concentrates on the important areas of isomers, polymorphs and 
solvates. Here, as throughout the book, complementary techniques such as X-ray diffraction and infrared spectroscopy are 
mentioned. Thermal analysis of urea, cyclodextrins, poly(vinyl pyrrolidone), poly(ethylene glycol) and other carriers in solid 
dispersions are covered and explained with respect to appropriate phase diagrams. Of particular interest is the role of both 
DSC and DTA in predicting and examining age-induced changes in these dispersions. The application of thermal methods 
to polymer characterization, detection of drug-polymer interactions and drug release mechanisms is also described. The 
characterization of drug excipients and solid dosage forms by thermal analysis is covered and the important area of 
drug-excipient compatibility is mentioned with suitable reference of the literature. Thermal analysis of fats and waxes, 
suppositories and pessaries, emulsions, and creams and ointments are all mentioned briefly. The chapter on liposomes is 
concerned with their potential use as drug delivery systems and their use as model membrane systems to provide a simple 
model of drug activity. The use of thermal analysis to determine eutectic temperatures of formulations to be freeze-dried, 
and the subsequent amounts of residual solvent in final products is included. The chapter on miscellaneous applications 
includes detection of polymorphic changes induced by spray-drying or co-grinding. 

Each chapter is followed by a suitable number of references and an index, the latter being a necessary inclusion for the 
inevitable overlap of subject material. On browsing through the index it was a little disappointing not to come across terms 
such as shelf-life, X-ray diffraction, infrared spectroscopy, reference materials, automation or computer control. As the 
subject matter of this field is so extensive, some pharmaceutical examples will be excluded from the text and some specific 
cases will not have been published by workers in industry. However, the authors are to be commended on bringing together 
a vast amount of material, scattered through many different literature sources, to produce a reference text that will have 
a place in every pharmaceutical laboratory engaged in thermal analysis. 

P. J. Cox 

Field-Flow Fractionation: Analysis of Macromolecules and Particles: JOSEF JANEA, Dekker, New York, 1988. Pages vi + 336. 

Field-flow fractionation is a method of separating substances of macromolecular and particulate dimensions. The driving 
force can be gravitational, centrifugal, thermal, electrical, magnetic, or shear, acting in the direction perpendicular to the 
flow of the fluid. The technique is similar in many aspects to chromatography but differs in that there is no stationary phase 
other than the walls of the fluid channel. 

Anyone unfamiliar with chromatographic or field-flow techniques will find this book hard to read and digest, partly 
because of the style of writing and/or translation, and partly because of the author’s predilection with minutiae; it is a case 
of not being able to see the forest for the trees. The review is comprehensive and will be of interest to those active in field-flow 
fractionation. 

J. B. CRAIG 

Ion Exchange and Sorption Proceases in Hydrometallurgy: M. STREAT and D. NADEN (editors), Wiley, Chichester, 1987. Pages 
x + 229. f45.00. 

This book is Volume 19 in a series of Critical Reports on Applied Chemistry, and was published for the Society of 
Chemical Industry in the UK. The book contains four chapters: Chapter 1, by the editors Streat and Naden, on the 
application of ion-exchange to the recovery of uranium, describes the interactions of the uranium recovery flowsheet 
and the ion-exchange process, the ion-exchange resins and equipment, and process design for continuous ion-exchange. 
Chapter 2, by McDougall and Fleming, on the extraction of precious metals by activated carbon, describes the manufacture, 
structure and adsorptive properties of activated carbon, the interaction between it and gold complexes, and its application 
to gold recovery. 

Chapter 3, by Warshawsky, on the extraction of platinum group metals (PGM) by ion-exchange resins, describes the 
modern approach to PGM recovery and separation, the concentration of PGM by selective polymers, and an integrated 
ion-exchange and liquid-liquid extraction process. Chapter 4, also by Warshawsky, on chelating ion-exchangers, describes 
the syntheses and applications of chelating and co-ordinating polymers. This book is a critical and objective review 
written by experts. It is well-written and illustrated by a mixture of clear and simple diagrams and photographs: there 
is also an excellent balance between theory and application. Primarily, the book will be of great interest to those 
involved in the extraction of metals, but it will also be of interest to all those using ion-exchange or sorption processes 
industrially. 

J. B. CFLAIO 
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the syntheses and applications of chelating and co-ordinating polymers. This book is a critical and objective review 
written by experts. It is well-written and illustrated by a mixture of clear and simple diagrams and photographs: there 
is also an excellent balance between theory and application. Primarily, the book will be of great interest to those 
involved in the extraction of metals, but it will also be of interest to all those using ion-exchange or sorption processes 
industrially. 
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authors, as the role of thermal analysis in the characterization of both pure substances and drugexcipient mixtures is 
covered extensively in this well-produced text. 

The first four chapters of the book are concerned with instrumentation, information obtained from thermal data, 
instrument optimization, and kinetics (stability). Relevant pharmaceutical examples are given but this section of the book 
is, in the main, quite general and the techniques described are not con6ned to studies solely in the pharmaceutical arena. 
The authors refer the reader to other works for greater details of instrument design. 

The remaining ten chapters, which occupy about two-thirds of the text, are each concerned with a particular aspect of 
pharmaceutical thermal analysis. These chapters cover purity, characterization, solid dispersions, polymeric systems, solid 
dosage forms, compatibility, semi-solid systems, liposomes, freeze-drying, and miscellaneous examples. Purity determina- 
tions based on the van’t Hoff equation are given and examples of various possible corrections for the fraction melted are 
discussed. Characterization of pharmaceutical solids concentrates on the important areas of isomers, polymorphs and 
solvates. Here, as throughout the book, complementary techniques such as X-ray diffraction and infrared spectroscopy are 
mentioned. Thermal analysis of urea, cyclodextrins, poly(vinyl pyrrolidone), poly(ethylene glycol) and other carriers in solid 
dispersions are covered and explained with respect to appropriate phase diagrams. Of particular interest is the role of both 
DSC and DTA in predicting and examining age-induced changes in these dispersions. The application of thermal methods 
to polymer characterization, detection of drug-polymer interactions and drug release mechanisms is also described. The 
characterization of drug excipients and solid dosage forms by thermal analysis is covered and the important area of 
drug-excipient compatibility is mentioned with suitable reference of the literature. Thermal analysis of fats and waxes, 
suppositories and pessaries, emulsions, and creams and ointments are all mentioned briefly. The chapter on liposomes is 
concerned with their potential use as drug delivery systems and their use as model membrane systems to provide a simple 
model of drug activity. The use of thermal analysis to determine eutectic temperatures of formulations to be freeze-dried, 
and the subsequent amounts of residual solvent in final products is included. The chapter on miscellaneous applications 
includes detection of polymorphic changes induced by spray-drying or co-grinding. 

Each chapter is followed by a suitable number of references and an index, the latter being a necessary inclusion for the 
inevitable overlap of subject material. On browsing through the index it was a little disappointing not to come across terms 
such as shelf-life, X-ray diffraction, infrared spectroscopy, reference materials, automation or computer control. As the 
subject matter of this field is so extensive, some pharmaceutical examples will be excluded from the text and some specific 
cases will not have been published by workers in industry. However, the authors are to be commended on bringing together 
a vast amount of material, scattered through many different literature sources, to produce a reference text that will have 
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Field-flow fractionation is a method of separating substances of macromolecular and particulate dimensions. The driving 
force can be gravitational, centrifugal, thermal, electrical, magnetic, or shear, acting in the direction perpendicular to the 
flow of the fluid. The technique is similar in many aspects to chromatography but differs in that there is no stationary phase 
other than the walls of the fluid channel. 

Anyone unfamiliar with chromatographic or field-flow techniques will find this book hard to read and digest, partly 
because of the style of writing and/or translation, and partly because of the author’s predilection with minutiae; it is a case 
of not being able to see the forest for the trees. The review is comprehensive and will be of interest to those active in field-flow 
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This book is Volume 19 in a series of Critical Reports on Applied Chemistry, and was published for the Society of 
Chemical Industry in the UK. The book contains four chapters: Chapter 1, by the editors Streat and Naden, on the 
application of ion-exchange to the recovery of uranium, describes the interactions of the uranium recovery flowsheet 
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Secondary Ion Mass Specbometry, SIMS V1: A. BENNINGHOVEN, A. M. HUBER and H. W. WERNER (editors), Wiley, 
Chichester, 1989. Pages xxxiii + 1078. E75.00. 

This substantial book brings together over 200 communications presented at the Sixth International Conference on 
Secondary Ion Mass Spectrometry held at Versailles, September 1987. The overall quality of the papers is high although 
individual papers can, by the very nature of the book, be of variable quality and a few are but brief, relatively uninformative, 
notes. It should be acknowledged, however, that all the papers were refereed and recommendations made to the authors 
for improvement, although there was no follow-up to this. 

The book is particularly valuable in that it gives an overall picture of the current (at the time of presentation) state of 
the technique and of the developments being pursued in different parts of the world. The 13 sections cover latest 
developments in the understanding of fundamental phenomena (including the process of atom ejection by ion-beam 
bombardment of solids; secondary-ion formation during ejection, radiation effects on the mobilization of atoms within the 
target), in instrumentation (especially for the elementary and isotopic analysis of small quantities) and in applications in 
many fields (electronics, metallurgy, surfaces, organic materials, biology, medicine, geology). 

For workers in this field this book must be considered as virtually essential for keeping up with current developments. 

J. R. BACON 

Quantitative Bioassay: D. HAWCROFT, T. HECTOR and F. ROWELL, Wiley, Chichester, 1987. Pages xxiii + 300. El 1.50 
(Softback); E32.50 (Hardback). 

The title of this book unfortunately belies the fact that it is concerned predominantly with the principles of immunoassay 
techniques and their applications. After a short introductory section devoted to general aspects of bioassays (“quantitation 
of a response following application of a stimulus to a biological system”), the book deals with microbiological (bacterial) 
assays, then the remaining two thirds are devoted to theoretical aspects of antigen-antibody interactions and to the 
exploitation of these principles in quantitative radioimmunoassay, enzyme immunoassay and immunofluorescence 
procedures. The attraction of this style of text, from the teacher’s viewpoint, is that it continuously tests the reader’s 
comprehension of the concepts expounded. The text is well laid out, easy to follow and the numerous figures are 
commendably clear. There is a useful glossary of (immunological) terms, although the reader/student is denied the benefits 
of an index. Included is a bibliography of practical texts, but users of this book should be warned that newer editions of 
several of the cited volumes have now been published. The cost is not excessive and this book can be recommended to 
undergraduate students studying practical aspects of microbiology/immunology. 

A. W. THOMSON 

Detection and Data Analysis in Size Exclueioa Chromatography: THEODORE PROVDER (editor), American Chemical Society, 
Washington, DC, 1987. Pages ix + 307. $69.95 (USA and Canada); $83.95 (elsewhere). 

Chemists who fabricate polymers for specific end-uses need to know the structure-property relationships and hence the 
structures of their polymers. One of the most powerful tools for polymer characterization is size exclusion chromatography, 
SEC, also known as gel permeation chromatography, GPC, a unique separational technique based on size differences among 
the solute molecules. This book describes the developments in columns and multiple in-line detectors, which can measure 
concurrently several parameters, such as refractive index, light scattering, IR and UV absorption, viscosity, mass spectra, 
to provide information on polymer composition, molecular weight, molecular weight distribution, and chain branching. 
Simultaneous developments in computer technology for instrument control and data analysis are also described. 

This 17-chapter book is divided into three sections: the first deals with separational mechanisms, and presents an excellent 
overview of SEC, non-size effects in high-performance SEC, preparative SEC, and orthogonal chromatography. The second 
section deals with detectors: five chapters describe the evaluation of molecular weight distribution, molecular siw and shape 
by use of capillary or membrane viscometers in various configurations. One chapter deals with the determination of 
functional groups and another describes the application of SEC to the analysis of coal liquids. The third section covers 
the field of data analysis with chapters on chemometrics, signal analysis, spreading factors, and corrections for instrumental 
broadening. 

The book was developed from an American Chemical Society Symposium on SEC in 1986: the papers are reproduced 
as they were submitted by the authors and not typeset. On the whole the papers are well written, relatively error-free, and 
should be of interest to all polymer chemists in the design and characterization field. 

J. B. CIUIO 

Chemil~~e and Photochemical Reaction Detection in Chromatography: J. W. Bm~s (editor), VCH, New York, 1989. 
Pages x + 291. E49.45. 

The contents of this excellent book are presented in a style which should ensure that those chromatographers who know 
little about these detection methods will rapidly acquire enough background knowledge and understanding to appreciate 
their potential use. Those with difficult selectivity or sensitivity problems will find this book essential reading. 
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About half the book deals with peptic ulcer disease and existing therapy. The rest of the book examines possible areas 
for new drug development. Some chapters such as “Strategies for the Development of Novel Anti-ulcer Drugs” are very 
readable whereas others such as “Pro-&erogenic and Related Lipid Mediators in Gastric Mucosal Damage” are a little 
more demanding. 

Although of great relevance and importance this book can only be recommended for those chemists with more than a 
passing knowledge of physiology, pharmacology and biochemistry. 

P. J. Cox 

Practical Computing for Experimental Scientists: JOHN D. BEASLEY, OUP, Oxford, 1988. Pages xii + 233. f12.50. 

This book is eminently suitable for a beginning postgraduate student or postdoctoral fellow, but any other scientist who 
has not yet come to terms with the computer revolution would find it most helpful in cutting through the jargon that makes 
it difficult to start at the beginning in computing. It offers wide-ranging advice on the choice and application of computers 
for scientific ex~~mentation. Both mainf~e and personal computing are discussed, with no assumptions of prior 
knowledge. The wide variety of topics includes: conn~ing a computer to experimental equipment, data analysis, graphical 
and tabular presentation of data, scientific word processing, secure storage of data, transfer of data between computers, 
telemetry, graphical input, data retrieval, the scientist as programmer, use of spreadsheets, high-ievef languages, machine 
assembly language, rounding errors, statistical analysis of data, finite approximations, pseudo-random numbers, talking 
to a computer expert, choosing a computer, and care and safety. As must be evident from the range of topics, readers cannot 
expect to gain detailed knowledge of any single one, but they will find much sound advice that is not easy to find in the 
many more specialized computer books available today. 

MARY MASS~N 

Jntroductioo to Microwave Sample Prepsration: Theory and Practice: H. M. KINGSTON and LOIS B. JANE (editors), ACS 
Professional Reference Book, AC& Washington, D.C., 1988. Pages xxii + 263. price US S49.95. Export $59.95. 

The process of wet digestion is a necessary step in most analytical procedures, both classical and instrumental. This book 
describes a small revolution in wet digestion methods that has taken place since 1975. It aims to provide most of the 
info~ation required for an analyst to get started in microwave dissolution. The wide range of sample types covered includes 
geological and rne~ur~~l samples, botanical, biological and food samples, pha~a~uti~ls, ~lenium~on~ining 
materials, and minerals. Procedures for Kjeldahl nitrogen determination, remote operation, dissolution in radioactive 
environments, and robotic control are described. Theoretical aspects, and the design of equipment, including vessels, are 
discussed, and safety guidelines are also included. 

MARY MASS~N 
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discussed, and safety guidelines are also included. 

MARY MASS~N 



ii BOOK REVIEWS 

Secondary Ion Mass Specbometry, SIMS V1: A. BENNINGHOVEN, A. M. HUBER and H. W. WERNER (editors), Wiley, 
Chichester, 1989. Pages xxxiii + 1078. E75.00. 

This substantial book brings together over 200 communications presented at the Sixth International Conference on 
Secondary Ion Mass Spectrometry held at Versailles, September 1987. The overall quality of the papers is high although 
individual papers can, by the very nature of the book, be of variable quality and a few are but brief, relatively uninformative, 
notes. It should be acknowledged, however, that all the papers were refereed and recommendations made to the authors 
for improvement, although there was no follow-up to this. 

The book is particularly valuable in that it gives an overall picture of the current (at the time of presentation) state of 
the technique and of the developments being pursued in different parts of the world. The 13 sections cover latest 
developments in the understanding of fundamental phenomena (including the process of atom ejection by ion-beam 
bombardment of solids; secondary-ion formation during ejection, radiation effects on the mobilization of atoms within the 
target), in instrumentation (especially for the elementary and isotopic analysis of small quantities) and in applications in 
many fields (electronics, metallurgy, surfaces, organic materials, biology, medicine, geology). 

For workers in this field this book must be considered as virtually essential for keeping up with current developments. 

J. R. BACON 

Quantitative Bioassay: D. HAWCROFT, T. HECTOR and F. ROWELL, Wiley, Chichester, 1987. Pages xxiii + 300. El 1.50 
(Softback); E32.50 (Hardback). 

The title of this book unfortunately belies the fact that it is concerned predominantly with the principles of immunoassay 
techniques and their applications. After a short introductory section devoted to general aspects of bioassays (“quantitation 
of a response following application of a stimulus to a biological system”), the book deals with microbiological (bacterial) 
assays, then the remaining two thirds are devoted to theoretical aspects of antigen-antibody interactions and to the 
exploitation of these principles in quantitative radioimmunoassay, enzyme immunoassay and immunofluorescence 
procedures. The attraction of this style of text, from the teacher’s viewpoint, is that it continuously tests the reader’s 
comprehension of the concepts expounded. The text is well laid out, easy to follow and the numerous figures are 
commendably clear. There is a useful glossary of (immunological) terms, although the reader/student is denied the benefits 
of an index. Included is a bibliography of practical texts, but users of this book should be warned that newer editions of 
several of the cited volumes have now been published. The cost is not excessive and this book can be recommended to 
undergraduate students studying practical aspects of microbiology/immunology. 

A. W. THOMSON 

Detection and Data Analysis in Size Exclueioa Chromatography: THEODORE PROVDER (editor), American Chemical Society, 
Washington, DC, 1987. Pages ix + 307. $69.95 (USA and Canada); $83.95 (elsewhere). 

Chemists who fabricate polymers for specific end-uses need to know the structure-property relationships and hence the 
structures of their polymers. One of the most powerful tools for polymer characterization is size exclusion chromatography, 
SEC, also known as gel permeation chromatography, GPC, a unique separational technique based on size differences among 
the solute molecules. This book describes the developments in columns and multiple in-line detectors, which can measure 
concurrently several parameters, such as refractive index, light scattering, IR and UV absorption, viscosity, mass spectra, 
to provide information on polymer composition, molecular weight, molecular weight distribution, and chain branching. 
Simultaneous developments in computer technology for instrument control and data analysis are also described. 

This 17-chapter book is divided into three sections: the first deals with separational mechanisms, and presents an excellent 
overview of SEC, non-size effects in high-performance SEC, preparative SEC, and orthogonal chromatography. The second 
section deals with detectors: five chapters describe the evaluation of molecular weight distribution, molecular siw and shape 
by use of capillary or membrane viscometers in various configurations. One chapter deals with the determination of 
functional groups and another describes the application of SEC to the analysis of coal liquids. The third section covers 
the field of data analysis with chapters on chemometrics, signal analysis, spreading factors, and corrections for instrumental 
broadening. 

The book was developed from an American Chemical Society Symposium on SEC in 1986: the papers are reproduced 
as they were submitted by the authors and not typeset. On the whole the papers are well written, relatively error-free, and 
should be of interest to all polymer chemists in the design and characterization field. 

J. B. CIUIO 

Chemil~~e and Photochemical Reaction Detection in Chromatography: J. W. Bm~s (editor), VCH, New York, 1989. 
Pages x + 291. E49.45. 

The contents of this excellent book are presented in a style which should ensure that those chromatographers who know 
little about these detection methods will rapidly acquire enough background knowledge and understanding to appreciate 
their potential use. Those with difficult selectivity or sensitivity problems will find this book essential reading. 
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In the opening chapter the principles of chemiluminesumce and photochemical reactions are lucidly presented and their 
utilization or potential utilization as detectors in Gas Chromatography (GC) and Liquid Chromatography (LC) is discussed. 
Subsequent chapters give the theory, design (including illustrative diagrams), applications and limitations of each detector 
associated with a particular reaction. 

For GC, chemiluminescence detectors based on the use of active nitrogen, nitric oxide/ozone and nitric ox- 
ide/ozone/oxy~n are described. These detectors are selective for different types of ni~ogen~n~ining ~m~unds and it 
is suggested, with some justification, that such detectors will have important applications in industrial, petrochemical, 
environmental and other fields. For LC, post-column on-line detectors based on the use of, e.g., luminoi, lucigen, 
peroxyoxalate (which gets particular attention), electrochemiluminescence and the luciferin-luciferase bioluminescence 
reactions are described and discussed. Finally, an extensive but concise review of direct and indirect photochemical reaction 
detectors for LC is given. 

Every chapter in the book is very well referenced, e.g., the chapter on photochemical reaction detectors has more than 
300 references. Hence further info~ation on some particular topic of interest can be rapidly acquired. 

R. R. MOODY 

Enviromnentd Analysis using Chromatography Interfaced with Atomic Spectwcopy: R. HARRWN and S. RAPWMANIKXS 
(editors), Ellis Hotwood, Chichester, 1989. Pages 370. E59.50. 

I have very much enjoyed reading this book which is a very timely addition to the secondary literature on environments 
analysis. The two editors have served us well, not just with their own chapters (Sulphur and Mercury, respectively) but 
especially by prevailing upon an excellent team of experienced workers to collaborate and then by making sure that all 
the contributions fitted the same style and approach. The result is a book both readable and informative, enriched by 
considerable detail on the individual methods. If, having started, you do not read this book through to the end, it will be 
because you have already succumbed to the temptation to try the combined instrumentation methods for yourself in the 
la~rato~! 

The book is in two sections with Chapters l-6 covering the general topics of instr~entation (1: Basic principles, 2: 
Atomic absorption detectors, 3: Flame photometric detectors, 4: Plasma emission detectors, 5: Atomic fluorescence 
detectors, and 6: Interfaces between HPLC and FAAS). All chapters are well written, make reference to specific applications 
and give tabulations of performance data. Chapters 7-12 are devoted to particular elements and compare the applicability 
and success of different techniques, including details of sample handling and work-up (7: Tin and germanium, 8: Lead, 9: 
Arsenic and antimony, 10: Mercury, 11: Selenium and 12: Sulphur). 

The book is attractively presented (though there should be a prize for anyone who can guess what the cover ~ustration 
represents), well referenced, and with very few typographical errors: Table 6.1 seems to have got muddled, and on page 
307 the microwave plasma is presumably a helium one, not a medium one! 

The authors make the important point that in general, the hardware is not commercially available for the coupled 
techniques described (except for GC-MIP). However, with this book in one hand and a small tool kit in the other, the 
do-it-yourself enthusiast will surely have success in these endeavours and be saved the frustration of making too many 
mistakes. I give this book my strongest recommendation. 

I. L. MARR 

Problema in Chemistry: HENRY 0. DALEY, JR and ROBERT F. O’MALLEY, 2nd Edition, Revised and Expanded, Marcel 
Dekker, New York, 1988. Pages xvii + 476. $39.50 (USA and Canada); $47.25 (elsewhere). 

This book, which is designed for American Freshman Chemistry courses, could be a most useful source of exercises for 
the earlier years of a chemistry course at a British University, in particular a Scottish one or for some advanced school 
courses. 

It consists of nineteen chapters, ranging from units, composition and equations to elementary thermodynamics, chemical 
equilibrium, electrochemistry and kinetics. Each chapter has a series of carefully worked examples which will be very useful 
to students. One of the very attractive features of the book is that the data for many of the problems are taken from the 
chemical literature and the references are quoted. Students can then see that the kind of calculations which they are asked 
to do are part of the chemist’s stock in trade and many will be in continual use in later courses. 

While the chapter on chemical bonds gives practice in writing Lewis structures and contains examples of the use of 
electron-pair repulsion theory, there is no mention of orbitals or electron configurations. The problems in this chapter, 
although very useful, give a slightly dated look to the book. Certainly, students do need to be able to count electrons and 
know how they are arranged in the molecule, but they also need to know something about electron configurations and 
elementary molecular orbital theory. The approach to bonding adopted in the book is a version of valence bond theory 
grafted on to the pioneering ideas of Lewis. 

The appendix B on calculators and computers contains a number of ty~graphi~l errors and errors in logic and is not 
at all useful. Nevertheless the book as a whole is a useful addition to the library of any chemistry teacher. The production 
of the book is up to the high standards which one expects from Marcel Dekker but the price will certainly deter students 
and even teachers from buying it. 

J. H. BINK~ 
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described in this book and had it been published a few years ago this chapter would have been particularly useful. However, 
perhaps one reason why Raman spectroscopy is becoming an important technique is that more modem methods of detection 
are now employed. Thus, charge-coupled devices and similar systems are becoming favoured as the detection system. In 
addition, in order to enhance sensitivity, it is usual to spin the sample to reduce problems with photo-dissociation or 

absorption. Thus, this book would seem to me to be rather dated in its practical approach and I would have been happier 
if more attention had been paid to the modem development of Raman spectroscopy. 

Much of the interest of the chemist or analyst is usually centred on the vibrational analysis of particular molecules. In 
two chapters on organic and inorganic applications, the authors have summarized a number of important areas in a way 
in which the average reader can appreciate the types of signal to be expected and the value of recording them. The book 
then finishes with selected applications of Raman spectroscopy, including its use with polymers and bio-polymers, with 
complex compounds, and in matrix isolation spectroscopy. Perhaps surprisingly, the last chapter in the book is entitled 
fundamental concepts of spectroscopy and is a summary of much useful information that might well have appeared earlier 
in the text. There is also an atlas of spectra which may be quite useful to the average user. 

Thus, if what is required is a conventional teaching text for Raman spectroscopy, this book is about adequate. Where 
it fails completely is in discussing newer aspects of Raman spectroscopy and consequently it is not a book to be 
recommended for teaching purposes to those who are not familiar with modem developments. For example, there has beeu 
a very great expansion in resonance Raman spectroscopy, including the detection of the spin and oxidation states of 
haemoglobin. There has also been considerable interest in surface-enhanced Raman spectroscopy for such purposes as 
detecting the presence of anti-corrosive layers on metal surfaces. There are many more complicated techniques which have 
also appeared in the last few years. It is always difficult to know where a book should end, but it seems to me that resonance 
Raman spectroscopy in particular is now just part of the Raman spectroscopist’s armoury. Perhaps this can be best 
illustrated by saying that 10 or 15 years ago Raman spectroscopists tended to avoid coloured compounds, whereas now, 
many of the papers appearing in the literature make use of visible-region lasers and coloured compounds in order to obtain 
the sensittvity, through resonance, needed for the intended application. This would seem to be one of the key areas where 
analytical applications could be very much extended in the future. Thus, this is a good book to be recommended as a 
teaching text provided the course is taught by spectroscopists who are able to add a more modem gloss to the course they 
give. It cannot be recommended as an upto-date account of Raman spectroscopy. 

W. EWEN SMITH 

Idared S-y: W. 0. GEORGE and P. S. M~INTYE, Wiley, Chichester, 1987. Pages xx + 537. El?.50 (softback), 
f44.00 (hardback). 

Infrared spectroscopy is widely used by preparative chemists in qualitative analysis. It also has very important applications 
in quantitative analysis, but its use there is more restricted. Thus, in the teaching of analytical chemistry the place of infrared 
spectroscopy is secure but the depth of understanding that is required is more difficult to assess. Many chemistry courses 
spend most time on discussing theory, whereas the analytical chemist requires in addition a knowledge of the range of 
applications possible. Thus, there is need for a book which particularly deals with the analytical applications. The book 
reviewed here is one such text. 

The authors have constructed a text of open-learning type, which is both logical in its approach and easy to read. It covers 
the background theory, the modern applications of the Fourier transform and the main analytical areas very well. Most 
of the material that will be required for use in analytical courses is available from the text without reference to other books. 
Therefore it can be recommended as a good teaching text. 

Inevitably there will be drawbacks, since different courses have different requirements. This book has been delibemtely 
constructed so that the amount of theory is limited, and on one issue I do not agree with the authors’ approach. They 
use visible-region spectroscopy to illustrate the basic concept of absorption spectroscopy and switch from that to infrared 
during the first chapter. They do not discuss the selection rules for visible-region spectroscopy but simply switch to selection 
rules for infrared. I feel that a straight approach to infrared spectroscopy, particularly since it is not intended to cover the 
field in any depth, would have been better. However, the infrared theory, when it is reached, is well and clearly written. 
Fourier transform spectroscopy is likely to play a larger part in the use of infrared in future and the basic technique is 
well explained, as are the general advantages. Perhaps one slightly di~p~inting feature is that the applications given later 
in the book cover more conventional and well established areas where infrared has been used and the full potential of 
Fourier transform spectroscopy in tackling surface layers. biological cells etc.. is neither fully explained nor illustrated and 
it may be that a revised edition of this book will be required within a relatively short space of time. 

Parts of infrared spectroscopy theory appear difficult to some students. For example, the concept of normal vibrations 
is often not clearly explained. In this book them is an explanatton that seems both simple and logical, and in other areas 
of spectroscopy which cause problems (such as the use of group frequencies) the explanation is again both good and clear. 
ft is a pity therefore that the authors did not put a general index at the back of the book, to make it easier for a student 
later in his career to dip into the text and consider an individual toptc. This deficiency is one which I tind strange. During 
a lecture course a text is approached logically from one chapter to another, but in the laboratory, there is a need to turn 
to a paragraph or subsection to study a particular point of interest. Another omission which seems unusual is the limited 
amount of information on small molecules such as metal complexes, where symmetry and the nature of normal vibrations 
plays a bigger part. 
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Overall, this is a very useful book which should be seriously considered as a teaching text for courses in infrared 
spectroscopy, particularly its analytical applications. Clear, logical and correct in its approach, it may save future 
generations a few headaches experienced by their predecessors. 

W. EWEN SMITH 

TA‘ 17,s-c 
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George de Heveay 1885-1966 FestscMft: G. MARX (editor), Akadcmiai Kiad6, Budapest, 1988. Pages iv + 165. El 1.50. 

This Festschrifr is a compilation of lectures presented in Budapest in 1986 to celebrate the centenary of the birth of George 
de Hevesy, who received the Nobel Prize for Chemistry in 1943 for establishing the use of radioactive isotopes for 
investigating chemical processes. As such, the book contains biographical and scientific contributions from scientists present 
at the meeting who have personally worked with de Hevesy or in Irmboratories where he had previously worked, or have 
been associated with major developments that have followed from his work. 

In a lifetime devoted to study of radioactivity and its applications de Hevesy contributed to the discovery of the concept 
of isotopes, discovered the element hafnium (with D. Coster), established the basis of isotope dilution analysis (with 
R. Hobbie) and neutron activation analysis (with H. Levi). When suitable isotopic tracers became available he turned his 
attention to their applications in biochemistry, making further benchmark contributions. 

The three biographical contributions include a brief general biography with details of his movement around Europe in 
response to the political climate, a survey of his activities in Hungary, and a review of his cont~butions to geochemistry. 
The last of these (by the author of his definitive biography) includes considerations of the age of the earth, the abundance 
and distribution of the elements, and the recognition of Sm-Nd decay, which subsequently became the basis of a method 
of geological dating. The scientific contributions include two from Nobel Laureates (R. L. Miissbauer and K. Siegbahn) 
and provide accounts of the development of some physical methods related to de Hevesy’s discoveries--MBssbauer 
spectroscopy, neutron spin echo (inelastic neutral scattering) and electron spectroscopy for chemical analysis. Some 
contributions are in an anecdotal style which illustrates the excitement and problems of scientific research. The text is 
supported with copies of correspondence (e.g., with Gold~~dt), diagrams of historical apparatus associated with original 
discoveries, photographs of personalities at the celebration, and a comprehensive list of de Hevesy’s 396 publications. 

This collection of papers, which is very reasonably priced, should provide interesting reading for the scientific community, 
and will be of particular interest to those involved with studies using radioactive isotopes or interested in the history of 
science. (A personal regret is that activation analysis and isotope dilution analysis are not more fully covered.) 

J. E. WHITLEY 

Petroanalysis ‘87-DeveIopments in Aoalytkal Ehemistry In the Petroleum hi&q: G. B. Crump (editor), Wiley, Chichester, 
1988. Pages x + 290. E50.00. 

This book contains the Proceedings of the Third Petro Analysis Symposium held under the auspices of the (U.K.) Institute 
of Petroleum and the Royal Society of Chemistry in 1987. It contains 26 papers by 42 authors. most of whom work in 
the analytical divisions of the major oil companies. The papers show that in the past few years there have been considerable 
advances in the development of existing techniques and in the use of emanations of techniques to overcome present 
difficulties in the analyses of crude oils, heavy and light refinery distillates, residuals, waxes, lubricating oils and additives, 
and corrosion inhibitors, and in environmental monitoring of trace elements in water discharges, and of atmospheric 
pollution by oil-based drilling fluids. The few papers on laboratory information management systems, fully-automated 
analyses, and the use of robotics, indicate that developments will continue into the future. Although the papers are written 
in different styles and in different typefaces, they are well presented, clear, and contain sufficient detail to appeal, and be 
of interest, to analysts inside and out with the petrochemical industries. 

J. B. CRAIG 

Handbook of Renal-Independeot Cardiac Glycoskles: NORBERT RIETBR~CK and BARRY G. WOODCOCK, Ellis Horwood, 
Chichester, 1989. Pages xxi + 328. 04.00. 

Much of this book deals with the clinical and pha~colo~~l aspects of cardiac glycosides but some interesting history 
as well as chemistry and pharmaceutics is included. The relevance of this text is related to the fact that cardiac glycosides 
are currently the most important class of drugs used for the therapy of chronic heart failure. 

The term “renal-independent” is based on both functional and therapeutic practice. Renal-independent cardiac glycosides 
such as d&toxin (from the purple foxglove), gitoformate and p&toxin are contrasted with renal-dependent glycosides 
such as digoxin and its derivatives. 

The first chapter on historical aspects is followed by a chapter on the chemical background. Some very nice structure 
diagrams are presented that show clearly the steroidal and sugar moieties in these molecules. Basic pha~ac~ynamic 
actions relating to cardiac and extra-cardiac effects are then discussed. Aspects of tablet fo~ulation, especially the very 
low dose of active ingredient required, are detailed in a concise and competent manner. The longest chapter deals with the 
pharmacokinetics of both natural and semi-synthetic cardiac glycosides. Specifically, digitoxin, gitoformate, pengitoxin and 
gitotoxin are examined by the consideration of results from over 200 literature sources. 

The remaining chapters concentrate on clinical details such as toxicity, therapy in the aged, prescribing guidelines 
and drug interactions. Some interesting case studies are included. A small chapter on drug concentration measurement and 
drug monitoring is included. This describes results from methods involving mdioimmunoas~y, bioassay and HPLC in 
combination with radioimmunoas~y. The reader is referred to literature sources for full details of these methods. 

A comprehensive index is included and throughout the text many experimental results are clearly presented in graphical 
form. Those who work in the clinical and pharmaceutical sciences will find this book of much interest. 

P. J. Cox 
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are currently the most important class of drugs used for the therapy of chronic heart failure. 

The term “renal-independent” is based on both functional and therapeutic practice. Renal-independent cardiac glycosides 
such as d&toxin (from the purple foxglove), gitoformate and p&toxin are contrasted with renal-dependent glycosides 
such as digoxin and its derivatives. 

The first chapter on historical aspects is followed by a chapter on the chemical background. Some very nice structure 
diagrams are presented that show clearly the steroidal and sugar moieties in these molecules. Basic pha~ac~ynamic 
actions relating to cardiac and extra-cardiac effects are then discussed. Aspects of tablet fo~ulation, especially the very 
low dose of active ingredient required, are detailed in a concise and competent manner. The longest chapter deals with the 
pharmacokinetics of both natural and semi-synthetic cardiac glycosides. Specifically, digitoxin, gitoformate, pengitoxin and 
gitotoxin are examined by the consideration of results from over 200 literature sources. 

The remaining chapters concentrate on clinical details such as toxicity, therapy in the aged, prescribing guidelines 
and drug interactions. Some interesting case studies are included. A small chapter on drug concentration measurement and 
drug monitoring is included. This describes results from methods involving mdioimmunoas~y, bioassay and HPLC in 
combination with radioimmunoas~y. The reader is referred to literature sources for full details of these methods. 

A comprehensive index is included and throughout the text many experimental results are clearly presented in graphical 
form. Those who work in the clinical and pharmaceutical sciences will find this book of much interest. 

P. J. Cox 
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Analytical Chemistry by Open Learning-Polarography and other Voltammetric Methods: TOM RILEY and ARTHUR WARN, 
Wiley, Chichester, 1987. Pages xxii + 283. 

The authors have taken about 300 pages to explain, at an introductory level, four electroanalytical techniques, classical 
d.c., normal pulse and differential pulse polarography, and stripping voltammetry, but with more succinctness and greater 
clarity a book half this size would have sufhced. The concept of open teaming is a laudable one but its execution, as judged 
by this publication, leaves much to be desired. This book is a cross between a story book, a text-book, and one on 
programmed learning, without the merits of each. There are several obvious errors: for example, the model of the electrical 
double layer, as portrayed in Fig. 1.3b, is incorrect in several ways; Fig. 4.la is meant to represent the anodic stripping 
of copper but displays cathodic stripping. CPZNOSO, p. 213, apparently “gives twice the wavelength of CPZSO”. The 
book does have some good points, but these are diluted too often by repetitious comments on less-important matters. 

J. 3. CRAIG 

TAL 3717-H 
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In the opening chapter the principles of chemiluminesumce and photochemical reactions are lucidly presented and their 
utilization or potential utilization as detectors in Gas Chromatography (GC) and Liquid Chromatography (LC) is discussed. 
Subsequent chapters give the theory, design (including illustrative diagrams), applications and limitations of each detector 
associated with a particular reaction. 

For GC, chemiluminescence detectors based on the use of active nitrogen, nitric oxide/ozone and nitric ox- 
ide/ozone/oxy~n are described. These detectors are selective for different types of ni~ogen~n~ining ~m~unds and it 
is suggested, with some justification, that such detectors will have important applications in industrial, petrochemical, 
environmental and other fields. For LC, post-column on-line detectors based on the use of, e.g., luminoi, lucigen, 
peroxyoxalate (which gets particular attention), electrochemiluminescence and the luciferin-luciferase bioluminescence 
reactions are described and discussed. Finally, an extensive but concise review of direct and indirect photochemical reaction 
detectors for LC is given. 

Every chapter in the book is very well referenced, e.g., the chapter on photochemical reaction detectors has more than 
300 references. Hence further info~ation on some particular topic of interest can be rapidly acquired. 

R. R. MOODY 

Enviromnentd Analysis using Chromatography Interfaced with Atomic Spectwcopy: R. HARRWN and S. RAPWMANIKXS 
(editors), Ellis Hotwood, Chichester, 1989. Pages 370. E59.50. 

I have very much enjoyed reading this book which is a very timely addition to the secondary literature on environments 
analysis. The two editors have served us well, not just with their own chapters (Sulphur and Mercury, respectively) but 
especially by prevailing upon an excellent team of experienced workers to collaborate and then by making sure that all 
the contributions fitted the same style and approach. The result is a book both readable and informative, enriched by 
considerable detail on the individual methods. If, having started, you do not read this book through to the end, it will be 
because you have already succumbed to the temptation to try the combined instrumentation methods for yourself in the 
la~rato~! 

The book is in two sections with Chapters l-6 covering the general topics of instr~entation (1: Basic principles, 2: 
Atomic absorption detectors, 3: Flame photometric detectors, 4: Plasma emission detectors, 5: Atomic fluorescence 
detectors, and 6: Interfaces between HPLC and FAAS). All chapters are well written, make reference to specific applications 
and give tabulations of performance data. Chapters 7-12 are devoted to particular elements and compare the applicability 
and success of different techniques, including details of sample handling and work-up (7: Tin and germanium, 8: Lead, 9: 
Arsenic and antimony, 10: Mercury, 11: Selenium and 12: Sulphur). 

The book is attractively presented (though there should be a prize for anyone who can guess what the cover ~ustration 
represents), well referenced, and with very few typographical errors: Table 6.1 seems to have got muddled, and on page 
307 the microwave plasma is presumably a helium one, not a medium one! 

The authors make the important point that in general, the hardware is not commercially available for the coupled 
techniques described (except for GC-MIP). However, with this book in one hand and a small tool kit in the other, the 
do-it-yourself enthusiast will surely have success in these endeavours and be saved the frustration of making too many 
mistakes. I give this book my strongest recommendation. 

I. L. MARR 

Problema in Chemistry: HENRY 0. DALEY, JR and ROBERT F. O’MALLEY, 2nd Edition, Revised and Expanded, Marcel 
Dekker, New York, 1988. Pages xvii + 476. $39.50 (USA and Canada); $47.25 (elsewhere). 

This book, which is designed for American Freshman Chemistry courses, could be a most useful source of exercises for 
the earlier years of a chemistry course at a British University, in particular a Scottish one or for some advanced school 
courses. 

It consists of nineteen chapters, ranging from units, composition and equations to elementary thermodynamics, chemical 
equilibrium, electrochemistry and kinetics. Each chapter has a series of carefully worked examples which will be very useful 
to students. One of the very attractive features of the book is that the data for many of the problems are taken from the 
chemical literature and the references are quoted. Students can then see that the kind of calculations which they are asked 
to do are part of the chemist’s stock in trade and many will be in continual use in later courses. 

While the chapter on chemical bonds gives practice in writing Lewis structures and contains examples of the use of 
electron-pair repulsion theory, there is no mention of orbitals or electron configurations. The problems in this chapter, 
although very useful, give a slightly dated look to the book. Certainly, students do need to be able to count electrons and 
know how they are arranged in the molecule, but they also need to know something about electron configurations and 
elementary molecular orbital theory. The approach to bonding adopted in the book is a version of valence bond theory 
grafted on to the pioneering ideas of Lewis. 

The appendix B on calculators and computers contains a number of ty~graphi~l errors and errors in logic and is not 
at all useful. Nevertheless the book as a whole is a useful addition to the library of any chemistry teacher. The production 
of the book is up to the high standards which one expects from Marcel Dekker but the price will certainly deter students 
and even teachers from buying it. 

J. H. BINK~ 
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iv BOOK REVIEWS 

Ekctropbresis: MAUREEN MELVIN, Chichester, 1987. Pages xxi + 131. f9.95 (flexicover); f28.00 (cloth). 

This a good introduction to the technique of electrophoresis. It describes the various versions of electrophoresis, the types 
of support media used, the factors affecting mobility, and the types of detectors available. There is a small section on 
immunoelectrophoresis and another on two-dimensional techniques. The book is written in simple, though at times 
oversimplified, terms, and is well illustrated, except for Fig. 2.3a which contains several mistakes. Some of the 
self-assessment questions are rather difficult, but the author’s responses are an excellent guide on how they can and should 
be answered. A cautionary note should have been included warning students that some of the stains used in detection are 
hazardous to health, for example, ethidinium bromide is a mutagen, ninhydrin and ANS are irritants, and dansyl chloride 
is corrosive. 

J. B. CKAIG 

Chemical Mod&g of A~IWOUS Systems II: D. C. MELCHIOR~~~ R. L. BASSEIT (editors), ACS, Washington, DC, 1990. Pages 
xvi + 556. $89.95 (U.S.), $107.95 (elsewhere). 

This book is based on a symposium held in 1988, which sets the limits for references. It consists of 41 chapters by separate 
authors, the work being almost entirely American in origin. The aqueous systems involved are predominantly natural 
surface and ground waters, although hydrothermal conditions are covered to some extent. Industrial water systems are not 
specifically considered. The early chapters are of the greatest generality, discussing activity coefficients in concentrated 
solutions, the effects of pressure and the solubility of volatile electrolytes. Other sections concentrate on solid/solution 
equilibria, transport, adsorption effects and the role of organ& Although many of these later chapters refer to specific 
instances, they are often also exemplary. This book can be recommended to the research worker and graduate student in 
limnology, oceanography and, to a lesser extent, geochemistry as a very useful, up-to-date and authoritative source of data 
and ideas, many of which should also be relevant to those concerned with the fate of industrial chemical discharges. 

D. MIDGLEY 

Steroid AnaIysis in the Pharmaceutical Industry: S. G&i~cjG (editor), Ellis Horwood, Chichester, 1989. Pages xi + 398. f69.50. 

The 25 authors that have contributed to this impressive text are based in various countries, notably Hungary and the U.S.A., 
and they represent much of the steroid industry. The editorial staff must be congratulated for bringing these authors together 
and for producing such a comprehensive work. 

A short introduction on industrial steroid analysis is followed by an excellent chapter on methods used in steroid analysis. 
It is certainly worth buying the book just for this chapter, which covers spectroscopic methods, chromatographic analysis, 
protein binding and electroanalytical methods. The 10 authors who have contributed to the chapter have cited over 800 
references and all relevant analytical methods are covered at an introductory level. 

The smaller chapter on structure elucidation covers previously mentioned instrumentation, e.g., IR, NMR and GCMS, 
and the powerful X-ray crystallographic technique is also briefly mentioned. The remaining chapters deal with analytical 
control of the production of steroids, analytical control of steroid formulations and determination of steroids in biological 
media. Analytical aspects of preformulation studies are included and there is a section on health control of workers in steroid 
hormone production. Many case histories of real analytical problems are given and the practical nature of the book is very 
evident. Also, as might be expected in a text compiled by different authors, there is some overlap between chapters. 

Chromatography, especially HPLC, is of prime importance in steroid analysis and this topic is well covered, not only 
in the section on chromatographic analysis, but also throughout the book. Thin-layer chromatography is not neglected and 
although a large number of GLC stationary phases (e.g., silicone oils) have been used in packed columns, the more recent 
fused-silica capillaries with chemically-bonded phases are now recommended by the authors for routine assay work. 
Resolving chiral steroids by the use of cyclodextrin and the interfacing of LC with MS is also mentioned. 

The book, which contains well over 1200 references, is illustrated with many well-produced spectra and chromatograms. 
There is much here that will be of great interest to all chemists and pharmacists who work with steroids. 

P. J. Cox 

Packings and Stationary PIwee in Chromatognpbic Techniques: K. K. UNGER (editor), Dekker, New York, 1990. Pages 
viii + 835. $150 (U.S. and Canada), $180 (elsewhere). 

Stationary phases have been the subject of relatively few books in chromatography yet they are the most important part 
of any separation. This deficiency has been rectified in this compilation edited by Klaus Unger which has brought together 
materials used in the different areas of chromatography. The book has three main areas. Introductory chapters cover the 
history of packing materials and a survey of the different types of stationary phases. 

The second section is the most important, with broad surveys of stationary phases for the main chromatographic methods. 
Materials for gas-liquid chromatography are considered by Piirschmann and Engewald. They include gassolid materials 
and comparisons of the different liquid phases. Thin-layer chromatography sorbents, including reversed phase, cellulose 
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P. J. Cox 

Packings and Stationary PIwee in Chromatognpbic Techniques: K. K. UNGER (editor), Dekker, New York, 1990. Pages 
viii + 835. $150 (U.S. and Canada), $180 (elsewhere). 

Stationary phases have been the subject of relatively few books in chromatography yet they are the most important part 
of any separation. This deficiency has been rectified in this compilation edited by Klaus Unger which has brought together 
materials used in the different areas of chromatography. The book has three main areas. Introductory chapters cover the 
history of packing materials and a survey of the different types of stationary phases. 

The second section is the most important, with broad surveys of stationary phases for the main chromatographic methods. 
Materials for gas-liquid chromatography are considered by Piirschmann and Engewald. They include gassolid materials 
and comparisons of the different liquid phases. Thin-layer chromatography sorbents, including reversed phase, cellulose 
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Ekctropbresis: MAUREEN MELVIN, Chichester, 1987. Pages xxi + 131. f9.95 (flexicover); f28.00 (cloth). 

This a good introduction to the technique of electrophoresis. It describes the various versions of electrophoresis, the types 
of support media used, the factors affecting mobility, and the types of detectors available. There is a small section on 
immunoelectrophoresis and another on two-dimensional techniques. The book is written in simple, though at times 
oversimplified, terms, and is well illustrated, except for Fig. 2.3a which contains several mistakes. Some of the 
self-assessment questions are rather difficult, but the author’s responses are an excellent guide on how they can and should 
be answered. A cautionary note should have been included warning students that some of the stains used in detection are 
hazardous to health, for example, ethidinium bromide is a mutagen, ninhydrin and ANS are irritants, and dansyl chloride 
is corrosive. 

J. B. CKAIG 

Chemical Mod&g of A~IWOUS Systems II: D. C. MELCHIOR~~~ R. L. BASSEIT (editors), ACS, Washington, DC, 1990. Pages 
xvi + 556. $89.95 (U.S.), $107.95 (elsewhere). 

This book is based on a symposium held in 1988, which sets the limits for references. It consists of 41 chapters by separate 
authors, the work being almost entirely American in origin. The aqueous systems involved are predominantly natural 
surface and ground waters, although hydrothermal conditions are covered to some extent. Industrial water systems are not 
specifically considered. The early chapters are of the greatest generality, discussing activity coefficients in concentrated 
solutions, the effects of pressure and the solubility of volatile electrolytes. Other sections concentrate on solid/solution 
equilibria, transport, adsorption effects and the role of organ& Although many of these later chapters refer to specific 
instances, they are often also exemplary. This book can be recommended to the research worker and graduate student in 
limnology, oceanography and, to a lesser extent, geochemistry as a very useful, up-to-date and authoritative source of data 
and ideas, many of which should also be relevant to those concerned with the fate of industrial chemical discharges. 

D. MIDGLEY 

Steroid AnaIysis in the Pharmaceutical Industry: S. G&i~cjG (editor), Ellis Horwood, Chichester, 1989. Pages xi + 398. f69.50. 

The 25 authors that have contributed to this impressive text are based in various countries, notably Hungary and the U.S.A., 
and they represent much of the steroid industry. The editorial staff must be congratulated for bringing these authors together 
and for producing such a comprehensive work. 

A short introduction on industrial steroid analysis is followed by an excellent chapter on methods used in steroid analysis. 
It is certainly worth buying the book just for this chapter, which covers spectroscopic methods, chromatographic analysis, 
protein binding and electroanalytical methods. The 10 authors who have contributed to the chapter have cited over 800 
references and all relevant analytical methods are covered at an introductory level. 

The smaller chapter on structure elucidation covers previously mentioned instrumentation, e.g., IR, NMR and GCMS, 
and the powerful X-ray crystallographic technique is also briefly mentioned. The remaining chapters deal with analytical 
control of the production of steroids, analytical control of steroid formulations and determination of steroids in biological 
media. Analytical aspects of preformulation studies are included and there is a section on health control of workers in steroid 
hormone production. Many case histories of real analytical problems are given and the practical nature of the book is very 
evident. Also, as might be expected in a text compiled by different authors, there is some overlap between chapters. 

Chromatography, especially HPLC, is of prime importance in steroid analysis and this topic is well covered, not only 
in the section on chromatographic analysis, but also throughout the book. Thin-layer chromatography is not neglected and 
although a large number of GLC stationary phases (e.g., silicone oils) have been used in packed columns, the more recent 
fused-silica capillaries with chemically-bonded phases are now recommended by the authors for routine assay work. 
Resolving chiral steroids by the use of cyclodextrin and the interfacing of LC with MS is also mentioned. 

The book, which contains well over 1200 references, is illustrated with many well-produced spectra and chromatograms. 
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Computer-Aided Mokadar Design: W. G. RICKS (editor), IBC, London, 1989. Pages vii + 266. E95.00. 

The advances in both computer technology and theoretical calculations have now reached a stage where a publication 
detailing current activities in molecular design and modelling will attract much interest. In this large, A4 size, book there 
are 21 short chapters that are based on talks given at European conferences on computer-aided molecular design. Bach 
chapter is a complete work in its own right and hence the reader can turn directly to a topic of interest without missing 
any required preamble. A subject index, in very small print, is provided and the chapters range in size from 5 to 22 pages. 
The book is not formally divided into sections but the advertising literature associated with the text has got it about right 
when it describes the contents under the headings “Tools”, “Drugs”, “Protein Structure” and “Materials”. 

The first section is a collection of 7 dissertations that cover the various techniques used by workers in this field. The 
opening chapter on “Databases of Molecular Structure” by Peter Murray-Rust includes several examples of different search 
routines that are available. David White’s important chapter on “Molecular Mechanics” includes details of the use of 
transputers for large scale MM calculations. The use of quantum mechanics, free-energy perturbation, distance geometry 
and symbolic logic in molecular modelling is also covered and the section is completed by a chapter describing the specific 
features of an IBM graphics system. 

The chapter on ‘Computer-aided Drug Design” by Garland Marshall is very easy to read and forms a basis for the more 
subject-specific chapters such as “Theoretical Studies of Groove-binding Drugs with DNA” by Krystyna Zakrxewsk and 
Richard Lavery. Interactions between drug and receptor are discussed in several chapters, as are three-dimensional 
comparisons of molecular conformations by computer graphics. 

Protein structures receive the widest coverage and the statement that the Brookhaven datafile contains about 300 entries 
appears in several chapters. The use of nmr as well as X-ray crystallographic data in protein molecular modelling is covered 
and the technique of dynamic simulated annealing to fold structures is explained. The various techniques used for 
representing protein structures on display screens are detailed and several representations are shown as black-and-white 
or colour photographs. Unfortunately no stereo diagrams are included in the book. The chapter on “Antigenic 
Recognition” by Thornton, Barlow and Edwards emphasizes the potential clinical importance of computer-modelling in 
predicting possible peptides that might be effective against different strains of viruses. 

The final chapters cover computer-modelling of materials of non-biological interest. In particular, attempts to understand 
the complex chemistry of zeolites by constructing models to emphasize the framework topology and the shapes and sizes 
of the various channels and cages, are detailed. Modelling of doped material, as used for example in lasers and 
superconductors, by the specification of an interatomic potential is covered. 

Extensive references are given after each chapter and 35 colour plates are included at the end of the book. The 
photographs clearly demonstrate the versatility of modem computer graphics but no book can do justice to this form of 
molecular modelling; to observe a model of a macromolecule apparently rotating in three-dimensional space can be literally 
quite breathtaking. 

Because important advances are being made in this broad field it is important to know what computer systems and 
programs are being used, what progress has been made and what ideas for future study are being presented. The subject 
matter of the various chapters is dealt with at a level that is not too demanding and the extensive range of subjects covered 
will enable any reader to find something of interest in this well-produced text. Highly recommended. 

P. J. Cox 
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and polymeric materials, and the different designs of TLC plates are discussed by Hauck and Jost. Unger has included two 
chapters, a brief introduction to liquid-liquid partition chromatography, and then a comprehensive survey of sorbents for 
column liquid chromatography, which constitutes the major section of the book. This covers the different materials and 
their physical, chemical, and chromatographic characterization, and ends with a comprehensive listing of the different 
commercial materials, which now includes over 300 reversed phase. materials. 

The last part of the book is a series of shorter chapters on specialized areas of columns with specific interactions (size 
exclusion chromatography, by Dawkins; donor-acceptor complex chromatography, by Hemetsberger; the related chiral 
phases, by Pirkle and Pochapsky; ion-exchangers, by Pietrxyk; ligand-exchange phases, by Davankov; atTinity chromatog- 
raphy, by Janson and Kristiansen; and packings for ion-pair chromatography, by Persson and Lagerstrom). 

One inevitable comparison for this book is with the earlier work by Unger on porous silica, which for many years was 
the bible of anyone interested in liquid chromatographic stationary phases. The present work is a different book with 
different aims, much broader in its outlook. The difference also emphasizes two changes in the intervening 10 years, first 
a greater recognition of the similarities and relationships of the different forms of chromatography and secondly the much 
wider range of materials now in use, based not just on silica but also on alumina, carbon or polymeric matrices. 

The book however, suffers from a common problem of edited works; many of the chapters were prepared some time 
ago and often contain no references after 1986; in others updating has taken place but little is included after 1987. The 
chapter on TLC materials appears to have been completed in 1983, with only 2 later references. Sometimes this gives a 
dated viewpoint-aluminium-coated capillaries had just been introduced as a novelty, the many recent advances in chiral 
phases are not included, and there are no references to SFC. 

However, overall it will be a useful reference book as an introduction to the topic of stationary phases although it will 
need to be supplemented by more recent books and reviews, particularly in the specialist areas. 

R. M. Shnrrt 
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BUDAPEST 
17-22 August, 1991. 

Preliminary Registration Form 

Family name ....................................................................... First name ........................................... 
Profession/Title ................................................................................................................................. 
Organization/Institution/Company .................................................................................................. 
Mailing address ................................................................................................................................ 
............................................................................................. Country ............................................... 
Telephone ............................... Telex ................................ Telefax ................................................. 
Accompanied by (family member) Name(s) .................................................................................... 
I wish to present a poster: in the Section ................................................................................. 
with the title ..................................................................................................................................... 
........................................................................................................................................................... 

EXHIBITION 
A technical exhibition will be held with the Congress. All enquiries regarding participation in 

the exhibition should be directed to: 

INTERPRESS 
International Business Service 
H-1075 Budapest, Tar&s krt. 9. 
Telephone: + 36 1 120 852 
Telefax: + 36 1 327 765 
Telex: 22 3402 ipr h 

CORRESPONDENCE 
Please address all correspondence concerning the Congress to: 

E. Pungor 
c/o Hungarian Academy of Sciences 
H-l 111 BUDAPEST, GellCrt tCr 4. 
HUNGARY 
Telephone: + 36 1664 705 
Telefax: + 36 1 853 493 
Telex: 22 3628 anal h 

SAC 92 and 150th ANNIVERSARY 
OF THE LABORATORY OF THE GOVERNMENT CHEMIST 

20-26 September, 1992 

University of Reading 

This International Conference on Analytical Chemistry will be organised by the Analytical Division 
of the Royal Society of Chemistry, in conjunction with the Laboratory of the Government Chemist. 
Further details may be obtained from Miss P. E. Hutchinson, Analytical Division, The Royal 
Society of Chemistry Burlington House, Piccadilly, London WIV OBN, UK. 
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Pergamon Press plc. Printed in Great Britain 

THE RONALD BELCHER MEMORIAL AWARD 

The award for 1990 has been divided between three candidates, who will use it for travel in Japan 
and Europe. The award winners are Dr. Lisa Zeise, Biosource Genetics Corporation, Vacaville, 
California, Dr. Jonathan V. Sweedler, Stanford University, California, and Dr. Ryszard Kobinski, 
Warsaw Technical University. 

The two winners of the 1988 award made good use of it, Dr. Wentzell travelling to various 
conferences and research centres in Europe, and Dr. Kolev working with Professor Valdrcel in 
Cordoba. 

Dr. L. Zeise 

THE LOUIS GORDON MEMORIAL AWARD 

The Louis Gordon Memorial Award for 1989 (for the paper judged to be the best written of those 
appearing in Talunta during the year) will be made to Professor H. A. Laitinen, of the University 
of Florida, for his paper “History of analytical chemistry in the U.S.A.” (Tulunta, 1989, 36, 1). 
Professor Laitinen was awarded the twelfth Talanta Medal in 1988 (Talanta, 1988, 35, No. 11, I). 

V 
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NOTICE 

FEDERATION OF EUROPEAN CHEMICAL SOCIETIES (FECS) 

Working Party on Analytical Chemistry (WPAC) 

Chairman: Prof. Dr. Lauri Niinisto (Helsinki) 
Secretary: Prof. Dr. R. Kellner (Vienna) 

European Analytical Column 13 

The Federation of European Chemical Societies (FECS) is a voluntary association of non-profit 
European chemical societies, founded in 1970 to promote co-operation in important areas of 
chemical research, development, standardization and education in Europe. Special aspects are 
treated in “Working Parties”, such as the “Working Party on Analytical Chemistry”, since 1972. 

Thirty-two member societies from 26 European countries (1989): Austria, Belgium, Bulgaria, 
Czechoslovakia, Cyprus, Denmark, Finland, France, Federal Republic of Germany, German 
Democratic Republic, Greece, Hungary, Ireland, Italy, Luxembourg, Netherlands, Norway, 
Poland, Portugal, Soviet Union, Spain, Sweden, Switzerland, Turkey, United Kingdom, 
Yugoslavia, and 6 observers from China, Egypt, Israel, Japan, Romania and IUPAC take part in 
the ongoing WPAC activities. 

The main aims of the Working Party on Analytical Chemistry of the Federation of European 
Chemical Societies are to advance research, education and training as well as standardization and 
accreditation in analytical chemistry. To achieve these goals and promote European co-operation, 
the WPAC organizes and supports analytical chemistry conferences, symposia, meetings and 
exchanges, and disseminates information as well as establishing study groups and special projects. 

WPAC activities in 1989 

1. Annual meeting, 27 August 1989, Wiesbaden (F.R.G.) 

The main tasks of the year were the preparations for Euroanalysis VII (2631 August 1990, 
Vienna)-2nd circular has appeared (see item 5) and the results of the study groups, “Think tank” 
(see item 2), “Accreditation systems” (see item 3) and Euroanalysis (see item 4) as well as the topic 
“Education in AC” (see item 6). WPAC has furthermore supported selected conferences in the field 
and special international activities (see item 7). 

2. WPAC-study group 1, “Think Tank” (Chairman: L. NiinistZi) 

The report of this study group was presented by the chairman and discussed during the 2nd 
Symposium on Philosophy and History in Analytical Chemistry, 6-7 October 1989 in Vienna. 
A summary will appear in the symposium proceedings (see 7.2). 

It was agreed that a major goal of WPAC in the future is to help to create and promote a positive 
modern image of Analytical Chemistry by 

-organizing Euroanalysis conferences as state-of-the-art broad spectrum conferences of Analytical 
Chemistry 

-promoting modern education in Analytical Chemistry 
-stimulating know-how transfer to Mediterranean and East-European countries. 

3. WPAC-study group 2, “Accreditation systems” (Chairman: B. te Nijenhuis) 

The report of this study group was also presented (by B. te Nijenhuis) during the 2nd Symposium 
on Philosophy and History in Analytical Chemistry. 
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The results of the inquiry made it obvious that in order to make quality assurance by 
accreditation systems successful, measures have to be set at European educational level to 
guarantee the standards. The following recommendations have been made. 

1. The national societies to watch carefully the preparation and harmonization of requirements and 
guidelines for quality assurance in Europe, and report to WPAC. 

2. To define the skills and expertise of a registered analytical chemist, keeping in mind that certain 
activities have already been started in some European countries. 

3. To define the training and education programmes necessary for the qualification of registered 
analytical chemist to be obtained and to present these programmes to the organizations and 
education centres/universities involved. 

4. To define a basic analytical curriculum for analytical chemists in general, which may serve also 
as the scientific base for the “registered analytical chemist” qualification. 

5. To instruct the joint WPPA/WPAC Committee of Inquiry on Analytical Chemists to incor- 
porate recommendations 2, 3 and 4 in their activities. 

6. To report on the subject at the next WPAC meeting and present the results to all organizations 
involved, as a firm recommendation of all the European professional societies for analytical 
chemistry represented in the WPAC. 

4. WPAC-study group 3, “Frequency of Euroanalysis conferences” (Chairman: L. Niinistii) 

It was proposed to study the possibility of merging Euroanalysis and ISM in 1995 and to have 
subsequently only one broad spectrum conference on Analytical Chemistry in Europe (but 
biennially) in co-ordination with CSI. 

5. Euroanalysis VII, 26-31 August 1990, Technical University, Vienna 

Honorary chairman: H. Malissa. 
Chairman: J. F. K. Huber. 
Secretary general: M. Grasserbauer. 

The scientific programme will strongly emphasize “Problem solving with Analytical Chemistry”. 
The following topics have been announced in the second circular available now from: 

Interconvention, Austria Center, A- 1150 Vienna 
Phone: + 43 222-2369-2647 
Fax: + 43 222-2369-648 

(A) Applications of analytical chemistry 

1 Environmental systems and food 
2 Pharmaceutical and biomedical science 
3 Biotechnology 
4 Materials science 
5 Arts and archaeology 

(B) Methods of analytical chemistry 

1 Atomic spectroscopy 
2 Molecular spectroscopy 
3 Separation techniques 
4 Electrochemical methods 
5 Sensors 
6 Radiochemical and nuclear techniques 
7 Thermal analysis 
8 Local and surface analysis 
9 Structure analysis of solids 

10 Immunoassay 
11 Other methods, such as photometry, kinetic analysis, process analysis, flow-injection analysis 
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(C) Special sessions and workshops 

1 Sample preparation for inorganic and organic trace analysis 
2 COBAC V (computer based analytical chemistry) 
3 Quality assurance in analytical chemistry 
4 Education and training in analytical chemistry 

Important dates: 

28 February 1990 Submission of abstracts to conference secretariat 
15 May 1990 Confirming to authors acceptance and form of presentation 
30 June 1990 Registration at reduced fee and guaranteed room reservation through 

Austropa 
July 1990 Mailing of conference programme (to registered participants only) 

6. WPAC activity-“Education in Analytical Chemistry” (Chairman: R. Kellner) 

The aim of this future-oriented activity is to derive guidelines for a modem analytical chemistry 
curriculum, covering the demands of high-quality thinking in materials sciences, and process and 
environmental control. In this sense this activity upgrades the results obtained in 1983/84 based 
on 240 answers from all WPAC-member countries. The final evaluation will be presented in a 
Special Session (C4) at Euroanalysis VII, including a “hit list” of textbooks and exemplary model 
curricula. Questionnaires are available from the Secretariat, deadline 30 June 1990. 

7. Further WPAC activities in 1989 and the future 

7.1 It was resolved to continue the joint activities between WPAC (L. Niinisto) and WPPA 
(W. Henman) as well as WPAC and WPFC (Euro Food Chemistry, 27-29 September 1990, 
Versailles, and Euroanalysis VII, Vienna). The contacts with IUPAC (G. den Boef) will be 
strengthened in the fields of standardization and quality assurance, aiming to influence 
decision-making by legal bodies. 

7.2, WPAC support has been given to: 
-The 2nd Symposium on Philosophy and History in Analytical Chemistry, 6-7 October 1989, 
Vienna (Chairman, Prof. H. Malissa, 60 participants, proceedings will appear in Z. Anal. 
Chem.) 
-The 4th Austrian-Hungarian Conference on Recent Advances in IR- and Raman- 
Spectroscopy, 18-20 April 1990, Veszprem (Hungary), [Chairman, J. Mink (Budapest), 
50 lectures for more than 15 countries announced] 
-The XXVII-CSI-Post-Symposium: Speciation of Elements in Environmental and Biological 
Sciences, 16-18 June 1991, Loen (N) (organizer, Brit Salbu) 
-The 8th International Conference on Fourier Transform Spectroscopy, l-6 September 1991, 
Ltibeck/Travemtinde (Chairmen, E. H. Korte, H. Siesler) 
-Euroanalysis VIII, 5-l 1 September 1993, Edinburgh, (U.K.) (Chairman, D. T. Bums). 

7.3 The next meeting of the WPAC is scheduled for Sunday, 26 August 1990, in Vienna, on the 
occasion of Euroanalysis VII. At this meeting, the venue for Euroanalysis IX in 1995 will 
be determined, among others. Official bids for venues must be received in the Secretariat by 
20 August 1990. 

For more information related to WPAC activities please contact the secretary, Prof. Dr. R. Kellner, 
Institute for Analytical Chemistry, Technical University Vienna, Getreidemarkt 9, A-1060 Wien, 
Austria. Phone + 43-222/58801/48 3 1 or 4837; Telex 13 1 .OOO tvfaw or Telefax + 43-222/56 78 13. 
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accreditation in analytical chemistry. To achieve these goals and promote European co-operation, 
the WPAC organizes and supports analytical chemistry conferences, symposia, meetings and 
exchanges, and disseminates information as well as establishing study groups and special projects. 

WPAC activities in 1989 

1. Annual meeting, 27 August 1989, Wiesbaden (F.R.G.) 

The main tasks of the year were the preparations for Euroanalysis VII (2631 August 1990, 
Vienna)-2nd circular has appeared (see item 5) and the results of the study groups, “Think tank” 
(see item 2), “Accreditation systems” (see item 3) and Euroanalysis (see item 4) as well as the topic 
“Education in AC” (see item 6). WPAC has furthermore supported selected conferences in the field 
and special international activities (see item 7). 

2. WPAC-study group 1, “Think Tank” (Chairman: L. NiinistZi) 

The report of this study group was presented by the chairman and discussed during the 2nd 
Symposium on Philosophy and History in Analytical Chemistry, 6-7 October 1989 in Vienna. 
A summary will appear in the symposium proceedings (see 7.2). 

It was agreed that a major goal of WPAC in the future is to help to create and promote a positive 
modern image of Analytical Chemistry by 

-organizing Euroanalysis conferences as state-of-the-art broad spectrum conferences of Analytical 
Chemistry 

-promoting modern education in Analytical Chemistry 
-stimulating know-how transfer to Mediterranean and East-European countries. 

3. WPAC-study group 2, “Accreditation systems” (Chairman: B. te Nijenhuis) 

The report of this study group was also presented (by B. te Nijenhuis) during the 2nd Symposium 
on Philosophy and History in Analytical Chemistry. 
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The results of the inquiry made it obvious that in order to make quality assurance by 
accreditation systems successful, measures have to be set at European educational level to 
guarantee the standards. The following recommendations have been made. 

1. The national societies to watch carefully the preparation and harmonization of requirements and 
guidelines for quality assurance in Europe, and report to WPAC. 

2. To define the skills and expertise of a registered analytical chemist, keeping in mind that certain 
activities have already been started in some European countries. 

3. To define the training and education programmes necessary for the qualification of registered 
analytical chemist to be obtained and to present these programmes to the organizations and 
education centres/universities involved. 

4. To define a basic analytical curriculum for analytical chemists in general, which may serve also 
as the scientific base for the “registered analytical chemist” qualification. 

5. To instruct the joint WPPA/WPAC Committee of Inquiry on Analytical Chemists to incor- 
porate recommendations 2, 3 and 4 in their activities. 

6. To report on the subject at the next WPAC meeting and present the results to all organizations 
involved, as a firm recommendation of all the European professional societies for analytical 
chemistry represented in the WPAC. 

4. WPAC-study group 3, “Frequency of Euroanalysis conferences” (Chairman: L. Niinistii) 

It was proposed to study the possibility of merging Euroanalysis and ISM in 1995 and to have 
subsequently only one broad spectrum conference on Analytical Chemistry in Europe (but 
biennially) in co-ordination with CSI. 

5. Euroanalysis VII, 26-31 August 1990, Technical University, Vienna 

Honorary chairman: H. Malissa. 
Chairman: J. F. K. Huber. 
Secretary general: M. Grasserbauer. 

The scientific programme will strongly emphasize “Problem solving with Analytical Chemistry”. 
The following topics have been announced in the second circular available now from: 

Interconvention, Austria Center, A- 1150 Vienna 
Phone: + 43 222-2369-2647 
Fax: + 43 222-2369-648 

(A) Applications of analytical chemistry 

1 Environmental systems and food 
2 Pharmaceutical and biomedical science 
3 Biotechnology 
4 Materials science 
5 Arts and archaeology 

(B) Methods of analytical chemistry 

1 Atomic spectroscopy 
2 Molecular spectroscopy 
3 Separation techniques 
4 Electrochemical methods 
5 Sensors 
6 Radiochemical and nuclear techniques 
7 Thermal analysis 
8 Local and surface analysis 
9 Structure analysis of solids 

10 Immunoassay 
11 Other methods, such as photometry, kinetic analysis, process analysis, flow-injection analysis 
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(C) Special sessions and workshops 

1 Sample preparation for inorganic and organic trace analysis 
2 COBAC V (computer based analytical chemistry) 
3 Quality assurance in analytical chemistry 
4 Education and training in analytical chemistry 

Important dates: 

28 February 1990 Submission of abstracts to conference secretariat 
15 May 1990 Confirming to authors acceptance and form of presentation 
30 June 1990 Registration at reduced fee and guaranteed room reservation through 

Austropa 
July 1990 Mailing of conference programme (to registered participants only) 

6. WPAC activity-“Education in Analytical Chemistry” (Chairman: R. Kellner) 

The aim of this future-oriented activity is to derive guidelines for a modem analytical chemistry 
curriculum, covering the demands of high-quality thinking in materials sciences, and process and 
environmental control. In this sense this activity upgrades the results obtained in 1983/84 based 
on 240 answers from all WPAC-member countries. The final evaluation will be presented in a 
Special Session (C4) at Euroanalysis VII, including a “hit list” of textbooks and exemplary model 
curricula. Questionnaires are available from the Secretariat, deadline 30 June 1990. 

7. Further WPAC activities in 1989 and the future 

7.1 It was resolved to continue the joint activities between WPAC (L. Niinisto) and WPPA 
(W. Henman) as well as WPAC and WPFC (Euro Food Chemistry, 27-29 September 1990, 
Versailles, and Euroanalysis VII, Vienna). The contacts with IUPAC (G. den Boef) will be 
strengthened in the fields of standardization and quality assurance, aiming to influence 
decision-making by legal bodies. 

7.2, WPAC support has been given to: 
-The 2nd Symposium on Philosophy and History in Analytical Chemistry, 6-7 October 1989, 
Vienna (Chairman, Prof. H. Malissa, 60 participants, proceedings will appear in Z. Anal. 
Chem.) 
-The 4th Austrian-Hungarian Conference on Recent Advances in IR- and Raman- 
Spectroscopy, 18-20 April 1990, Veszprem (Hungary), [Chairman, J. Mink (Budapest), 
50 lectures for more than 15 countries announced] 
-The XXVII-CSI-Post-Symposium: Speciation of Elements in Environmental and Biological 
Sciences, 16-18 June 1991, Loen (N) (organizer, Brit Salbu) 
-The 8th International Conference on Fourier Transform Spectroscopy, l-6 September 1991, 
Ltibeck/Travemtinde (Chairmen, E. H. Korte, H. Siesler) 
-Euroanalysis VIII, 5-l 1 September 1993, Edinburgh, (U.K.) (Chairman, D. T. Bums). 

7.3 The next meeting of the WPAC is scheduled for Sunday, 26 August 1990, in Vienna, on the 
occasion of Euroanalysis VII. At this meeting, the venue for Euroanalysis IX in 1995 will 
be determined, among others. Official bids for venues must be received in the Secretariat by 
20 August 1990. 

For more information related to WPAC activities please contact the secretary, Prof. Dr. R. Kellner, 
Institute for Analytical Chemistry, Technical University Vienna, Getreidemarkt 9, A-1060 Wien, 
Austria. Phone + 43-222/58801/48 3 1 or 4837; Telex 13 1 .OOO tvfaw or Telefax + 43-222/56 78 13. 
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NOTICES 

1991 EUROPEAN WINTER CONFERENCE ON 
PLASMA SPECTROCHEMISTRY 

14-18 January 1991, Dortmund, Federal Republic of Germany 

The “Deutscher Arbeitskreis fiir Angewandte Spektroskopie” (DAsP) and the “Arbeitskreis fur 
Mikro- und Spurenanalyse der Elemente” (AMSEI of the “Fachgruppe fur Analytische Chemie” 
in the “Gesellschaft Deutscher Chemiker” (GDCh) are organizing in collaboration with the 
“Institut fur Spektrochemie und angewandte Spektroskopie” (ISAS) in Dortmund, the 1991 Winter 
Conference on Plasma Spectrochemistry, 14-l 8 January 199 1. The conference will deal with frontier 
research in the development, investigation and use of plasma discharges for atomic spectrometric 
analysis. Inductively coupled plasmas, direct current plasma discharges, microwave discharges and 
laser plasmas for optical and mass spectrometry will be the main topics. Instrumental developments 
concerned with sampling devices, and the various modern types of plasma spectrometry, as well 
as their use for the solution of analytical problems, will be covered. 

Keynote lectures will be presented by invited speakers. For the general sessions, contributions 
are requested for either oral or poster presentations. Discussion panels and contributions from 
manufacturers, who are invited to take part in the meeting with information booths, will be 
included in the programme. Spectrochimica Acta, Part B, offers to publish the contributions after 
the usual reviewing procedure. 

Conference Organizer: J. A. C. Broekaert, Institut fiir Spektrochemie und angewandte 
Spektroskopie (ISAS), Dortmund, F.R.G. 

Congress circulars containing further details will be available from: 

Gesellschaft Deutscher Chemiker 
Abt. Tagungen 
Postfach 900 400 
D-6000 Frankfurt/Main 
F.R.G. 

4TH EUROPEAN CONFERENCE ON THE SPECTROSCOPY OF 
BIOLOGICAL MOLECULES 

l-6 September 1991, University of York, England 

This major international conference will focus mainly on structural aspects and dynamics of 
biological and related systems, as determined by Raman and infrared spectroscopic methods. 
However, it also will provide a critically comparative review of recent progress in this field, as 
achieved through the application of other methods, particularly NMR, CD, optical absorption and 
fluorescence, and X-ray crystallography. 

Topics to be included: proteins; nucleic acids; membranes; carbohydrates; enzyme mechanisms; 
protein-nucleic acid interactions; membrane proteins; photobiological systems-including photo- 
synthesis, rhodopsins; virus structure; biomedical applications; new methods-structure and 
dynamics. 

V 
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Venue: Located halfway between London and Edinburgh, the 2000-year-old city of York, with its 
mediaeval centre, magnificent cathedral, and outstanding museums, is surrounded by some of the 
most beautiful countryside in England. The Yorkshire Moors and Dales are nearby, and the seaside 
towns of Whitby (home of Captain Cook) and Scarborough only about an hour’s drive away. Lots 
of opportunities for holidays before or after the conference! The conference facilities are excellent 
on the modern campus of the University: college accommodation will be available for 400 
participants. 

First Circular: available in early 1990. 

Contact: Professor R. E. Hester, 
Department of Chemistry, 
University of York, 
York YOl 5DD 
England 

Phone: (0904) 432557 
Fax: (0904) 410519 
E.Mail: REHl @VAXA.YORK.AC.UK 
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NOTICES 

FIFTH INTERNATIONAL SYMPOSIUM ON RESONANCE IONIZATION 
SPECTROSCOPY (RIS-90) 

Varese, Italy, 16-21 September 1990 

The Fifth International Symposium on Ionization Spectroscopy and its applications will be held 
in Varese, Italy, from September 16-21, 1990. This meeting will deal with the analytical and 
physical aspects of the laser ionization technique, its unique character of isotopic selectivity, and 
unprecedented sensitivity for ultratrace analysis of atoms and molecules, and its applications in the 
environmental, biological, medical and nuclear fields. New laser sources, surface analysis and 
applications in basic physics will also constitute prominent topics of the Meeting. 

The technical programme will consist of invited lectures, contributed papers and posters. Limited 
student attendance will be supported and an RIS short course has also been tentatively planned. 
There will be a small exhibition of laser-based instrumentation and related material. 

The Symposium will be hosted by the Commission of the European Communities, Ispra Site. 
For further details and information, contact Dr. N. Omenetto, Joint Research Centre, Environment 
Institute, Chemistry Division, 21020 Ispra (Varese), Italy. Phone: (39) 332-789801. Telex: 380042 
EUR I. Telefax (39) 322-789222. 

3rd INTERNATIONAL CONGRESS ON 
TRACE ELEMENTS IN MEDICINE AND BIOLOGY 

CHROMIUM AND TRACE ELEMENTS IN ENDOCRINOLOGY 

LES DEUX ALPES (FRANCE) 

15-18 January 1991 

The topics covered will be: 

CHROMIUM 
Biology, status and nutritional aspects 
Chromium in human diseases 

TRACE ELEMENTS IN ENDOCRINOLOGY 
Endocrine Systems 
Thyroid session 
Hormonal mediators of immunity 
Diabetes and glucose tolerance 
Reproduction and growth 
Adrenals and corticosteroid hormones 

Poster sessions and trade exhibition 

For additional information contact: 

Arlette Alcaraz, Laboratorie de Biochimie C, CHRU de Grenoble, 
BP 217 X, 38043 Grenoble Cedex, France. 
Tel: 76.42.8 1.2 1, extension 4465 
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EDITORIAL 

The new decade brings a new look to Talanta! You probably have already noticed the changes 
to the cover and the inside title pages. As you read on you will see that the print size has been 
increased and the layout of papers has been altered slightly. The scope of the journal has also been 
revised, to place a greater emphasis on fundamental studies and novel instrumentation develop- 
ments. Other refinements are planned and will be announced in future issues. 

The editorial production system has been reorganized. After long and valued service, for which 
we thank them on behalf of contributors and readers, John Majer (25 years) and Iain Marr 
(24 years) are retiring as Assistant Editors, but Iain will continue his association with the journal 
by taking responsibility for co-ordination of Special Issues. Bill Bryce, Phil Cox and Derek Midgley 
will continue as Assistant Editors, and Phil will also act as Book Review Editor. Mary Masson 
will continue as Computing Editor and in charge of the Software Survey Section. An innovation 
is the appointment of a Technical Editor, Caroline Higginson. The Advisory Board has been 
strengthened by the appointment of Dr. Bernhard Welz and Dr. Kosuke Izutsu. We are very 
pleased that they have agreed to join the Board. 

Best regards for 1990. 

GARY CHRISTIAN DAVID LITTLEJOHN 

V 
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OBITUARY 

ACADEMICIAN PROFESSOR 

I. P. ALIMARIN 

(1903-1989) 

On 17 December 1989, Academician Professor Ivan Pavlovich Alimarin-an outstanding scientist 
in the field of analytical chemistry of our time, an excellent teacher, a kind and feeling friend- 
passed away. 

I. P. Alimarin was born in Moscow on 11 September 1903, and studied in the 1920s at the 
Moscow Academy of Mining. For many years he investigated the analytical chemistry of gallium, 
indium, thallium, germanium, rhenium, niobium, tantalum, zirconium and other elements. Many 
methods developed by him for preconcentration and determination of these elements were 
absolutely new, and are still applied for analysis of geological and other samples. Special attention 
was paid by him to micro- and ultramicro-methods of chemical analysis; application of organic 
reagents, development of methods of preconcentration by co-precipitation, solvent extraction, 
ion-exchange and partition chromatography; to development of instrumental methods of analysis 
(spectrophotometric, luminescence, spectroscopic, electrochemical, radiochemical); to theoretical 
investigation of the mechanism and kinetics of complex-formation reactions in aqueous and 
non-aqueous solutions. He was passionately devoted to studying the unknown, and was endowed 
with great creative abilities which characterized his whole life. 

In association with his pupils and colleagues, Professor Alimarin published over 800 scientific 
papers. Monographs, manuals and handbooks by him are widely read and referred to not only 
by young analysts, but by prominent scientists as well. 

V 
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He had hundreds of pupils, many of whom became well known scientists; as a teacher he was 
always attentive to the young, and ready to assist and to support his pupils, who always felt the 
deepest respect and loyal love in return. 

Professor Alimarin played an important role in the organization of scientific research, as he 
occupied the positions of Vice Academician-Secretary of the Division of Physico-Chemistry and 
Inorganic Materials of the USSR Academy of Sciences; Chairman of the Scientific Council of 
Analytical Chemistry of the USSR Academy of Sciences; Editor-in-Chief of the Russian Journal 
of Analytical Chemistry (Zhurnal Analiticheskoi Khimii), regional editor or member of the Advisory 
Boards of the international journals Talanta, Journal of Radioanalytical Chemistry, Radiochemical 
and Radioanalytical Letters. He was also a titular member of the Division of Analytical Chemistry 
of the International Union of Pure and Applied Chemistry. 

I. P. Alimarin was the first Soviet analyst, in the late 195Os, to establish and keep direct contacts 
with the leading foreign specialists in the field of analytical chemistry. His personal relationships 
and correspondence with his numerous colleagues from all over the world were always friendly and 
sometimes deeply emotional; they were kept up by him till the last days of his life. 

I. P. Alimarin’s contribution to analytical chemistry has been widely recognized and appreciated. 
He was an Honorary Member of the Division of Analytical Chemistry of the French Society of 
Industrial Chemistry, of the Society of Analytical Chemistry (now part of the Royal Society of 
Chemistry), the Japanese Society of Analytical Chemistry and the Chemistry Society of the German 
Democratic Republic, Foreign Member of the Academy of Finland, and Doctor honoris causa of 
the Budapest Technical University, Giiteborg University and the University of Birmingham. 

He was awarded the Talanta Gold Medal for outstanding achievements in the field of analytical 
chemistry, the J. Purkynb Gold Medal (Czechoslovakia), the Silver Medal of the Japanese Society 
of Analytical Chemistry, the Emich Medal (Austria), the Hevesy Medal (Hungary) and the Helsinki 
University Medal. 

The long and fruitful life of this outstanding analytical chemist has come to an end. His students, 
pupils, colleagues and friends will ever keep the memory of Ivan Pavlovich Alimarin as long as 
they live. 

Yu. A. ZOLOTOV and V. K. RUNOV 
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PERGAHON PRESS 
SOFTWARE DESCRIPTION FORM 

Title of software program: 

Type of program: [ ] Applicatfon [ ] Utility [ ] Other 

Category: (ie.) stability constants, 
calibration, pattern recognition, optimization) 

Developed for (name of computer/s): 

in (language/s): 

to run under (operating system): 

available on: [ ] Floppy disk/diskette. Specify: 

Size Density [ I Single-sided [ ] Dual-sided 

[ ] Magnetic tape. Specify: 

Sire Density Character set 

Hardware required: 

Memory required: User training required: [ ] Yes [ ] No 

Documentation: [ ] None [ ] Minimal [ ] Self-documenting 
[ IExtensive external documentation 

Source code available: [ ] Yes [ INo 

Stage of development: [ ] Design complete 
[ ] Fully operational 

[ ] Coding complete 
[ ] Collaboration welcomed 

Is program in use? [ ] Yes 
1 INo 

How long? How many sites? 

Is the contributor available for user inquiries: [ ] Yes 1 INo 

Distributed-By: 

Cost of program: 

Demonstratjon disk avaIlable? [ ] ;;s Cost: 

(continued) 

RETURN COMPLETED FORM TO: 

Dr. Mary R. Masson 
Department of Chemistry 
University of Aberdeen 

Meston Walk 
Old Aberdeen AB9 2UE, Scotland 

[This Software Description Form may be photocopIed without permission] 
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. . . 
Vlll SOFTWARE SURVEY SECTION 

Description of what software does [maximum: 200 words]: 

Potential users: 

Field/s of interest: 

W#RC#l# 

Name of contributor: 

Institution: 

Address: 

Telephone number: 

#Y###lW 

Reference No. [Assigned by Journal Edltor] 

-_--_____--______-______________________ 

[The information below is not for publication.] 

Would you like to have your program: 

Reviewed? 

Marketed and distributed? 

[ ] Yes [ ] No [ ] Not at this time 

[ ] Yes [ ] No [ ] Not at this time 

[This Software Description Form may be photocopied without permission] 



vi NOTICES 

IVth INTERNATIONAL SYMPOSIUM ON 
QUANTITATIVE LUMINESCENCE SPECTROMETRY IN 

BIOMEDICAL SCIENCES 

State University of Ghent, Faculty of Pharmaceutical Sciences, 27-31 May, 1991. 

Details from Dr. Willy R. G. Baeyens, Symposium Chairman, State University of Ghent, 
Pharmaceutical Institute, Harelbekestraat 72, B-9000 Ghent (Belgium); Tel. 32-(0)9 1-2 1.89.5 1 ext. 
254, telefax 32-(0)91-21.79.02. 

XXVII COLLOQUIUM SPECTROSCOPICUM INTERNATIONALE 

9-14 June 1991, Grieg Hall, Bergen, Norway 

Organized by the Norwegian Chemical Society 

The Organizing Committee cordially invites you to attend the XXVII CSI. This traditional biennial 
conference in analytical spectroscopy will once again provide a forum for atomic, nuclear and 
molecular spectroscopists worldwide to encourage personal contact and the exchange of experience. 

Participants are invited to submit papers for presentation at the XXVII CSI, dealing with the 
following topics: 

Basic theory and instrumentation of 
Atomic spectroscopy (emission, absorption, fluorescence) 
Molecular spectroscopy (UV, VIS and IR) 
X-Ray spectroscopy 
Gamma spectroscopy 
Mass spectrometry (inorganic and organic) 
Electron spectroscopy 
Raman spectroscopy 
Mijssbauer spectroscopy 
Nuclear magnetic resonance spectrometry 
Methods of surface analysis and depth profiling 
Photoacoustic spectroscopy 

Application of spectroscopy in the analysis of 
Metals and alloys 
Geological materials 
Industrial products 
Biological samples 
Food and agricultural products 

Special emphasis will be given to the topics of trace analysis, environmental pollutants and 
standard reference materials. 

The scientific programme will comprise both plenary lectures and parallel sessions 
presentations. Specific times will be reserved for poster sessions. 

PRE- AND POST-SYMPOSIA 
In connection with the XXVII CSI the following symposia will be organized: 

Presymposia: 

I. GRAPHITE ATOMIZER TECHNIQUES IN ANALYTICAL SPECTROSCOPY 
6-8 June 1991, Hotel Ullensvang, Lofthus, Norway. 
Organized by: Bernhard Welz (West Germany) 

Wolfgang Frech (Sweden) 

of oral 
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FOREWORD 

This special issue of Talanta is devoted to recent 
advances in multielement spectrochemical anal- 
ysis. The term spectrochemical analysis, as used 
here, refers to elemental analyses performed by 
means of optical spectroscopy in the UV-visible 
region of the spectrum. The need for spectro- 
scopic systems with multielement capability 
arises from the ever increasing demands of 
technology and materials science and from con- 
cern over the environment-areas where survey 
analyses on previously uncharacterized samples 
are often important. 

Although highly reliable multielement de- 
tection systems already exist in the form of 
conventional spectrographs’ and direct-reading 
spectrometers such as that described in 1945 by 
Dieke and Crosswhite,’ these conventional sys- 
tems are based on relatively old technology and 
have now reached a stage of nearly optimal 
development. At the same time, however, in- 
creasingly difficult analytical situations call for 
advanced spectroscopic systems with improved 
detection limits and the ability to rapidly deter- 
mine many elements in a variety of sample 
matrices. To fill the increased demands placed 
upon spectrochemical techniques, analytical re- 
search scientists continue to investigate and 
evaluate new instrumentation and techniques, 
many of which are reported for the first time in 
this issue. For example, the papers by Denton 
and co-workers in this issue report recent inves- 
tigations with second-generation image detec- 
tors such as charge-transfer devices that offer 
the opportunity to develop improved spectro- 
scopic systems based on atomic emission and 
having excellent sensitivity, dynamic range, 
accuracy, and precision, with the added advan- 
tages of flexible multielement, multiwavelength 
capability. 

Multichannel detectors such as vidicon tubes 
and photodiode arrays have also been evaluated 
as detection systems for atomic-emission spec- 
troscopy.3.4 Although not strictly multielement, 
the paper by Winefordner et al. demonstrates 
the power of photodiode arrays, while Hieftje 
and coworkers describe a linear photodiode- 
array multichannel spectrometer which is 
configured to monitor simultaneously both the 
signal and the sideband background. This 

instrument offers a distinct advantage over 
single-channel photomultiplier-based systems 
because it has the capability to correct for 
low-frequency fluctuations in background emis- 
sion. The multiple entrance-slit vidicon spec- 
trometer, reported by Busch et al., can be 
operated in either a one- or two-dimensional 
mode, offering maximum flexibility in wave- 
length selection through the use of movable 
fiber optic light guides. When configured with 
an optical multiplexer, this same instrument can 
be used for programmed scanning, offering the 
opportunity for extremely rapid acquisition of 
spectral data. 

Another active area of research in spectro- 
chemical analysis involves the use of Fourier 
and Hadamard transform techniques in multi- 
element determinations. While application of 
Fourier transform methods to atomic spec- 
troscopy has been explored over the past decade 
by several research groups,5.6 the whole area of 
Hadamard transform spectroscopy has recently 
been revitalized by the use of electronically 
programmable electro-optic encoding masks.7*8 
In this special issue, papers by Fateley et al. and 
Tilotta report the adaption of a liquid-crystal 
spatial light modulator Hadamard-transform 
spectrometer for use in multielement atomic 
spectrochemical analysis and show how certain 
features of the multiplex disadvantage generally 
associated with the application of transform 
methods to atomic analysis can be circum- 
vented. 

The guiding thought behind compiling this 
issue was not only to provide the reader with a 
brief summary of some of the current research 
being conducted in the area of instrumental 
development, but also to explore some experi- 
mental considerations inherent in multielement 
analysis and to include some actual analytical 
applications. To cover this range of topics, we 
sought papers from workers in academe as well 
as from those in government laboratories and 
industry. One thing which has emerged from the 
resulting manuscripts is the importance of 
statistics in dealing with multielement analysis. 
This is exemplified by the papers dealing with 
the selection of spectral lines (Blades et al.) and 
windows (Salin et al.), as well as those dealing 

VII 
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with the evaluation of prototype systems (Busch 
et al.) and the comparison of multielement 
techniques (Hall et al.). Another picture which 
clearly emerges is the diversity of sample types 
requiring multielement analysis, ranging from 
biological materials (Miller-Ihli) to trace metals 
(Boomer et al.) and geological samples (Hall 
et al.). 

While this issue has pointed out many ap- 
proaches and solutions to problems in multi- 
element analysis, clearly the “ultimate” system 
for multielement spectrochemical analysis has 
yet to be developed. Moreover, given the evolu- 
tionary nature of spectrochemical research, 
multielement instrumentation must continue to 
change as it takes advantage of new technologi- 
cal developments in other areas. Like the advent 
of second-generation image detectors, many of 
the advances which promise to make dramatic 
improvements in spectrochemical analysis have 
been made in areas outside spectroscopy. 

As new technology is applied to chemical 
analysis, it should come as no surprise that the 
early prototype instruments do not match those 
which have been developed and refined over a 
long period of time. Therefore, in evaluating 
emerging technology, it is important not to 
allow the overwhelming incumbency of existing 
technology to cause new developments to be 
dismissed out of hand. Time after time, knowl- 
edgeable workers in various disciplines con- 
fidently dismissed emerging technology as being 
inadequate compared with already developed 
technology. For example, although it may seem 
strange to us today, it was widely believed at one 
time that nothing would be able to surpass the 
prism for high resolution and luminosity. It is 
also probably safe to assume that pioneers in 
grating development such as Rowland’sto would 
be greatly impressed by modern holographic 
diffraction gratings, made possible by the devel- 
opment of the laser. Likewise, just as the advent 
of the modern computer has made Fourier 
transform instruments commonplace in nearly 
every laboratory, the development of electroni- 
cally controlled optical modulators has led to 
the possibility of electronically controlled masks 
that clearly enhance the ease of implementing 
Hadamard transform spectroscopy. Neverthe- 
less, in spite of these and many other examples 
of how new technology and improvements in 
spectrochemical analysis move forward hand- 
in-hand, the desire for stasis on the part of the 
end-users of technology is quite powerful, and 
it is frequently the end-users themselves who, 

having a vested interest in existing technology, 
fight the hardest against change. 

In assessing the current stage of development 
of multielement spectrochemical techniques, it is 
worthwhile to consider briefly some of the re- 
quirements imposed on multielement analytical 
systems based on optical spectroscopy. As a 
result of the great range of concentrations 
present in many multielement samples, one 
major problem is to design a detection system 
having a dynamic range which can match that 
present in the actual spectrum. Thus, any spec- 
troscopic system proposed for multielement de- 
terminations must be capable of detecting weak 
trace-element lines in the presence of strong 
major-element lines that arise from the sample 
matrix. Given modern excitation sources such 
as the induction-coupled plasma, adequate re- 
solving power is also essential, especially with 
samples such as ferrous alloys that produce 
line-rich spectra. Finally, a detailed understand- 
ing of the sources of noise in spectroscopic 
systems is needed for optimizing system oper- 
ating parameters to provide the necessary detec- 
tion limits for today’s trace analyses. 

In developing potential spectroscopic systems 
for multielement determinations it should also 
be appreciated that any new technology must be 
able to fulfill real measurement needs if it is to 
remain viable. This is often the hardest demand 
for emerging technology to satisfy. In addition, 
for actual adoption by analytical applications 
specialists, new systems must possess clear ad- 
vantages over existing technology. For this 
reason, it is important for those involved with 
instrumental development to be aware of the 
actual performance requirements needed by 
real-world spectrochemical analysis systems. To 
fill this need, we have included papers on real- 
world multielement applications as well as alter- 
native multielement techniques which serve as 
competing technology. For this reason, we have 
also included, as the last paper in this collection, 
an interesting account of the modification and 
evaluation of an updated induction-coupled 
plasma atomic-emission spectrometer used in an 
industrial setting (Botto). For sheer versatility 
and volume of samples processed, the ICP-AE 
polychromator remains the practical workhorse 
of industry, and it is always instructive to review 
the standards by which any new methodology 
will be judged. 

KENNETH W. BUSCH 
MARIANNA A. BUSCH 
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33rd IUPAC CONGRESS 

Budapest, Hungary, 17-22 August 1991 

The Organizing Committee cordially invites you to attend the 33rd International Congress of the 
International Union of Pure and Applied Chemistry. 

Plenary and keynote lectures will be presented on the following topics: 

SECTION I. PERSPECTIVES OF ANALYTICAL CHEMISTRY 
-Philosophical aspects of analytical chemistry 
-New directions in chromatography 
-New directions in spectroscopy 
-Possibilities of measurements of single atoms 
-Perspective in chemometrics 
-Robotics in analytical chemistry 
-Environmental analysis 
-Trends in nuclear analytical chemistry 
-Perspectives of pharmaceutical and biomedical analysis 
-Analysis of giant molecules 

SECTION II. INORGANIC AND PHYSICAL CHEMISTRY 
-Dynamic of elementary reactions 
-Unimolecular reactions and energy transfer 
-Kinetics of fast reactions in solutions 
-Kinetics of radical reactions 
-New aspects of coordination chemistry in catalysis and kinetics 
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