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Determination of atrazine and simazine in estuarine
samples by high-resolution gas chromatography
and nitrogen selective detection

M. Ahel

IRP3, Plymouth Marine Laboratory, PL1 3DH Plymouth (UK)

K.M. Evans, T.W. Fileman and R.F.C. Mantoura
Marine Organic Chemistry Group IRP3, Plymouth Marine Laboratory, PL1 3DH Plymouth (UK)
(Received May 21st 1992)

Abstract

A method for the determination of ultra trace concentrations of triazine herbicides in natural water using silica
C, 3 solid-phase extraction (SPE) and high-resolution gas chromatography with nitrogen-selective detection (GC-NPD)
has been developed and optimized for estuarine conditions. Recoveries of spiked dissolved simazine and atrazine at a
concentration of 100 ng 1~ were 82-85% and 87-97%, respectively and were only slightly affected by the range of
salinities and pH encountered for estuarine samples. The sediment-bound (particulate) triazines were ultrasonically
extracted with high recoveries (86-91%) using dichloromethane. The water sample extracts were analysed without
any additional clean up whereas the sediment extracts were purified using miniature silica gel columns. Nitrogen
selective detection provided interference-free detection of simazine and atrazine in the extracts. The detection limits
for simazine and atrazine in water and sediment were 1 ng 1~! for 1 1 of water and 5 ng g~ ' 200 mg of suspended
sediments. The reproducibility of the determination of atrazine and simazine in real water samples at low ng 17!
concentrations as shown by %R.S.D., was better than 10%. A comparison of the GC-NPD determination with an
alternative method using ion selective detection (GC-1TD) showed very good agreement and indicated superior (ca. 5
fold) sensitivity of the NPD. The method was applied to a study of triazine herbicides in estuarine waters of the
Rivers Tamar, Thames and Mersey.

Keywords: Gas chromatography; Atrazine; Estuarine samples; Simazine
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The s-triazines are a diverse family of herbi-
cides which have been used in vast quantities
(> 34.5x10°% and 0.7 x 10® kg year™! in US and
UK respectively) as the principal agrochemical
control of broadleaf and grassy weeds, in crop-
lands, on roads and on railways [1-3]. As a conse-
quence of their application and relatively high

Correspondence to: R.F.C. Mantoura, Plymouth Marine Labo-
ratory, Prospect Place, Plymouth PL1 3DH (UK).

water solubility, the triazines are widely dis-
tributed in aquatic environments, including
groundwater, rivers, lakes, estuaries and rain
[4-8].

A wide variety of analytical methods have been
developed for the determination of the triazine
herbicides in various environmental samples [4—
20]. Most of these methods represent a combina-
tion of an enrichment procedure, including either
solvent extraction [5,7,9,15-17] or solid-phase ex-
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traction (SPE) [4,6,9-13], with subsequent chro-
matographic analysis. Several liquid chromato-
graphic (LC) techniques have been proposed for
the specific determination of different triazine
herbicides [12-15]. However in the majority of
publications on triazine herbicides in the aquatic
environment, capillary gas chromatography (GC)
seems to be the method of choice [4-7,9-
11,16,17]. Both nitrogen selective (NPD) [7-11]
and mass-selective detectors [4,5,16,17] provide
sufficient selectivity and sensitivity for triazine
determinations in the ng 1-! range. Recently,
relatively simple and elegant immunoassay meth-
ods [18-20] have also become available for the
collective determination of triazine herbicides.
These can be regarded as a tool for rapid screen-
ing if large samples sets are to be analysed.

Since estuaries feature steep gradients of both
pollutant concentrations and physicochemical
characteristics, such as salinity, turbidity, and pH,
these must be carefully considered when develop-
ing methods of analysis for trace organic pollu-
tants in estuarine samples. This is particularly
true for partially ionizable species, like triazine
herbicides, whose distribution in different envi-
ronmental compartments could be significantly
influenced by the estuarine master variables. This
paper describes a method for the SPE extraction
and GC-NPD analysis of trace concentrations
(1-100 ng 17') of simazine and atrazine opti-
mized for estuarine water and sediments.

EXPERIMENTAL

Sample collection and storage

Estuarine water samples were collected in
February—August 1991 at several sites in the
Tamar, Thames and Mersey estuaries. Sampling
was performed using a special sampling device
fitted with a 2.5-1 glass bottle which allowed col-
lection of samples at different depths. Samples
were analysed either immediately upon return to
the laboratory or were stored in a cold room for a
maximum of 24 h. Sediment samples were col-
lected manually on the mudflats in the Tamar
estuary. The sediments were wrapped in alu-
minium foil and kept frozen (—20°C) until analy-
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sis. Before extraction, all sediments were freeze
dried. )

Chemicals

Reference triazine compounds including atra-
zine, simazine, propazine, prometryn, terbutryn,
ametryn and prometon were obtained from Su-
pelco (triazines kit, cat. No. 4-9092; purity > 98%)
(Saffron Walden). Terbuthylazine, desethyl- and
deisopropylatrazine were obtained from Grey-
hound (Birkenhead). Stock solutions of 0.1-1 mg
ml~! were prepared in toluene. A series of cali-
bration solutions for GC-NPD and GC-ITD anal-
yses in the range of 5 pg w1~ ! to 10 ng ul1~! were
prepared in ethyl acetate or dichloromethane
(DCM) by diluting the stock solutions. All sol-
vents used for the analyses (DCM, toluene, ethyl
acetate, diethyl ether) were high purity grades
such as glass distilled (Rathburn, Walkerburn)
and Distol (Fisons, Loughborough). Anhydrous
sodium sulphate and silica gel 40 were purchased
from BDH Merck (Eastleigh). Distilled, deion-
ized water for laboratory Model experiments was
taken from a Milli-Q Water System (Millipore,
Watford).

Sample preparation and analysis

Prior to analysis, water samples were filtered
through glass fibre filters (Whatman, GF /F). The
filters were stored in scintillation vials (20 ml)
and were kept deep-frozen until analysis. Further
treatment of the particulate samples on filters
was identical to that for sediment analysis.

The pH value of the filtrate was checked and,
if necessary, adjusted to between 8.0 and 8.5 with
potassium hydroxide. The dissolved triazine her-
bicides were enriched on Sep-Pak C,; silica car-
tridges (0.3 g; part No. 51910, Waters, Milford,
MA) as previously described by Hileman [6]. Sep-
Pak cartridges were preconditioned with 5 ml
DCM followed by S ml methanol. 1 1 of filtered
water sample was passed through the cartridge at
a flow-rate of approximately 20 ml min—! under a
positive nitrogen pressure. The analytes were
desorbed from the cartridge into clean vials with
4 ml of DCM and the extract was dried by perco-
lation through a DCM-prewashed column (2-3 g)
of anhydrous sodium sulphate. After application
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of the extract, the triazine herbicides were quan-
titatively recovered with up to 3 ml DCM and
evaporated under a stream of N, to a 100-200 ul
volume.

Freeze-dried estuarine sediments (typically
200-500 mg) and particulate matter collected on
the filters were ultrasonically extracted twice by
ultrasonication for 15 min in 5 ml of DCM.
Before extraction, the glass fibre filters were mac-
erated with a stainless-steel spatula in order to
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improve contact with the extracting solvent. Ex-
traction of the filters was carried out in the vials
previously used for their storage. The extraction
vial contents were centrifuged at 1431 g using
15-ml glass tubes. The extract was separated from
the sediment by Pasteur pipette and transferred
into a clean vial. Further procedures were identi-
cal to that described for water extracts.

Prior to the GC analysis, an internal standard
(terbuthylazine or prometryn) was added to the
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Fig. 1. The recovery and reproducibility of the determinations of simazine and atrazine in estuarine water in relation to salinity
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extracts in a quantity corresponding to the ex-
pected analyte concentration.

Extract purification

An additional clean-up step was necessary for
organically rich sediment extracts but was omit-
ted for most of the water sample extracts. A
modified procedure {1], using a silica minicolumn
was applied. Briefly, 0.5 g of silica gel deactivated
with 3% deionized water was put into a Pasteur
pipette and pre-washed with DCM. The extract,
contained in approximately S ml DCM, was intro-
duced onto the adsorption column and the eluant
discarded. The column was washed with 1 ml of
n-hexane and this fraction was also discarded.
The triazines were eluted with 4 ml diethyl ether
or, alternatively, ethyl acetate. Prior to GC analy-
sis the purified extracts were evaporated down to
100-200 w1 under a stream of nitrogen.

Equipment

Triazine determinations were carried out using
a Hewlett Packard 5890 gas chromatograph
equipped with an on-column injector and
thermionic detector. The gas chromatograph was
fitted with a fused-silica capillary column (25
m X 0.32 mm i.d.) containing a 0.5-um bonded
phase of HP-5 (Hewlett Packard). Helium was
used as a carrier gas at a linear velocity of 25-30
cm s~ !. Typically, 1-ul aliquots of the standard
solutions or sample extracts were injected into
the gas chromatograph. The column temperature
was programmed from 70 to 250°C at 5°C min ™'
and the detector operated at 280°C. Throughout
the study, standard solution at concentrations of
50 and 100 pg pl~! were analysed daily in order
to check the instrument condition (response fac-
tors) and the chromatographic behaviour (reten-
tion times, peak shapes, and separation) of the
triazine herbicides.

Structural identifications and confirmations
were achieved using a Carlo Erba gas chromato-
graph (Mega HRGC) coupled to a Finnigan Mat
700 ion trap detector. The gas chromatographic
column (25 mx 0.2 mm id., 0.17-um bonded
phase HP-5) was coupled directly to the ITD
through a short (40 cm), straight transfer line
(280°C). The gas chromatographic conditions were
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very similar to those described above for GC-NPD
determinations.

Qualitative analyses were done by comparing
retention times and the mass spectra of the ana-
lytes with those of authentic standards which had
been run under the same GC-ITD conditions.
Quantitative determinations of the triazine herbi-
cides using GC-ITD were obtained from the
chromatograms acquired in scan mode (mass
range 45-300 daltons). However, reconstructed
selected ion chromatograms were used to deter-
mine the peak areas of the analytes and of the
internal standard (prometryn). The ions m /e 201,
200 and 241 were chosen for the quantitative
determination of simazine, atrazine and prome-
tryn, respectively.

RESULTS AND DISCUSSION

Recovery, reproducibility and determination limit

The influence of salinity on the determination
of simazine and atrazine at the trace concentra-
tion of 100 ng 17! is presented in Fig. 1. As can
be seen, variation of salinity in the range of 0 to
36%0 has no significant influence on the recovery
and reproducibility of the triazine herbicide de-
termination. The recoveries of simazine and atra-
zine varied in the narrow ranges of 8.18-83.6%
and 86.7-94.4%, respectively. The recoveries of
dealkylated atrazine derivatives were lower than
20%, thus the applied enrichment procedure was
not suitable for the determination of triazine
degradation products. The lower recovery of the
dealkylated atrazines and simazine compared to
atrazine can be explained by their lower
lipophilicities, i.e., lower breakthrough volumes.
Indeed, Thurman et al. [4] have shown that the
10% breakthrough capacity of Sep-Pak C,; car-
tridges for simazine (1200 ml) was significantly
lower than that for atrazine (2000 mi). In addi-
tion, these breakthrough capacities were deter-
mined at a flow-rate of 4 ml min~!, compared to
approximately 20 ml min~"' applied in our study.
According to supplier’s instructions obtained with
the cartridges the breakthrough capacity is ex-
pected to decrease at higher flow-rates. This
would explain the somewhat lower recoveries of
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triazines in our study obtained from 1-1 samples
compared to the Thurman’s results obtained from
the samples of 100 ml. This slightly lower recov-
ery at a flow-rate of 20 ml min~! seems to be an
acceptable disadvantage as the resulting benefit is
a significant reduction of the time needed for
extraction.

The influence of pH on the determination of
the dissolved triazine herbicides was examined at
a medium estuarine salinity of 18%o (Fig. 1). The
recoveries of simazine (82.5-84.9%) and atrazine
(89.8-96.8%) were high and varied only slightly
in the range of pH values expected in estuarine

TABLE 1

Reproducibility of the determination of simazine and atrazine
in estuarine samples at ultra trace concentrations and sedi-
ments #

Simazine Atrazine
Tamar, 23.9km® X (ngl™ ") 33 14.1
S(ngl™hH 0.3 0.8
R.S.D. (%) 9.3 59
n 4 4
Tamar,27.8km® X (ngl™!)  16.8 229
Sngl™"H 0.9 28
R.S.D. (%) 5.0 1.2
n 2 2
Tamar, 3.6 km ” X (ngl1™") 2.8 8.8
Sgl™H 0.2 1.6
R.S.D. (%) 7.1 18.1
n 3 3
Tavy, © X (g™ 309 37.1
Sgi™hH 1.9 1.7
R.S.D. (%) 6.1 4.6
n 3 3
Sediment X(ngl™hH 65.8 109.1
Sng! " 6.5 9.8
R.S.D. (%) 98 9.0
n 6 6
Recovery 85.5 90.9

2 Freeze-dried sediment (9 g) from the Tamar estuary was
spiked with simazine and atrazine at the concentrations of 77
ng g~ and 120 ng g™, respectively; 200-mg aliquots of the
spiked sediment sample were extracted using an ultrasonic
bath. X = Mean triazine concentration. § = Standard devia-
tion of triazine concentrations. ® Figures in km denote dis-
tances from the weir for the stations where the water samples
were collected; 1-1 subsamples were analysed. ¢ Water sample
was collected on the station at Denham Bridge; 0.5-1 subsam-
ples were analysed.
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conditions (6.5-8.5). Therefore, the adjustment
of the pH to 8-8.5 prior to percolation through
the Sep-Pak C,, cartridge could be omitted for
estuarine water samples. However, recoveries
were found to be significantly lower at pH 10
(52.3 and 64.4%, respectively).

Reproducibility of the triazine determination
in model water samples (100 ng 1~!), expressed as
the relative standard deviation (R.S.D.) of repli-
cate analyses (Fig. 1), was better than 5%. Simi-
larly, good reproducibilities (R.S.D. < 10%) were
obtained for the replicate analyses of natural
estuarine samples which contained trace concen-
trations of dissolved simazine (3.3-30.9 ng 17})
and atrazine (14.1-229 ng 17!) (Table 1). Al-
though, as expected, better reproducibilities were
achieved for the higher concentration range, the
method proved to be satisfactorily precise for
determinations in the lowest concentration range
of 1-10 ng 17",

High recoveries (85.5 and 90.9%) were ob-
tained when analysing sediment samples spiked
with simazine and atrazine at trace concentra-
tions (77 and 120 ng g~ ', respectively) (Table 1),
Taking into account common problems with the
preparation of a homogenecous model sediment
sample, the achieved reproducibilities of 9.8 and
9.0% should be considered fairly good. All real
sediment samples from the Tamar estuary exam-
ined so far contained no detectable concentra-
tions (< ng g™ !) of simazine and atrazine. There-
fore, the reproducibility of the triazine herbicide
determination in real sediments is not presented.

Determination limits of the triazine herbicides,
accepting a signal-to-noise ratio of 3, were 1 ng
17" and 5 ng g~! based on 1 1 of water and 200
mg of sediment, respectively.

Separation and interferences

The thermionic detector is widely accepted as
a very suitable detector for the determination of
nitrogen-rich triazine herbicides owing to its high
sensitivity and selectivity for nitrogen [8-10,22]
but it does not provide a structural identification
of the analytes like mass spectrometry [4-6,16,17].
Therefore, one of the most important prerequi-
sites for successful analysis using NPD is an effi-
cient separation of the analytes from interfering
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compounds, including other members of the same
class of chemicals and other, chemically com-
pletely different, organic compounds. Fig. 2 pre-
sents the chromatograms of a triazine herbicide
mixture (Fig. 2a), a water sample extract from the
Tamar estuary (Fig. 2b), and a sediment extract
from the Tamar estuary (Fig. 2c). As can be seen,
almost baseline resolution can be achieved using
a 25-m HP-5 fused-silica column (film thickness
0.5 wm) for most of the selected herbicides. The
only overlapping peaks were prometon and sima-
zine. However, real water sample extracts ob-
tained for different UK rivers have shown that of
many possible triazines only simazine and atra-
zine were present at detectable concentrations
(>1 ng I™!). This observation was confirmed by
examining selected extracts by GC-ITD. This fact
reduced the problem of triazine herbicide deter-
mination to the two critical representatives. The
applied quantities of simazine and atrazine, with
annual consumption figures for UK being several
hundred tons, exceed by far the quantity of any
other triazine herbicide [23). Therefore, simazine
and atrazine are the only triazines on the UK red
list of toxic compounds [24,25].

The chromatographic pattern of the samples
obtained, for the investigated UK estuaries influ-
enced our choice of internal standard (I.S.)
Deuterated triazines, which appear to be ideal
internal standards for GC-MS determinations
[6,16], are not applicable for GC-NPD determina-
tions because they co-elute with the normal tri-
azines. The most convenient choice was therefore
another triazine, which is not used in the area
being investigated. For example, Perreira and
Rostad [5] have used terbuthylazine as an 1.S. At
the beginning of our study we applied the same
LS., but an unidentified, partially co-eluting non-
triazine peak observed in some extracts pre-
vented accurate quantification. Prometryn was
later found to elute in the part of chromatogram
virtually free from interferences (<ng 1=') and
this was adopted as our 1.S.

As can be seen from the chromatogram of the
water extract (Fig. 2b), several other peaks are
apparent in addition to simazine and atrazine.
Most of these peak were not ultimately identi-
fied, but it was shown that some of them came
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from the solvent. The most inconvenient contami-
nation was that which co-eluted with propazine
(equivalent concentration 20-50 ng I~ '). We were
not able to positively identify this interference,
but a comparison of its responses by NPD and
MS (total ion current) detection suggested that it
might contain nitrogen or phosphorus. No inter-
ference with simazine and atrazine at levels be-
yond 1 ng 17! was observed. Peaks which were
positively identified in the extracts were phtha-
late esters, the most common laboratory contami-
nants.

Large unidentified peaks which appeared in
the higher boiling point region of the chro-
matogram (not presented in Fig. 2) could be
compounds which were hydrolytically released
from the C,; cartridges as suggested by Thurman
et al. [4].

The extracts obtained during the enrichment
procedure were virtually colourless indicating that
triazine herbicides could be fairly selectively re-
covered from C 4 silica cartridges in the presence
of other more polar materials, such as humics,
using dichloromethane as an eluent. This allowed
direct injection of such extracts onto the GC
column without any additional clean-up. No sig-
nificant deterioration of the GC column was ob-
served as a consequence of injections of non-
purified extracts, even after up to 100 injections.
Distortion of the simazine and dealkylated atra-
zine peak shapes was used as an indicator of a
deteriorating capillary column. Any problems of
this kind were solved by occasionally cutting the
first 30 cm of the fused-silica column.

Comparison between GC-NPD and GC-ITD

The comparison of GC-NPD and GC-ITD
techniques for the determination of simazine and
strazine in real samples proved that GC-NPD can
be considered an accurate, interference-free ana-
lytical technique (Table 2). Relatively good agree-
ment was obtained for determinations in the low
and in the high concentration ranges. However,
the sensitivity of NPD (< 10 pg of the triazine
injected) is more than five times higher than the
sensitivity of I'TD. Consequently, the determina-
tion of triazine herbicides in the lowest concen-
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TABLE 2

Dissolved and particulate triazine herbicides in the Tamar
and Thames estuaries ?

Station Dissolved ® Particulate ®
and date Simazine Atrazine Simazine Atrazine
Tamar,

April 22, 1991
1 2.8 6.0 <05 <05
2 33 8.0 <05 <0.5
3 33 8.4 <05 <05
4 33 11.3 <05 <05
5 21 11.8 <0.5 <0.5
6 2.0 9.7 <0.5 <0.5
Thames,

June 26, 1991
1 42 22 <05 <05
2 270 150 1.0 0.5
3 400 260 1.0 0.5
4 590 410 12 0.6
5 910 560 2.0 0.9
6 1240 400 33 1.0
7 1250 460 3.7 1.0
8 1080 350 2.9 1.1
9 1210 380 32 0.9

2 Determined by GC-NPD. ® Concentration in ng 17 1.

tration range (1-5 ng 1~!) was possible only using
NPD.

Application
The presented method is being successfully
applied to the study of the estuarine behaviour of
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triazine herbicides with special emphasis on their
partition between the dissolved and particulate
phases. Some of the results obtained in the Tamar
and Thames estuaries are presented in Table 2.
As can be seen the concentrations of the dis-
solved triazines vary widely. The triazine concen-
trations in the Tamar were far below the sug-
gested admissible limits for drinking water (100
ng 171) [26] but those in the Thames were up to
15 times higher. The concentrations of particle-
bound triazines (expressed as concentration in
the original water sample) were very low, from
< 0.5 ng 1"! in the Tamar to 3.7 ng I~! in the
Thames. The relative contributions of particulate
triazines (< 1% of the total) suggested that ad-
sorption might play only a minor role in the
distribution of these compounds throughout estu-
aries, even if the particle load is expected to be as
high as several hundred mg 17! [21]. This fact
allows an estimation of the input of triazine her-
bicides into coastal seas via river discharges by
analysing the dissolved triazines only, as indicated
previously by Pereira and Rostad [5], which re-
duces the necessary analytical effort in such stud-
ies. However, filtration of estuarine water sample
is a necessary step in the analytical procedure
using Sep-Pak C,; enrichment, because 11 of a
non-filtered turbid sample cannot be easily passed
through the cartridge.

Figure 3 shows typical axial concentration pro-
files of atrazine and simazine for the Tamar

0.00 — + +
15 20 25
SALINITY

10

<

30

——8— gimazine —0— atrazine

Fig. 3. Distributions of dissolved simazine and atrazine in the Tamar estuary, May 1991.
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TABLE 3

Comparison of the determination of triazine herbicides in
estuarine samples by GC-NPD and GC-ITD @

Station GC-NPD ° GC-ITD ®
and date © Simazine Atrazine Simazine Atrazine
Tamar,

June 13, 1991
31km 4 19 <5 15

8 km 7 75 <5 68

6.7 km 6 67 <5 70

3.8 km 7 49 <5 55

25km 7 40 6 35

0km 8 45 9 53
Tamar,

June 20, 1991
31 km 2 7 <5 9
28 km 3 19 <5 12
23.9 km 5 31 <5 32
18.4 km 5 36 <5 44
12km 6 38 10 39
Thames,

June 26, 1991
1 42 22 33 22
2 270 150 220 160
3 400 260 350 310
4 590 410 590 500
5 910 560 770 490
6 1240 400 1090 380
7 1250 460 1160 550
8 1080 350 970 350
9 1210 380 1010 430
Mersey,

August 13, 1991
1 - 250 260 220 280
2 1040 930 1160 1110
3 66 55 74 49

# Determinations from the same sample extracts (ng 17 ).
b Concentrations of the dissolved triazines in ng 171 ¢ Dis-
tances in km denote positions of the sampling stations.

estuary. The distribution shows a characteristic
maximum, the position of which depends upon
seasonally variable inputs and hydrodynamic con-
ditions (governed principally by the tidal regime
and the river flow). The vertical distribution of
atrazine and simazine shows, as expected, a de-
crease of triazine concentration with depth. The
difference between the surface and bottom con-
centrations is, however, relatively small (35-26 ng
17! atrazine; 6-5 ng 1~ ' simazine) which indicates
efficient vertical mixing of the water column,
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even in the deepest part of the estuary. It should
be pointed out that these concentration varia-
tions were observed at concentration levels below
10 ng 17!, which suggests very good performance
of the analytical method in the extremely low
concentration range.

Conclusion

The method using enrichment on the Sep-Pak
C,s cartridges and gas chromatography with ni-
trogen-selective detection (GC-NPD) can be re-
garded as an attractive alternative to GC-MS
based methods [4-6,16,17] for the determination
of triazine herbicides in natural waters. The
method is fairly precise and accurate in the low
ng 17! range and shows superior sensitivity to
GC-ITD. When analysing 1-1 water samples,
which allows determination down to 1 ng 1™}, the
limiting factor for the sample throughput is the
enrichment step (about 5-7 samples per day, per
system). Consequently, the analysis time can be
significantly reduced if the concentrations of the
analytes in the particular environment are known
to be in the higher ng 17! range by reducing the
required sample volume accordingly. Another
limitation of the proposed method is its inability
to analyse the triazine degradation products con-
currently with the parent compounds. The most
promising alternative for such a purpose would
be the mixed bed solid-phase extraction [12] or
liquid—liquid extraction [15] coupled with re-
versed-phase liquid chromatography {12,15].

This work forms part of Plymouth Marine Lab-
oratory’s Project IRP3, funded by the National
River Authority (contract (A4,/107). We thank
the staff at the NRA Northwest and Thames
regions who assisted with sample collection from
the Mersey and Thames estuaries. EC fellowship
to Dr. M. Ahel is also gratefully acknowledged.
We also thank Dr. M. Gough (NRA, Southern
Region Labs., Waterlooville, Hampshire) in the
early phase of this work.
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Abstract

The potential of coupled column liquid chromatography (LC) for the trace determination of a single polar
compound by direct large-volume injection of aqueous samples was studied and a general approach to method
development for this class of compound is discussed. As a new application, the determination of methyl isothio-
cyanate (MITC) by means of reversed-phase (RP) LC column switching and UV detection at 237 nm is reported.
With direct injection of 770-u1 samples, the detection limit is 1 g 17! and the time of analysis is about 10 min. For a
further increase in selectivity and detectability (down to a level of about 0.1 wg 171), a rapid liquid-liquid extraction
followed by an organic—aqueous phase switch on a silica cartridge is required prior to RPLC. No residues of MITC

were found in over 200 surface water samples investigated.

Keywords: Liquid chromatography; Methyl isothiocyanate; Pesticides; Waters

Reversed-phase column liquid chromatogra-
phy (RPLC) can be used to determine small
amounts of polar organic compounds in (environ-
mental) water samples. An important advantage
of RPLC in conjunction with aqueous samples is

Correspondence to: P. van Zoonen, Laboratory of Organic
Analytical Chemistry, National Institute of Public Health and
Environmental Protection (RIVM), P.O. Box 1, 3720 BA
Bilthoven (Netherlands).

that the low eluotropic strength of water allows
the injection of large sample volumes. However,
when working with highly polar analytes, prob-
lems are encountered. Retention is small even on
highly hydrophobic C,s-bonded silica phases and,
as a result trace enrichment becomes difficult and
only a limited separation capacity is available to
separate the analyte(s) from early eluting inter-
ferences, which are always present in environ-
mental samples.

0003-2670,/92 /$05.00 © 1992 ~ Elsevier Science Publishers B.V. All rights reserved
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In recent papers, RPLC column switching with
UV detection using two essentially equivalent
separation columns was used for the sensitive and
selective determination of the polar analytes
chloroallyl alcohol [1] and ethylenethiourea [2] in
ground water samples. With trial and error opti-
mization, column-switching procedures were de-
veloped to assay the analytes at a level of 1 ug
17! in water samples by direct large-volume injec-
tion. The analysis time from sample introduction
to chromatographic peak is less than 10 min,
which makes this technique very attractive for
screening purposes. The above column-switching
RPLC procedure appears to have high potential
for rapid trace analyses for individual polar ana-
lytes. Relevant aspects of column-switching opti-
mization for the determination of moderately po-
lar pesticides have been reviewed [3]. When deal-
ing with a single polar analyte and the strongly
varying polar matrix interferences of environmen-
tal samples, application of the rational column-
switching optimization procedure with chro-
matogram simulation [4] does not appear to be
suitable. However, on the basis of the experimen-
tal experience gained in previous studies [1,2], it
should be possible to develop a generally applica-
ble strategy. Therefore, it was the main aim of
this study to summarize the most important col-
umn-switching parameters and to propose and
test a procedure for method development.

To confirm the suitability of the proposed pro-
cedure, it was applied to the determination of
methyl isothiocyanate (MITC) in ground and sur-
face water samples. MITC is a soil fumigant,
applied prior to planting crops; it controls soil
fungi, nematodes, weed seeds and soil insects.
Generally, a formulation of 30-50% aqueous so-
lution of metam-Na (sodium methylcarbamodithi-
oate) is used. In an aqueous environment the salt
degrades rapidly to gaseous MITC, which pos-
sesses the pesticidal action. MITC is also the
main metabolite (active compound) of the pesti-
cide Dazomet (3,5-dimethyl-1,3,5-thiadiazinane-
2-thione), which is also converted rapidly into
MITC after application.

Because of the volatility of MITC (1733 Pa,
20°C), gas chromatography (GC) with flame pho-
tometric detection is often used for its determina-
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tion [5-9]. The isolation and concentration of
MITC can be performed (off-line) by means of
extractive distillation into a small volume of ethyl
acetate [5,6] or with a purge and trap capillary
GC system either fully [7,8] or semi [9] on-line.
MITC and metam-Na have been determined by
means of RPLC with UV detection at 247 nm in
pond water and sewage effluents [10], the limit of
detection being claimed to be 1 ug 17! for MITC.
Unfortunately, the recovery data and chro-
matograms in the quoted paper relate only to
MITC levels > 200 ugl™!

EXPERIMENTAL

Chemicals

Methyl isothiocyanate (MITC; content
> 99.5%) was obtained from Dr. S. Ehrenstorfer
(Promochem, Wesel, Germany). A 1000 pg ml~!
stock solution of MITC was prepared in acetoni-
trile. For LC analysis the stock solution was di-
luted in LC-grade water and kept in a refrigera-
tor at 4°C. Acetone (Nanograde), acetonitrile (LC
Grade S) and 2,2,4-trimethylpentane (isooctane;
LC grade) were from Promochem, Rathburn
(Walkburn, UK) and J.T. Baker (Deventer,
Netherlands), respectively. Sodium chloride was
from Merck (Darmstadt). LC-grade water was
obtained by purifying demineralized water in a
Milli-Q system (Millipore, Bedford, MA). Ace-
tonitrile—water (40—45 + 60-55, v/v) was used as
the first mobile phase (M-1) and acetonitrile-
water (50 + 50, v/v) as the second mobile phase
(M-2). Disposable 1-ml SPE cartridges containing
100 mg of silica gel (40 wm) were from J.T.
Baker. The cartridges were conditioned before
use with 1 ml of acetone followed by 3 ml of
isooctane.

Equipment

A Baker-10 system (J.T. Baker) was used for
solid-phase extraction. For liquid-liquid extrac-
tion a shaking machine capable of handling si-
multaneously twenty 50-ml bottles with screw-caps
and PTFE-laminated septa was used.

The LC system consisted of a Gilson (Villiers-
le-Bel, France) Model 232 autosampler equipped
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with two Type 7010 high-pressure switching valves
from Rheodyne (Berkeley, CA) for injection and
column switching, and two Model 305 isocratic
pumps and a Model 116 variable-wavelength
UV-visible detector from Gilson. A 50 X 4.6 mm
id. column packed with 3-um Microspher C,gq
(Chrompack, Middelburg, Netherlands) or a 50 X
4.6 mm i.d. column packed with 7-um Hypercarb
(Shandon, Astmoor, UK) was used as the first
(C-1) separation column. A 100X 4.6 mm i.d.
cartridge column packed with 3-um Microspher
C,s was used as the second column (C-2). If a
Microspher C,; packed column was used as C-1,
a 10 X 3 mm i.d. RP guard column (Chrompack)
was placed in front of it and replaced weekly.

Direct determination of MITC

The mobile phases, M-1 (40% acetonitrile) and
M-2 (50% acetonitrile), were both adjusted to a
flow-rate of 1 ml/min. A 770-ul water sample
was injected on to C-1 (packed with 3-um Micro-
spher C,q). After clean-up with 1.7 ml of M-1
(injection volume included), C-1 was switched
on-line with C-2 for 24 s to transfer the MITC-
containing fraction (with 0.40 ml of M-2) to C-2.
The retention time of MITC on C-2 was about
2.4 min. Quantification of MITC was done by
peak-height comparison with the UV response at
237 nm of an equal volume of MITC in LC-grade
water.

Determination of MITC after extraction and
phase switching

A 50-ml water sample was added to a screw-cap
red bottle containing 18 g of sodium chloride.
After the addition of 3.0 ml of isooctane the
bottle was closed and shaken mechanically (hori-
zontal position) for 15 min. The organic phase
was poured over a small funnel containing anhy-
drous sodium sulphate and collected in a tube. A
1.0-ml volume of isooctane extract was pipetted
on to a (preconditioned) 100-mg silica cartridge,
the vacuum being released from the Baker-10
system when the liquid reached the top of the
silica packing material. The procedure was re-
peated for another 1.0 ml of the same isooctane
extract on a fresh cartridge. Next, 1.0 ml of water
was brought on to each cartridge and passed
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through the cartridges into a tube by applying an
over-pressure using a syringe placed on top of the
cartridges. The combined aqueous solutions were
filtered (0.45 wm) into an autosampler vial. After
capping, a 1-ml loop injection from this solution
was made on to C-1 (packed with 7-um Hyper-
carb) with a mobile phase (M-1) of 45% acetoni-
trile (1 ml/min). The flow-rate of M-2 (50%
acetonitrile) of the second column was set at 0.9
ml/min. After clean-up with 2.0 ml of M-1 (injec-
tion volume included), C-1 was switched on-line
with C-2 for 30 s for the transfer of the MITC-
containing fraction (with 0.45 ml of M-2) to C-2.

RESULTS AND DISCUSSION

General approach

From previous studies [1,2], it appeared that
the successful LC determination of a highly polar
organic compound in an environmental aqueous
sample requires sufficient preseparation between
the analyte and the UV-absorbing ionic species,
e.g., anions and humic acids, always present in
relatively high concentrations, on C-1 (selectivity),
and the introduction of a relatively large sample
volume into the chromatographic system without
causing unacceptable band broadening (sensitiv-
ity). The attainable selectivity and sensitivity of a
column-switching LC procedure depends on the
nature of the analyte and the selection of suitable
conditions for a number of LC parameters. Based
on the results acquired [1,2], a scheme of method
development (Fig. 1) was derived consisting of a
number of steps which will be discussed below.

Step 1. The applicable UV absorption [wave-
length (A) and molar absorbtivity (e)] and the
retention of the analyte from pure water on to
the C,g-type stationary phase largely determine
the sensitivity and selectivity that can be ob-
tained. In our experience (also see below), with
insufficient UV-visible absorption and selectivity
(e <1000 1 mol~' em ™! and A <200 nm) and /or
an essential absence of retention on a C,g-bonded
phase (k' < 1), the successful development of a
column-switching LC procedure for trace-level
analysis becomes highly unlikely.

Step 2. Column C-1 must provide sufficient
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1.
Determination of UV characteristics
and C-18 retention

v

2.

.| Selection of separation power/
dimension of C-1 and

eluotropic strength of M-1

v

3.
Selection of sample
injection volume

y

4.
Selection of separation power/
dimension of C-2 and
eluotropic strength of M-2

y

5.
Setting column-switching conditions:
- clean-up with volume of M-1
- transfer analyte with volume of M-2

y

6.
Validation with
standards and samples

>

Results
No satisfactory 7 Yes
Further RPLC-UV
optimisation method

Fig. 1. Scheme of column-switching RPLC method develop-
ment.

separation to remove a major part of the abun-
dantly available early-eluting ionic matrix con-
stituents prior to elution of the analyte. There-
fore, a column with relatively high separation
power will usually be necessary. In order to opti-
mize both sensitivity (sample load) and selectivity
(separation power) the use of 4.6 mm i.d. columns
packed with small particles (dp <10 um) is
favourable. An unnecessary increase in separa-
tion power and dimensions of the column must
be avoided; the peak elution volume, which is
inversely proportional to the sensitivity of detec-
tion of the analyte, should be kept as low as
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possible. An increase in the column dimensions
will also increase the reconditioning time (if nec-
essary) of column C-1 between analyses.

In order to suppress the band broadening of
the analyte on C-1 during injection of large vol-
umes of water samples, the eluotropic strength of
the mobile phase (M-1) should be high. In gen-
eral, an eluotropic strength of M-1 should be
selected such that the capacity factor of the ana-
Iyte is in the range of 1-3, rendering a clean-up
volume of at least twice the dead volume of the
column (V) to remove a large part of the excess
of early-eluting interferences.

Step 2 should also be used to improve the
selectivity by selecting the proper column packing
material, organic modifier and /or buffer.

Step 3. Having adjusted the separation power
of C-1 and, even more important, the eluotropic
strength of M-1, the maximum allowable sample
injection volume is determined. Owing to the
small C,; retention of a polar compound, focus-
ing of the analyte at the top of the column is
impossible, and band broadening rapidly starts to
increase with increasing injection volume.

In general, the start of peak deformation of
the analyte on injection on to C-1 is selected as a
criterion for the maximum allowable injection
volume.

Step 4. 1t is preferable to select a column C-2
possessing a higher separation power than C-1.
This will provide some flexibility when optimizing
the eluotropic strength of M-2 in order to reach a
proper compromise between the required separa-
tion efficiency on the second column and the
desired peak compression (sensitivity of detec-
tion). Actually, there will probably be a limited
choice because of the expected poor retention of
the analyte of interest.

Step 5. With the selected parameter values, the
final column-switching conditions are easily found
by connecting C-1 directly with the UV detector.
With M-1 as mobile phase, the volumes to be
used for clean-up and transfer can be read from
the chromatogram obtained on injecting a stan-
dard solution. The volume of M-1 emerging from
C-1 until the analyte starts to elute is the maxi-
mum volume that can be used for clean-up; the
peak volume of the analyte (as recorded at the
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baseline), in principle, is the minimum volume to
be used for transferring the analyte from C-1 to
C-2.

Step 6. Finally, the overall procedure is used to
analyse real water samples. Of course, depending
on the type of water sample and the site of
sampling, the concentration and nature of the
ionic and /or highly polar interferences can vary
considerably. Such problems have indeed been
encountered, viz., in the determination of eth-
ylenethiourea (ETU) in various types of ground
water [2]. In such a case, the parameters of step(s)
2 and/or 4 must be re-adjusted. In our experi-
ence, increasing the separation power of column
C-1 is most efficient.

RPLC column-switching method for MITC

In order to test the applicability of the above
strategy, the trace-level determination of MITC
in ground and surface water samples was studied.

Step 1. On 5-um Hypersil ODS and with pure
water as the mobile phase, MITC has k' =20.
The UV absorption spectrum of MITC shows
maxima at 205 nm (e = 4500 | mol ! cm™!) and
237 nm (e =3000 1 mol™! cm™!). As generally
detection selectivity is improved at higher UV
wavelengths, 237 nm was selected for detection.
The low UV absorbance of MITC indicates a
main problem, lack of sensitivity. Therefore, the
selection of the next parameters will be focused
on maximizing the sensitivity.

Step 2. The high retention of MITC on C,,-
bonded silica will provide sufficient preseparation
between the analyte and the early-eluting inter-
ferences. Hence, the selection of a column with a
low separation power as C-1 looks attractive from
the point of view of the speed of analysis (clean-up
on and reconditioning of C-1). However, a col-
umn with a high separation power in combination
with a mobile phase of higher eluotropic strength
allows the injection of larger volumes of water
samples.

In order to study the elution behaviour of
MITC, 50-60 mm X 4.6 mm i.d. columns packed
with highly hydrophobic packing materials (C -
bonded silica or porous graphitic carbon) were
used. Acetonitrile was preferred to methanol as
modifier, because with the same capacity factors
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TABLE 1
Retention of MITC on various highly hydrophobic columns 2

Packing material Column d,(um) k' Number of

length (mm) plates (N)
Hypersil ODS 60 5 2.6 1900
Hypersil ODS 60 3 2.6 2400
Microspher C;3 50 3 2.8 2200
Hypercarb 50 7 2.1 1350

2 Injection volume, 540 wl; mobile phase, acetonitrile—water
(40+60, v/v) at 1 ml min~!; column id. 4.6 mm in all
instances.

of MITC, the peak volumes of the analyte turned
out to be smaller. Based on the test results sum-
marized in Table 1, a 50 X4.6 mm id. 3-um
Microspher column was selected as C-1 because
of the high analyte retention. A mobile phase of
acetonitrile—water (40 + 60, v/v) was chosen as
M-1 providing an adequate retention of about
k' =2.5. The potential of a Hypercarb column,
which had been successfully applied to the deter-
mination of ETU [11], was also studied. Hyper-
carb, which has a higher hydrophobicity than
(and a different retention behaviour to) Ci4-
bonded silicas, is an attractive material when
selectivity has to be improved.

Step 3. In earlier work, 200-ul sample injec-
tions resulted in detection limits of 1 ug1~! for
both ETU (e =18000 1 mol ™! cm™! detected at
233 nm) and chloroallyl alcohol (CAAL) (e =
10000 I mol ™! cm ! detected at 205 nm) in water
samples. Considering the low ¢ value of MITC,
about a fivefold higher injection volume is re-
quired to obtain the same sensitivity here. To
determine the maximum allowable injection vol-
ume, sample volumes ranging between 100 and
2000 wl and containing 920 ng of MITC were
injected on to a 50 X 4.6 mm 1.D. column packed
with 3-um Microspher or 7-um Hypercarb using
acetonitrile—water (40 + 60, v/v) as the mobile
phase. The results in Table 2 show that on in-
creasing the sample volume on Microspher the
MITC peak height starts to decrease rapidly while
the peak volume increases. Volumes above about
700-800 ul causes excessive band broadening, as
illustrated in Fig. 2. On Hypercarb the peak
volume remains constant up to an injection vol-
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ume of about 600 w1, while 1000 w1 of sample can
be loaded on this material without excessive band
broadening of the MITC peak. The results indi-
cate that using the selected parameter values for
C-1 and M-1 (see above), about 750 ul is the
maximum allowable injection volume.

Steps 4 and 5. In order to achieve some peak
compression on C-2, a 100 X 4.6 mm i.d. column
packed with 3-um Microspher C,; was selected
as C-2, with acetonitrile-water (50:50, v/v) as
M-2. Connecting C-1 with the UV detector vol-
umes of 1.7 (M-1) and 0.40 ml (M-2) were mea-
sured for clean-up and transfer, respectively.

Step 6. The procedure (for final conditions, see
Experimental) was validated with standard solu-
tions and real samples. A linear response (r =
0.99999) was obtained for the determination of
MITC in water for concentrations (five data
points) between 7 and 700 ug 17!, The relative
standard deviations (R.S.D.) of the MITC peak
height and retention time were 4.4% and 0.4% (7
ng 171 n=17), respectively. For spiked surface
and ground water samples (7 ug 17'; n=10) a
limit of detection (signal-to-noise ratio = 3) of 1
pg 17! was determined. The relatively high elu-
otropic strength of M-1 (40% acetonitrile in wa-
ter) makes flushing of C-1 with a strong eluent,
e.g., pure acetonitrile, between runs superfluous.
Consequently, the total time of analysis is only
about 10 min.

TABLE 2

Influence of sample (water) volume on peak volume (4¢) and
peak height of MITC 2

Injection 3-um Microspher C ;4 7-um Hypercarb
volume Peak  Peak Peak  Peak
(uD height volume height volume
(mm) (ul) (mm) (e
105 335 120 210 220
270 285 140 210 220
540 227 180 210 220
770 179 240 175 240
1050 139 320 147 290
1540 99 480 110 400
2040 70 670 75 600

2 920 ng of MITC injected on to two different 50 X 4.6 mm i.d.
columns. Mobile phase, acetonitrile-water (40+60, v/v) at 1
ml min~!, UV detection at 237 nm (0.05 a.u.fs.).
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Fig. 2. Influence of the sample injection volume on peak
shape of MITC. Injections of 920 ng of MITC on a 50x4.6
mm i.d. 3-um Microspher column in water. Sample volume:
(A) 270, (B) 770 or (C) 1540 ul. Mobile phase, acetonitrile-
water (40+60, v/v) at 1 ml min~!; UV detection at 237 nm
(0.16 a.u.fs.).

The mean recovery of MITC at a level of 7 ug
17! was 95% (RS.D.=7%; n=>5) for spiked
ground water and 92% (R.S.D.=5%, n=15) for
spiked surface water. A typical RPLC-UV trace
is shown in Fig. 3A, which convincingly demon-
strates the advantages of the multi-dimensional
approach. In order to investigate the potential of
the Hypercarb material, the same spiked surface
sample was analysed on a Hypercarb column as
C-1 with conditions as mentioned for Fig. 3B. As
a volume of 1000 w1 can now be used (see step 3),
it causes a certain increase in sensitivity with
Hypercarb as compared with Microspher. How-
ever, the separation between the analyte and the
early-eluting interferences is less efficient than
when Microspher is used as C-1.
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Extraction, concentration and RPLC procedure

In order to comply with the EC directive for
drinking water (0.1 pg 17" for a single contami-
nant), an attempt was made to include a simple
extration and concentration step in the proce-
dure. In principle, tenfold concentration should
be sufficient to obtain the required sensitivity.
Because of the high volatility of MITC, a liquid—
liquid extraction as used in the determination of
CAAL (1] or ETU [2] cannot be applied. As
regards solid-phase extraction (SPE), 10 ml of
water can be loaded on to a 500 mg C; cartridge
before MITC breaks through. A small volume of
strong eluent has to be used to desorb MITC: 400
pl of acetonitrile elute 90% of MITC from the
cartridge. However, when using the present RPLC
procedure (injection volume ca. 0.7-1.0 ml), while
maintaining the required tenfold concentration
(10 ml of sample to 1 ml of SPE extract), the
400-u1 MITC-containing acetonitrile can only be

770 ul sample injection
on 3 um Microspher

1000 ) sample injection
on 7 um Hypercarb

e m-y

A
1 I 0.0002 AU
\

\

FTIIIJII";I‘)]*JI

Fig. 3. Column-switching RPLC with direct sample injection
of a blank surface water spiked with 7 ug 1= of MITC using
different 50X 4.6 mm i.d. columns as C-1 and UV detection at
237 nm. Solid lines, chromatogram obtained using the col-
umn-switching procedure. Dashed lines, chromatogram ob-
tained using the two columns connected in series without
column-switching (mobile phase M-2). RPLC conditions: see
Experimental; M-1, acetonitrile—water (45+ 55, v/v) at 1 ml
min~!, M-2, acetonitrile—water (50 + 50, v/v) at 0.9 ml min "',
C-2, 100X 4.6 mm i.d. 3-um Microspher; clean-up volume, 2.0
ml of M-1; transfer volume, 0.45 ml of M-2.
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Fig. 4. Influence of modifier content of the sample solution on
the peak shape of MITC. Injection of a 500-ul aqueous
sample containing 475 ng of MITC and (A) 0% or (B) 40% of
acetonitrile on a 100X 4.6 mm i.d. 3-um Microspher column.
Mobile phase, acetonitrile—water (40+ 60, v/v) at 1 ml min !,
UV detection, 237 nm (0.05 a.u.f.s.).

brought up to a final solution in acetonitrile—
water (40:60). The disastrous effect of such a
high modifier content on the system performance
is illustrated in Fig. 4. In other words, to maintain
sensitivity, only purely aqueous solutions can be
used for injection. SPE on a C; cartridge is not a
viable approach.

A more adequate concentration procedure,
presented schematically in Fig. 5, was obtained by
combining a single liquid-liquid extraction with a
solvent-phase switch from isooctane to water on a
100-mg, 40-um silica cartridge. Experiments
showed that liquid-liquid extraction (50 ml of
water per 3 ml of isooctane) yields an MITC
recovery of about 50%. The 100-mg silica car-
tridge retains 95% of MITC on a loading of 1 ml
of isooctane solution (dried over sodium sul-
phate), and 1 ml of pure water desorbs 70% of
MITC from the silica cartridge. This means that
the whole procedure provides a recovery of about
35%. After SPE and filtration, 1 ml of water
sample solution yields a volume of about 800 wl,
of which a maximum of 600 ul can be used for
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50 ml of water sample
18 g of sodium chloride
3 ml of isooctane

15 min mechanical shaking
(20 samples simuitaneously)

Isooctane
over sodium sulphate

1 ml of isooctane 1 mi of isooctane
on on
100 mg silica 100 mg silica

V- Phase-swilch =~ ———-oerce——tp9

Desorption with Desorption with
1 ml of water 1 ml of water

0.45 um Autosampler 0.45 um
filter vial filter

RPLC analysis

Fig. 5. Scheme of the RPLC determination of MITC in water
samples using liquid-liquid extraction and SPE on silica for
sample pretreatment.

accurate loop injection. Compared with the 770-ul
direct analysis (detection limit 1 pg 17'), the
present 50-ml sample extraction and phase-
switching procedure gives about a sixfold increase
in the sensitivity, which is insufficient to obtain a
limit of detection (LOD) of 0.1 g 1='. A means
of increasing the sensitivity further is to increase
the injection volume. The maximum allowable
injection volume on the Microspher column is
about 750 wl. To obtain the required sensitivity,
the Hypercarb column was now selected as C-1,
making it possible to inject a sample volume of at
least 1 ml. In order to collect such an injection
volume, SPE of the isooctane extract was carried
out in duplicate with 2X 1 ml of extract and
using two silica cartridges in parallel (see Fig. 5).

Results. The method was validated by analysing
surface water samples spiked with MITC at dif-
ferent levels. The repeatability and reproducibil-
ity data are listed in Table 3. The RPLC analysis
of an extract of surface water spiked with 0.46 ug
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TABLE 3

MITC recovery from spiked surface water determined by
means of extraction—phase switching RPLC with UV detec-
tion

Parameter Spiking level (ug171)
0.4-1.0 5-10
Number of experiments 34 29
Overall recovery (%) 36 35
Repeatability (%) 1.6 2.1
Reproducibility (%) 2.5 2.8

I=! of MITC is shown in Fig. 6. The phase
switching on silica resulted in a considerable in-
crease of the selectivity: for the ca. 200 surface
water samples investigated with this method, all
chromatograms showed only (identical) back-
ground signals originating from the reagent blank
(dotted line in Fig. 6). Therefore, immediately
after elution of MITC a new sample (extract) can
be injected, keeping the time of RPLC analysis to
less than 5 min. Partly as a result of the good
reproducibility of the chromatographic pattern,
the limit of detection was found to be 0.1 pugl™%
No MITC was detected in any of the water sam-
ples analysed.

Discussion of the multi-dimensional behaviour
The chromatograms in Fig. 3 illustrate well the
different retention behaviours of ecarly-cluting

E)OM AU

MITC

/

0 &(min) 5

Fig. 6. RPLC of a blank surface water spiked with 0.46 ug!1~!
of MITC after extraction with isooctane and phase switching
on silica. UV detection at 237 nm. Dotted line: chromatogram

of blank sample (identical with reagent blank). RPLC condi-
tions: see Experimental.
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jonic or polar interferents and the analyte of
interest, when using the same chromatographic
conditions (stationary and mobile phase) with and
without column switching. The results, which fully
agree with earlier experience with the trace-level
determination of ETU and CAAL [1,2], can be
explained as follows.

Tonic solutes are known [12] to show a concen-
tration-dependent retention behaviour on C4-
bonded silica with aqueous eluents. Probably, at
low concentrations, ionic compounds cannot pen-
etrate the pores of the alkyl-bonded silica be-
cause of the negative charges (residual silanol
groups) on their surface (k' < 0). An increase in
the salt concentration will diminish the ion exclu-
sion effect, owing to increased interaction with
the cations of the salt, and the retention will
increase to equal that of an unretained com-
pound (k' =0). The phenomenon of concentra-
tion-dependent retention behaviour was investi-
gated in this study by injecting aqueous potassium
bromide solutions of widely different concentra-
tions on to a 50 X 4.6 mm i.d. Microspher column
(Fig. 7). Admittedly, the overall effect is small
(Ak’'=0.34; At, = 0.2 min); however, with a total
analysis time of less than 5 min, even such a shift

7ngof Br™ —a=
(0.02 AUFS) -— 7ugofBr
(1.0 AUFS)
Injected amount k'
of bromide (ng)
7E-01 -0.3
7E+00 -0.3
| 7E+01 -0.3
l 7E+02 -0.2
\ 7E+03 -0.1
\ 7E+04 0.0
\ 7E+05 0.0
\‘
e
| | | I |
0 0.2 0.4 06 X 1.0
ty (min)

Fig. 7. Concentration-dependent behaviour of a potassium
bromide solution (2.4 pl) injected on to a 50x4.6 mm i.d.
3-um Microspher column with a mobile phase of methanol-
water (5+95, v/v) at 1 ml min~ . UV detection of bromide at
210 nm. For further details, see text.
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in the early part of the chromatogram can play an
important role. Obviously, on injecting a real
water sample, the interfering ions, present in high
concentrations, will migrate with a speed essen-
tially identical with that of an unretained solute.
As the analyte of interest displays a distinct,
albeit low, retention, the bulk of the interferences
will be removed from C-1 just before transfer of
the analyte-containing fraction to C-2. The re-
maining, much lower, concentration of co-eluted
anions will migrate faster (k' <0) on C-2, render-
ing a considerable increase in separation between
the polar analyte and the ionic compounds. The
effect will, of course, be essentially absent when
the columns are simply connected in series with-
out any intermediate switching procedure.

Conclusions

A systematic approach to column-switching
RPLC method development has been used to
develop a procedure for the trace-level determi-
nation of MITC that allows screening the analyte
at the 1 pg 17! level in environmental water
samples using UV detection at 237 nm. The limit
of detection of MITC can be improved to 0.1 ug
I=! by including a simple pretreatment which
involves extraction with isooctane and a subse-
quent isooctane-to-water phase switch on a dis-
posable silica cartridge.

Considering the scope of coupled-column
RPLC for the rapid screening of polar analytes in
water using large-volume injections, the parame-
ters that primarily determine the sensitivity and
selectivity of a method in column-switching RPLC
are summarized in Fig. 8. The experimental re-
sults obtained so far are presented in Table 4. As
regards the analyte studied, the capacity factor,
the wavelength selected for detection and the
corresponding molar absorptivity are of most in-
terest. It is clear from the data in Table 4 that 1
wg 171 detection limits can be obtained by simple
direct large-volume injection, provided that two
of the main characteristics are adequate. Re-
cently a previous method for bentazone [13] was
reconsidered. The method consisted in a manual
liquid-liquid extraction—concentration step fol-
lowed by RPLC column switching. From Table 4,
it can be seen that all the relevant properties of
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Fig. 8. Column-switching RPLC parameters influencing sensi-
tivity and selectivity.

bentazone are more favourable than those of
ETU, CAAL and MITC. Accordingly, better re-
sults can therefore be expected. Experiments [14]
indeed showed that because of the relatively high
retention on C,g-bonded silica, up to at least a
2-ml sample could be injected without additional
band broadening compared with a 100-ul injec-
tion. Figure 9 shows a typical RPLC-UYV trace
for a 1 ug 1™ spiked and a blank water sample.
The detection limit is calculated to be about 0.1
ugl™ L

From our experience so far, it can be con-
cluded that LODs of ca. 1 ug 17! with direct

TABLE 4
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bentazone
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0 min 5

Fig. 9. Column-switching RPLC with direct sample injection
(2 mi) of a blank drinking water containing 0.1% of phospho-
ric acid and spiked with 1.0 ug 17! of bentazone. LC condi-
tions: C-1, 50X 4.6 mm i.d. 3-um Microspher; C-2, 100x4.6
mm i.d. 3-um Microspher; M-1, methanol-0.1% phosphoric
acid (50+50, v/v); M-2, methanol-0.1% phosphoric acid (60
+40, v/v); clean-up volume, 4.7 ml of M-1; transfer volume,
0.5 ml of M-2; flow-rates, 1 ml min~!; UV detection, 220 nm.
Dotted line: chromatogram of blank sample.

injection of water samples are feasible for polar
compounds with moderately favourable proper-
ties (see Table 4 and Fig. 8). For compounds with
even more favourable properties, such as benta-
zone, direct large-volume injection can vyield
LODs of 0.1 ugl1~%.

Details of polar compounds analysed by means of large-volume-injection column-switching RPLC with UV detection

Parameter Ethylenethiourea Chloroallyl alcohol Methyl isothiocyanate Bentazone
(ETU) (CAAL) (MITC)
CH
0 ;7
— Cl CH,0OH CH
CH,—NH N Pank: N~ %
Formula C=S§ C=C H;C—N=C=S§ ] H,4
/ SO,
CH,—NH H T
H
Water solubility (g171) 20 infinite 8 0.5
k' 1.5 7.0 20 > 100
A (nm) 233 205 237 220
e(lmol™'em™1) 18000 10000 3000 25000
Sample volume (u1) 200 200 750 2000
LOD (ugl™1)® 1 1 1 0.1

2 0On 5-um Hypersil ODS; mobile phase, pure water for ETU, CAAL and MITC and 0.1% phosphoric acid for bentazone.
b Detection limit without any sample pretreatment and concentration.
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Abstract

A simple, selective and sensitive method for the determination of the herbicide diquat in different materials is
described. The diquat radical generated by its reduction with alkaline sodium dithionite can be detected by electron
spin resonance (ESR) spectrometry at room temperature. There is a linear relationship between diquat concentration
and the intensity of the central line of the ESR spectrum over the range 1-100 ug ml~!. The method has been
successfully applied to the determination of diquat in different matrices.

Keywords: Electron spin resonance spectrometry; Diquat; Herbicides; Pesticides; Soils; Waters; Urine

Diquat [6,7-dihydrodipyrido(1,2-a : 2’,1’-c)pyra-
zinediium dibromide] is a very potent herbicide
[1] which is widely employed throughout the world
and its toxicity has been investigated by many
workers [2]. Its herbicidal activity appears to de-
pend, in part, on the ease of one-electron reduc-
tion to form a stable but air-sensitive cation radi-
cal.

Diquat can be reversibly reduced to a green
monocation radical by electrochemical [3], chemi-
cal [4] and photochemical [5] procedures. The
planarity ‘of the heterocyclic nuclei permits the
easy generation of the radical and its stability is
due to the great delocalization of its odd electron
over the whole molecule.

The determination of diquat in herbicide for-
mulations, water, blood, urine and agricultural

Correspondence to: T. Pérez-Ruiz, Department of Analytical
Chemistry, Faculty of Sciences, Universidad de Murcia, 30071
Murcia (Spain).

products has been reported. These methods in-
clude ultraviolet absorptiometry [6], spectrometry
of the reduced form obtained with alkaline
sodium dithionite [7,8] or L-cysteine [9,10],. spec-
trofluorimetry [11,12], polarography [13,14], gas
chromatography [15] and liquid chromatography
[16,17]. Other methods include direct potentiom-
etry with ion-selective electrodes based on crown
ethers [18,19], flow-injection analysis [12] and a
photokinetic method [20].

Electron spin resonance (ESR) spectrometry
detects only paramagnetic species. The presence
of other radicals does not interfere with the mea-

surement if they do not have the same g factor.

For this reason, the clean-up process required in
other methods can be omitted in the ESR method.
In addition, ESR spectrometry is fairly sensitive;
concentrations of radicals of the order of 107 M
can be detected.

The ESR spectrum of the diquat radical has
been obtained after reduction with zinc in trifluo-

0003-2670,/92 /$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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roacetic acid [21] and in methanol [22] media and
its hyperfine coupling constants have been also
determined. However, there is no report of the
ESR spectrum of this radical generated by sodium
dithionite in alkaline medium.

This paper describes the ESR spectrum of the
diquat radical using sodium dithionite as reduc-
tor. This radical shows a very complex hyperfine
structure which permits the identification and
determination of diquat. Further, ESR spectrom-
etry has been investigated as a suitable method
for the determination of this herbicide in real
samples without prior separation or concentra-
tion.

EXPERIMENTAL

ESR spectrometry

A Varian E-12 ESR spectrometer operating at
100 kHz field modulation was employed. Mea-
surements were made using low microwave power
(2-5 mW) and a modulation amplitude of either
0.05 or 0.5 G. The g factor was determined by
means of a high-precision frequency meter and
gaussmeter.

The relative intensities of the ESR signals
were calculated from the following equation,
which can be deduced from [23]:

YAH],
SM

where [ is proportional to the spin concentration
of the paramagnetic species, Y is half the peak-
to-peak amplitude of the first-derivative line,
AH,, is the peak-to-peak line width, § is the gain
of the amplifier and M is the modulation ampli-
tude in gauss.

The central line of the spectrum of diquat
radical (denoted line 10) was used for the quan-
tification. The gain was 4 X 102-1 x 10* depend-
ing on the concentration of the radical; AH,,
was 1.2 G for concentrations of diquat <0.2 g
=L

I x

Reagents
All chemicals were of analytical-reagent grade
and doubly distilled water was used throughout.
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An aqueous 400 pg mi~! diquat stock solution
was prepared from the pure chemical supplied by
Dr. S. Ehrenstorfer and less concentrated solu-
tions were prepared by suitable dilution. Sodium
dithionite solutions were prepared in 0.2 M phos-
phate buffer just before use.

Procedure

Mix equal volumes of the solutions of diquat
and sodium dithionite in 0.2 M phosphate buffer
(pH 8). The final concentration of sodium
dithionite must be 0.2% (w/v) for samples con-
taining between 100 and 40 ug ml™' of diquat
and 0.05% (w/v) for samples containing between
40 and 1 wg ml™! of diquat. Transfer the mixed
solution into a thin, flat, ESR cell, wait 3 min and
record the spectrum with a scan rate of 10 G
min~! at room temperature. Construct a calibra-
tion graph of the intensity of the central line (line
10) of the ESR spectrum versus diquat concentra-
tion.

Sample pretreatment

Commercial herbicides, waters and urine were
analysed following the general procedure after
dilution of the sample with doubly distilled water
to obtain a suitable concentration level.

The procedure used for the extraction of di-
quat from potatoes has been described previously
[12]. The herbicide was determined directly in the
solution obtained from the treatment of the sam-
ple.

RESULTS AND DISCUSSION

Diquat (DQ?") is reduced by sodium dithion-
ite to a stable green cation radical at room tem-

/- o

_fl_N/:

"N\_/ \
— ¢ N\
N

Fig. 1. Canonical structures of diquat radical.
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Fig. 2. ESR spectrum of diguat radical. Modulation width 0.05 G; scan range 2.5 G cm ~'; gain 5 X 103; diquat 90 pg ml~!; sodium
dithionite 0.2%; 0.1 M phosphate buffer (pH 8).

1
33906

Fig. 3. ESR spectrum of diquat radical. Modulation width 0.5 G; scan range 1 G cm~'; gain 103; diquat 40 wg ml™?; sodium
dithionite 0.2%; 0.1 M phosphate buffer (pH 8).
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perature. Further reduction gives a neutral prod-
uct, 1,1’-ethylene-2,2'-dihydropyridine:
DQ?*+ le"=DQ™
DQ* '+ 1le=DQ

Based on the canonical structures shown in
Fig. 1, we should have several splittings due to
the protons in positions not equivalent of spin %
and to the two equivalent nitrogens of spin 1 with
the odd electron. Consequently, a maximum
number of 52X 3* lines should be expected.
Therefore, the ESR spectrum of this radical
should be very complicated in dilute solution.

When a mixture of diquat and sodium dithion-
ite in phosphate buffer (pH 8) at room tempera-
ture was placed in the cavity of the ESR spec-
trometer, the development of an intense ESR
signal was observed at the minimum operating
(recording) time, i.e., about 3 min after the reac-
tants had been mixed. At a small modulation
width (0.05 G) and a low concentration of diquat
(90 wg ml™'), the spectrum consists of ca. 155
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equally spaced lines with a line width of 0.15 G
and a complex and well resolved hyperfine struc-
ture (Fig. 2). An increase in the modulation width
from 0.05 to 0.5 G yields a spectrum of only 19
lines (Fig. 3), but the ESR signal intensity is
increased tenfold. The measured value of the g
factor of the radical is 2.00274.

Figure 3 indicates that lines 8 and 12 have
different heights, because sodium dithionite gen-
erates the SO,  radical anion, which is always
present in equilibrium with dithionite [24,25]. This
is emphasized in Fig. 4, where the ESR spectrum
of 2 ug ml™! diquat was obtained under the same
conditions as in Fig. 3 but using a gain ten times
higher. The SO, radical was also formed with-
out diquat and its singlet has a g factor of 2.0053
with a width of 1.2 G.

The amount of diquat radical formed (mea-
sured by the intensity of line 10) was not affected
in the presence of oxygen, but the ESR spectrum
obtained in desgassed solution showed that lines
8 and 12 were of the same height.

Fig. 4. ESR spectrum of diquat radical at the lowest concentration of diquat tested (2 g mi~). Gain 10*; sodium dithionite 0.03;

other conditions as in Fig. 3.

L
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The diquat radical was found to be stable to
light. After exposure to room light for 1 h, no
appreciable decay was observed.

In order to achieve good sensitivity, the instru-
mental conditions used in Fig. 3 were selected for
use. The relative intensity of the central line (line
10) was used for the quantification of diquat.

Optimization of reaction conditions

To establish the optimum conditions for the
ESR signal, the relative intensity of line 10 (/,,)
as a function of the main variables were studied.
These variables were optimized using the univari-
ate method.

The influence of pH on the stability of the
reduced diquat using phosphate buffer solutions
was examined over the range 7.0-11.0 (Fig. 5).
The diquat radical was the most stable at pH 8.
Varying the buffer concentration in the range
(.05-0.2 M did not affect affect the ESR signal.

In the same way, the effect of pH on the
stability of the SO; " radical was studied using
solutions containing 0.3% (w/v) dithionite. The
greater ESR signal was obtained at pH 8. It is
important to emphasize that the ESR signal of
SO is strongly decreased in the presence of

30.04
4min
20,0
[ed
= 20min
30min
10.0 -
60 min
0.0 1 1 1 A
7.0 8.0 9.0 10.0 11.0

pH

Fig. 5. Effect of pH on the stability of diquat radical at
different times. Instrumental parameters as in Fig. 2; diquat
50 wg ml~'; sodium dithionite 0.2%; 0.1 M phosphate buffer
(pH 8).
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Fig. 6. Influence of sodium dithionite on the stability of diquat
radical over different time periods. Instrumental parameters
as in Fig. 2; diquat 50 gg ml™}; 0.1 M phosphate buffer (pH
8).

diquat (50 ng ml~! diquat produces a decrease of
85%).

The effect of the concentration of sodium
dithionite on the stability of diquat radical in 0.1
M phosphate buffer (pH 8) is shown in Fig. 6.
Maximum and more stable values of I,, were
reached at about 0.2% sodium dithionite. How-
ever, for samples with low levels of diquat (< 30
wg mi~1), a 0.05% sodium dithionite concentra-
tion is recommended in order to minimize the
contribution of the SO, radical to the analytical
signal.

As temperature changes in the range 20-40°C
had little effect on the intensity of line 10 of
diquat radical, subsequent experiments were per-
formed at room temperature.

To summarize, the optimum conditions for the
determination of diquat are modulation width 0.5
G, scan range 1 G cm ™!, gain 10°-10%, pH 8 (0.1
M phosphate buffer) and 0.2% sodium dithionite
for samples over the range 40-100 pg ml~! and
0.05% sodium dithionite for those containing be-
tween 1 and 40 pwg ml~!.

Determination of diquat
Under the recommended conditions, there was
a linear relationship between diquat concentra-
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tion and the intensity of line 10 over the range
1-100 g mi~!. The relative standard deviations
(n = 10) were 3.33% for the range 1-30 ug mi™!
and 2.32% for the range 30-100 pg ml~ ",

Interferences

An extensive interference study, aimed at the
determination of diquat in real samples, was per-
formed. The maximum amount of a substance
causing an error of less than +3% in the deter-
mination of 10 pg ml~! diquat was taken as the
tolerance limit. The results showed that large
concentrations of foreign substances did not in-
terfere; there were no effects from 500-fold (w /w)
amounts of Na*, K*, NH}, NO;, ClI~ and SO?~.
Those metal ions which form hydroxides or insol-
uble phosphates (Fe**, AI**, Cu?*, Zn?*, etc.)
interfered owing to precipitation in the basic so-
lution; this can be prevented by the addition of
EDTA. There were also no effects from surfac-
tants such as sodium dodecyl sulphonate or
cetylpyridinium chloride, which may be found in
natural waters, or from organophosphates and
other herbidides or pesticides such as (2,4-dichlo-
rophenoxy)acetic acid (2,4-D), (2,4,5-trichloro-
phenoxy)acetic acid (2,4,5-T), 1,1,1-trichloro-2,2-

TABLE 1

Determination of diquat added to real samples
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bis(4-chlorophenyl) ethane (DDT) and difenzo-
quat at similar concentrations to diquat. How-
ever, it is necessary to emphasize that paraquat
was not tolerated at all, because it was reduced
by alkaline sodium dithionite to paraquat radical,
which also showed a strong ESR signal.

Applications

The ESR method reported here is sensitive
and very selective and therefore has great poten-
tial for the determination of diquat in different
samples. This is confirmed by the results obtained
in analyses of commercial herbicides, waters,
potatoes, soils and synthetic urine.

The commercial herbicides were analysed di-
rectly if paraquat was not present. The results
obtained for diquat in waters, potatoes, soils and
urine were in good agreement with the amount
added in the preparation of synthetic samples.
The results are summarized in Table 1.

Conclusions

This work clearly demonstrates the suitability
of measuring the ESR signal of reduced diquat
for the determination of the herbicide. A compar-
ison between the ESR method and the other

Sample Diquat added

Diquat found

ESR method *

Photometric method ®

Commercial herbicide

Reglone 200.0 mg ml ! 200.7 +0.1 mgmi~! 200.3 mg m] !
Waters

Sample 1 50 pgmi~! 4.86 + 0.08 wgml ! 492 wgml !

Sample 2 10.0 wgml~! 9.91 + 0.09 wg ml~! 9.96 pg ml~!
Soils

Sample 1 40 ugmi~! 412+ 0.04 ugml ™! 416 ugml ™!

Sample 2 20.0 ug ml—! 19.86 + 0.03 g ml ! 20.18 pgmi~!
Synthetic urine

Sample 1 6.0 pgml™! 6.14 + 0.06 ugmi~! 5.98 ugml™!

Sample 2 10.0 pgml~! 9.68 + 0.04 ug ml ! 10.14 pgml !
Potatoes

Sample 1 20pugg! 1.94 4+ 0.06 pgg™' 192 ugg™!

Sample 2 120 ugg™! 1224 £ 009 pgg™! 1190 ugg™!

 Average + S.D. for five separate determinations. ® Average of two separate determinations.
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methods indicates that the former has the advan-
tage of excellent selectivity because paraquat is
the only interferent among many associated for-
eign species.

The authors express their gratitude to the DG-
ICYT for financial support (projects 84-392 and
PB90-0008).
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Flow analysis for trace amounts of copper
by ion-exchanger phase absorptiometry
with 4,7-diphenyl-2,9-dimethyl-1,10-phenanthroline
disulphonate and its application to the study of karst
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Abstract

Ion-exchanger phase absorptiometry was applied to flow analysis for trace amounts of copper in water. The
increase in the absorbance of the coloured complex with 4,7-diphenyl-2,9-dimethyl-1,10-phenanthroline disulphonate,
which was concentrated on-line on to an ion exchanger packed in a flow-through cell, could be measured

3

continuously with a spectrophotometer at 484 nm. The detection limit was 0.08 ng cm > with 8.3 cm® of sample
solution. The proposed method permitted a highly sensitive, selective determination of copper in karst groundwater
samples without any preconcentration. By measuring the copper concentration response in water after a storm, the
infiltration rate of rain water from the soil zone to the underground river of a karst groundwater system could be

evaluated to be about 10-20 m day ™!,

Keywords: Flow system; lon exchange; Ion exchanger; UV-Visible spectrophotometry; Absorptiometry; Copper;

Waters

To estimate, plan and manage water resources,
it is essential to characterize a water basin (i.e., to
clarify thickness, lateral extent, rock type and
water-transmitting properties of rock formations
capable of retaining large volumes of water) and

Correspondence to: K. Yoshimura, Chemistry Laboratory, Col-
lege of General Education, Kyushu University, Ropponmatsu,
Chuo-ku, Fukuoka 810 (Japan).

to know the direction of groundwater movement.
Discharge variations at a spring and among dif-
ferent springs are often accompanied by changes
in water quality, especially in the contents of
trace elements [1], which can give important in-
formation on drainage basins and groundwater
flow directions.

The Akiyoshi-do groundwater system, whose
drainage basin covers some contact metasomatic
deposits of copper, is characterized by a higher

0003-2670,/92 /$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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content of copper (about 1 ng cm~?3) than other
groundwaters (below 0.1 ng cm~?) [2]. In a previ-
ous experiment, a porphyrin with a molar absorp-
tivity of the Soret band of the order of 10° mol ™'
dm?® cm ™! was employed as a colouring agent for
ion-exchanger phase absorptiometry for copper
[3] and applied to the determination of copper
contents in groundwaters in the Akiyoshi-dai karst
area [2]. Although this ion-exchanger phase ab-
sorptiometric method, based on the direct meas-
urement of the degree of light absorption by a
cation-exchange resin phase which has sorbed a
copper complex of porphyrin, is very sensitive,
the method requires 200-cm® water samples with
copper contents below ng cm ™3 levels. A more
rapid, simple and sensitive approach is to use a
flow-through cell packed with a much smaller
amount of ion exchanger.

Many attempts to apply ion-exchanger phase
absorptiometry to flow analysis have been made
since the first report [4-11]. Lazaro et al. [12]
reported that a PAN-immobilized Dowex 50W
resin packed in the flow cell can be used for the
determination of copper(Il). Although more than
50 samples with copper contents at mg dm™*
levels can be measured within 1 h, it requires a
preconcentration procedure for samples contain-
ing less than 1 ug dm * levels of copper and it
cannot be used for the determination of copper
in natural samples because of its poor selectivity.
The porphyrin has high selectivity towards copper
[3], but it is not suitable for the flow method of
ion-exchanger phase absorptiometry because the
coloured complex could not be desorbed from the
ion-exchange resin packed in the flow-through
cell.

It is well known that 4,7-diphenyl-2,9-di-
methyl-1,10-phenanthroline disulphonate (PMPS)
(bathocuproine disulphonate) has high selectivity
towards copper [13]. Ohzeki et al. [14] tried to
enrich trace amounts of copper by complexing it
with sixteen different chelating agents, and found
PMPS to be the most effective for the rapid
enrichment of copper into an anion exchanger
from large-volume samples. The copper-PMPS
complex could be easily desorbed from the anion
exchanger. In this work, ion-exchanger phase ab-
sorptiometry was developed for flow analysis for
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trace amounts of copper in water with PMPS and
applied to investigate storm runoff of karst
groundwater. This method could also be applied
to the determination of copper in rock samples.

EXPERIMENTAL

Chemicals

All chemicals were of analytical-reagent grade.
Water, purified with a Milli-Q SP reagent water
system (Millipore), was used for the dilution of
samples and reagents.

All solutions were thoroughly filtered through
a 0.45-um membrane filter beforehand. BL-9EX,
a non-ionic surfactant (nonaoxyethylene dodecyl
ether) was purchased from Nikko Chemicals.

Standard copper solution, 1000 mg Cu dm 3.
This was prepared by dissolving copper(Il) chlo-
ride dihydrate in dilute nitric acid. The concen-
tration was standardized by EDTA titration with
1-(2-pyridylazo)-2-naphthol as indicator.

Carrier solution and colouring agent solution. A
reducing agent-buffer solution was prepared by
dissolving 50 g of hydroxylammonium chloride
and 200 g of citric acid in about 500 cm® of water,
mixing it with 10 cm® of 4% (w/v) BL-9EX
solution, adjusting the pH of the solution to 6.0
with ammonia, filtering it through a 0.22-um
membrane filter, passing it through a polypropyl-
ene column (10 ecm X 1 ¢cm i.d.) packed with Bio-
Rad Chelex 100 (100-200 mesh) in the ammo-
nium form and then diluting it with water to a
total volume of 1 dm®.

For procedure 1, a carrier solution was pre-
pared by diluting the solution mentioned above
by adding nine volumes of water. A colouring
agent solution was prepared by dissolving 0.02 g
of the sodium salt of PMPS obtained from Do-
jindo (Kumamoto) in 200 cm® of the reducing
agent—buffer solution.

For procedure 2, a carrier solution for the
colouring agent was prepared by diluting with
water 200 cm® of the reducing agent—buffer solu-
tion described above to 1 dm?®. Colouring agent
solution was prepared by dissolving 0.01 g of the
reagent in 200 cm® of the carrier solution. The
other carrier solution for the sample was pre-
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pared by diluting with water 10 cm® of hydrochlo-
ric acid to 1 dm”.

Desorbing agent solution. This was prepared by
diluting with water 50 cm® of concentrated nitric
acid to 500 cm®.

Anion exchanger. QAE Sephadex A-25 (Phar-
macia) in the chloride form was used.

Apparatus

A flow-through cell was supplied by Nippon
Quartz Glass; it was black-sided, and had a path
length of 10 mm and a diameter of 1.5 mm. The
cell was blocked with a polypropylene filter tip to
prevent outflow of the ion exchanger and the
filter tip was placed in such a position that the
light path was not blocked [4]. Only 3-5 mm of
the light-path portion was filled with the ion
exchanger.

Light measurements were made with a Nippon
Bunko UVIDEC-320 double-beam spectropho-
tometer. The spectrophotometer was mounted
vertically so that the top layer of the ion-ex-
changer beads in the flow-through cell were lev-
elled horizontally. An internally mirrored tube
(40 mm X 12 mm i.d.) was placed between the
cell holder and the light-detector window to re-
cover partly the light scattered form the cell. A
perforated metal plate of attenuance 2 (at-
tenuance = log [,/1, for the example in which
light is scattered in addition to being absorbed by
the system) was placed in a reference beam to
balance the light intensities.

The carrier solutions were pumped with Sanuki
DM2M-1024 medium-pressure pumps.

Procedure for collecting and storing water sam-
ples

Fresh water was filtered through a 0.45-um
cellulose nitrate membrane filter with a dispos-
able syringe filter unit (Advantec, DISMIC-25) at
the site where the water sample was collected.
After filtration, the pH values of the filtered
samples were adjusted to about 1 by adding 0.5
cm® of hydrochloric acid and the solution stored
in a 50-cm® polyethylene container; under these
conditions the loss of copper is negligible [15].
The acidified sample solution was directly intro-
duced and neutralized on-line by mixing it with
citrate buffer solution (procedure 2). The hydro-

227

chloric acid concentration in the sample solutions
should be kept constant at 0.10 + 0.02 mol dm °.

Procedure for decomposing rock samples

For decomposition of rock samples, a mi-
crowave acid digestion method was applied. In a
microwave acid digestion bomb (Sanplatec N-25),
a 100-mg sample was decomposed by heating
twice for 60 s with 1 cm® of concentrated nitric
acid and 0.7 cm® of concentrated hydrofluoric
acid [16]. The solution was then evaporated and
the dry residue was dissolved in a mixture of 20
cm® of water and 0.5 cm® of hydrochloric acid.
After dilution with water to 50 cm?, the solution
was stored in a polyethylene vessel.

Procedure for the determination of copper in
water (colour development as in the batch method,
procedure 1)

The flow diagram is shown in Fig. la. To a
water sample containing 4-200 ng of copper in a
20-cm® volumetric flask were added 2 cm?® of the
colouring agent solution. The solution was di-
luted with water to 20 cm® and mixed, then 8.3

(a)

I
OO G

(b)
sl

®——@®
5/ 1
R

Fig. 1. (a) Schematic single-line flow analysis diagram. (b)
Manifold for FIA. (A) Pump; (B) six-way rotary valve for
sample introduction with 8.3-cm® PTFE tube loop; (C) six-way
rotary valve for introduction of a colouring agent solution with
2.1-cm?® PTFE tube loop; (D) six-way rotary valve for desorb-
ing agent introduction; (E) mixing and reaction tube (1 m of
PTFE tubing of 1 mm i.d.); (F) absorptiometric detector
packed with ion exchanger.




228

cm® of the sample were introduced into the
stream. The flow-rate was kept constant at 1.1
cm?® min~'. All tubing was made of PTFE (1 mm
i.d.). The increase in absorbance was continu-
ously monitored at 484 nm and recorded on a
strip-chart recorder set at 0.5 absorbance full-
scale. A solution for desorbing the copper com-
plex from the ion-exchanger phase was intro-
duced into the stream by means of another PTFE
six-way rotary valve with a sample loop (ca. 1
cm?).

Procedure for the determination of copper in
water (on-line colour development, procedure 2)

Sample solution (8.3 cm?) containing 0.8—80 ng
of copper and the colouring agent solution (2.1
cm?®) were introduced simultaneously into the
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stream by means of six-way rotary valves. The
carrier solutions for the sample and the colouring
agent were pumped at flow-rates of 0.8 and 0.2
cm® min~!, respectively. The absorbance was
monitored continuously and recorded in the same
way as in procedure 1. A schematic diagram of
the flow analysis system is shown in Fig. 1b.

RESULTS AND DISCUSSION

Absorption spectrum of copper—PMPS complex
In solution, the copper(I)-PMPS complex
shows a maximum absorption at 481 nm where
the molar absorptivity is 13200 mol ~! dm? ecm™.
Because of its high negative charge of —3, the
complex species is easily sorbed in an anion ex-

(a) (b)
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Fig. 2. (a) Colour development profiles of copper using the flow system (procedure 1) without the surfactant. (A) Sample
introduction (40 ng of Cu, 4 cm?); (B) desorbing agent introduction. Ion exchanger, QAE-Sephadex A-25; flow-through cell, 1.5
mm diameter; flow-rate, 1.1 cm® min~!; wavelength, 484 nm. (b) FIA profiles obtained with the flow system (procedure 2). Sample
volume, 8.3 cm?>. (A) Blank; (B) 20.8; (C) 41.5; (D) 62.3; (E) 83.0 ng of Cu; (F) groundwater; (G) desorbing agent (1.4 mol dm~3
HNO,). Carrier solution, 0.12 mol dm ™3 HCI; flow-rate, 0.8 cm® min~!. PMPS solution volume, 2.1 cm® [0.005% (w/v) PMPS,
2.5% (w/v) hydroxylammonium chloride, 0.02% (w/v) BL-9EX, 0.2 mol dm~? citrate, pH 5.5}, carrier solution, 2.5% (w/v)

hydroxylammonium chloride, 0.02% (w/v) BL-9EX, 0.2 mol dm~?

citrate, pH 5.5; flow-rate, 0.2 cm® min~?. lon exchanger,

QAE-Sephadex A-25; flow-through cell, 1.5 mm diameter; wavelength, 484 nm.
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changer, QAE-Sephadex A-25, showing a maxi-
mum absorption at 484 nm; the wavelength was
fixed at 484 nm for the flow analysis of copper.
The composition of any complex formed by cop-
per and PMPS in the ion-exchanger phase was
studied by the molar ratio method. The reagent-
to-metal molar ratio of the complex was 2:1, the
same as in the solution.

Application of ion exchanger phase absorptiome-
try to flow analysis (procedure 1)

Effect of pH of solution on colour development.
The quantitative complex formation of copper(l)
-PMPS was achieved within the pH range 4-10
[17]. The solution was kept at a pH of 5-6 with
citrate.

Concentrations of PMPS and reducing agent.
An amount of reagent greater than that required
by stoichiometry (Cu: PMPS = 1:2) is needed for
complete colour development. The concentration
of PMPS in the range examined (0.0001-0.002%,
w/v) was sufficient for complete colour develop-
ment; higher concentrations resulted in higher
reagent blanks. The final concentration of PMPS
was fixed at 0.001% (w/v), i.e., 2X 1075 mol
dm 3.

The presence of 0.5% (w /v) of hydroxylammo-
nium chloride was sufficient for complete reduc-
tion of copper. A content larger than 0.5% (w/v)
resulted in lower absorbances both for the
coloured complex and the reagent blank because
of their decreased distribution ratios.

The colour development was almost complete
within 3 min and the net absorbance was constant
even after 2 h.

Adsorption of the copper—PMPS complex on the
wall of the PTFE tube. The copper—PMPS com-
plex species easily adsorbs on the wall of the
PTFE tube, probably owing to hydrophobic inter-
action between the surface moiety of PTFE and
the solute. This effect resulted in low repro-
ducibility of measurements, as shown in Fig. 2a.
The addition of a non-ionic surfactant, BL-9EX,
to both the sample solution and the carrier solu-
tion was very effective in overcoming this prob-
lem. However, its concentration should not be
higher than the critical micellar concentration of
1% 10~* mol dm~7? [18], otherwise the sensitivity
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decreases. In the present system, the final surfac-
tant concentration was maintained at 0.004%
(w/v), i.e., about 7 X 10° mol dm 3.

Flow-rate. At a constant flow-rate, there was a
strictly linear relationship between measured ab-
sorbance and copper concentration. However,
high flow-rates gave rise to an increase in pres-
sure drop. Therefore, the total flow-rate was
maintained constant in the range 0.9-1.1 cm?
min~'. Probably because of slow diffusion of the
coloured species into the resin particles, a change
in flow-rate from 1.0 to 1.5 cm® min™"' led to a
decrease in sensitivity of 80%.

Calibration and detection limit. The increase in
absorbance of the background just after the sam-
ple injection, A A, could be measured on the
chart. The coloured copper species in the ion-ex-
changer phase were easily desorbed with 1.4 mol
dm~? nitric acid. The cell could be used repeat-
edly for measurements of four water samples per
hour. The calibration graph obtained was linear
from 0.5 to 10 ng cm~? of copper and could be
expressed as

AA =0.0288C + 0.0686 (1)

where C is the sample concentration in ng cm >

Procedural blanks were determined and sub-

tracted from the sample concentration.
Sensitivity. The distribution ratio of the cop-

per(I)-PMPS complex, defined by the equation

(mol of copper sorbed)/(dm3 of swollen ion exchanger)

(mol of copper)/(dm3 of solution)
(2)

can be a measure of the copper retention in the
flow-through cell. The colour development pro-
file of the complex species can be explained ac-
cording to the plate theory [11). As already shown
in a previous paper [4], in a high distribution ratio
system with D higher than 5 x 10, almost all the
sample species was retained after the passage of
at least 20 cm® of a carrier solution, whereas the
sample species introduced was eluted from the
cell in a fairly short time for low-D systems. For
the present system, the D value was 1.1 X 10°,
suggesting quantitative retention of the cop-
per(D-PMPS complex in the flow-through cell
and that a higher sensitivity can be obtained by
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TABLE 1

Effects of foreign ions on the determination of copper ?

Foreign ion Concentration Cu found Error (%)
(ngem™?) (ngem™?)
Mg 10 10.0 0
Ca 100 10.2 +2
Fe(IIT) 1 9.9 -1
Co 0.01 10.0 0
Ni 0.01 10.0 0
Zn 0.01 10.0 0

# Sample volume introduced: 8.3 cm® (10.0 ng cm ™).

introducing larger sample volumes. Probably be-
cause of its low distribution ratio, the sorption of
the free colouring agent on the ion exchanger
reached a steady state after the introduction of
the sample solution into the flow system [11]. The
greater the volume of the sample introduced, the
greater the signal-to-blank ratio will be.

The ratio of the two absorbances for sample
solutions in the same copper concentration, SR,
can be measured to compare the sensitivity of the
present method and the corresponding solution
absorptiometry sensitivity. In the system with
complete sorption of the coloured species in the
ion exchanger, SR is closely related to:
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where € and € are the molar absorptivities of the
coloured species in solution and in the solid phase,
respectively, ! the light path length for solution
absorptiometry, V' the volume of sample solution
introduced and S the cross-sectional area (nor-
mal to the light beam) of the flow-through cell
packed with the ion exchanger. The ratio is a
function of both the diameter of the flow-through
cell and the sample volume, which are very im-
portant factors for obtaining high sensitivity [4].
At a fixed sample volume (8.3 cm?), the SR value
obtained (140) was lower than the value expected
(470) if /=1 cm. The low diffusion rate of the
coloured species into the ion exchanger may lower
the sensitivity (see above).

Precision. The precision was measured with
8.3-cm? sample solutions containing 42 ng of cop-
per. For five determinations, the absorbances ob-
tained were 0.151 + 0.002,. The relative standard
deviation was 1.9%.

Effects of concomitant ions. There are few
metal ion interferences in the corresponding con-
ventional absorptiometry when PMPS is used
[13,14,17]. The effect of foreign ions is shown in
Table 1. The amounts of coexisting ions normally
present in natural waters are tolerable. As de-
scribed later, magnesium, aluminium, calcium, ti-

SR = (&V')/(elS) (3) tanium, iron and manganese in a rock sample did
TABLE 2
Determination of copper in groundwater and rock samples
Sample Cu added Net absorbance " Cu found Cu recovered
(ng) (ng) (ng)
Groundwater 0 0.0216 4.90 -
8.3 0.0589 13.4 8.5
16.6 0.0926 21.0 16.1
24.9 0.131 20.7 24.8
Sample Sample introduced 9 Net absorbance ® Cu found Cu content
(mg) (ng) (ngg™")
JB-1° 0.199 0.0493 11.2 56.3
0.398 0.110 251 63.1
0.598 0.171 38.8 64.9
0.996 0.236 53.6 53.8
1.20 0.298 67.8 56.7
1.39 0.343 78.0 56.0

? Groundwater issuing from Akiyoshi-do Cave in the Akiyoshi-dai karst area; 8.3 cm® of sample solution (0.1 mol dm =3 HCI) were
introduced into the system. ® A4 — A A(for the blank). ¢ Reference material (a basalt sample from the Geological Survey of
Japan); sample solution introduced = 8.3 em?. ¢ 0.120 g of JB-1 were decomposed with HF and HNO; and dissolved in 100 cm®
with 0.12 mol dm 3 HCI. Further dilution was effected with the HCI solution.
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not affect the copper determination when present
at levels of 830, 1400, 1200, 140, 1100 and 20
times the concentration of copper (as weight ra-
tio), respectively.

The presence of sodium chloride as back-
ground electrolyte resulted in lower absorbances
for the sample and reagent blank. It is recom-
mended that a calibration graph prepared at the
same concentration of background electrolyte as
that in the sample solution is used, particularly
when the electrolyte concentration is high.

Application to flow injection (procedure 2)

Colour development profile and calibration. Fig-
ure 2b shows a typical colour development pro-
file. After introduction of the sample and a
colouring agent, the absorbance increased be-
cause of the sorption of the copper(1)-PMPS
complex on the ion exchanger packed in the
flow-through cell. The calibration graph has a
positive blank due to the PMPS solution, but
gives a linear plot that can be expressed by the
equation

A A =0.0387C + 0.0530 (4)

Copper concentrations at 0.1-10 ng cm ™ levels
could be determined for three water samples
within 1 h. A recovery test was done for a karst
groundwater sample. As shown in Table 2, the
recovery of the copper added was quantitative.

Determination of copper in a reference rock.
The proposed method was applied to the deter-
mination of copper in a reference rock sample
JB-1 (a basalt sample from the Geological Survey
of Japan). For six determinations, the values ob-
tained were 58.5 + 4.4 ug g~ ' (Table 2), which
compared favourably with the certified value of
563 ug g '[19].

Concentration variation of copper concentration
in groundwater issuing from Akiyoshi-do Cave af-
ter storm

The changes in spring water chemistry after a
storm have a pattern composed of sequential and
sometimes superimposed pulses of water of dif-
ferent quality and amount from different stores
and tributary inputs {1]. The Akiyoshi-do Cave
catchment basin occupies about half of the
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Akiyoshi-dai Plateau (Yamaguchi Prefecture),
18.5 km?, including 16.5 km? of a limestone area.
Akiyoshi-dai Plateau, most of which is a Quasi-
National Park in Yamaguchi Prefecture, Western
Japan, is one of the biggest karst platecaus in
Japan, and Akiyoshi-do Cave is located at the
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time for groundwater during a flood event. Concentrations of
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(A) AAS; (B) ion chromatography; (C) the proposed method.
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TABLE 3
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Comparison of sensitivities and limits of detection of different methods

Method Amount of sample Sensitivity * Detection Ref.
taken (cm?) (ng cm™?) limit (ng cm ~3)
Absorptiometry P
T(4-MPy)P € - 29 - 23
PMPS - 530 - 16
Ion-exchange phase absorptiometry:
T(4-MPy)P 200 1.3 0.44 2
1000 0.32 0.072 2
PMPS:
Procedure 1 83 35 0.10 This work
Procedure 2 8.3 2.6 0.08 This work
FAAS ¢ - 30 ¢ 5 24
ETAAS *© 0.01 1.38 0.2 24
ICP-AES ! - - 0.5 25

2 Copper concentration giving a final absorbance of 0.1. ® 1-cm cell. ¢ T(4-MPy)P = a,,y,5-tetrakis(4-N-methylpyridyl)porphine.
4 FAAS = flame atomic absorption spectrometry. ¢ ETAAS = electrothermal atomic absorption spectrometry. | ICP-AES =
inductively coupled plasma atomic emission spectrometry. & 1% absorption.

southern foot of the plateau. In this area, the
average annual precipitation is 1974 mm, the
average runoff from Akiyoshi-do Cave is 955 mm
and the mean solutional denudation rate in the
basin is 0.051 mm per year [20]. For the under-
ground river issuing from Akiyoshi-do Cave, the
changes after a storm in discharge and in the
contents of calcium, chloride and copper are
shown in Fig. 3.

The runoff response is similar to that for a
surface stream, except for the longer time lag
between the runoff peak and the storm peak. Of
the major components, calcium and hydrogencar-
bonate are supplied by the dissolution of Akiyoshi
limestone in the presence of dissolved carbon
dioxide, whereas chloride is supplied by wet and
dry deposits mainly in the form of sea salt. The
increase in calcium concentration and the de-
crease in chloride concentration at the start of
the flood are due to the flushing out of water
with a long residence time in the deeper phreatic
zone and the subcutaneous zone beneath the soil
zone. Although detailed assignments of the
changes in spring water chemistry were not the
aim of this study, it is noteworthy that the copper
concentration in groundwater issuing from
Akiyoshi-do Cave showed peaks 8 days after
storms. Such a high concentration of copper in

karst groundwater cannot be accounted for on
the basis of solubility of copper minerals: the
groundwater in contact with limestone is super-
saturated with respect to minerals such as mala-
chite [21]. The copper may be supplied by oxida-
tion of sulphide ores with the aid of sulphur-
oxidizing bacteria [22] in the non-calcareous soil
zone in the contact metasomatic ore area of the
Akiyoshi-do Cave drainage basin. In this area,
the depth of the groundwater table from the
surface is 50-100 m, and a 2.5-km connection
between a sink hole and Akiyoshi-do Cave has
been confirmed by dye tracing with sodium fluo-
rescein; the coloured water was observed at
Akiyoshi-do Cave 52 h after the injection into the
sink hole [3]. The infiltration rate of rain water
during a flood period from the soil zone to the
underground river of the Akiyoshi-do Cave
groundwater system could be evaluated for the
first time to be about 10-20 m day .

Conclusion

A comparison of the sensitivities of various
analytical methods for the determination of cop-
per is shown in Table 3. The proposed method
has several advantages especially for the determi-
nation of copper in karst spring water; it is a
highly sensitive and selective method for water
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samples with high contents of calcium and mag-
nesium to which acid has been added for preser-
vation.

Measurements of trace amounts of copper in
karst groundwater after storms made it possible
to evaluate the infiltration rate of rain water from
the soil zone to the underground river.

This work was partially supported by a Grant-
in-Aid for Scientific Research (C), Nos. 01540486
and 03640497, from the Ministry of Education,
Science and Culture, Japan. The authors express
their thanks to Dr. K. Matsumi, Dr. T. Yuasa and
Dr. T. Okuda for helpful discussions and encour-
agement throughout this work.
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Equilibrium dialysis—ligand exchange: a novel method
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Abstract

The equilibrium dialysis-ligand exchange technique (EDLE) is a combination of two classical techniques and is
designed to measure the conditional stability constants of radionuclide—humic acid complexes over broad pH and
ionic strength ranges. The use of a reference ligand hinders the hydrolysis of the radionuclide and enables the
stability constant to be determined under neutral and alkaline conditions. By measuring the distribution of the
radionuclide between the reference ligand and the humic acid, the conditional stability constant can be calculated.
The technique was tested with ®’Co?* and a commercial humic acid (HA) (Aldrich). It was possible to measure the
conditional stability constants for the Co—-HA complex for pH values between 5 and 10 in an ionic strength range
between (.02 and 0.2 M. The conditional stability constant increases non-linearly with increasing pH and decreases

with increasing ionic strength.

Keywords: lon exchange; Equilibrium dialysis; Humic acids; Ligand exchange; Radionuclides; Stability constants

The influence of natural organic acids [humic
acids (HA) and fulvic acids (FA)] on radionuclide
migration through the geo- and biosphere is still
a source of uncertainty in radioactive waste man-
agement. HA and FA can complex radionuclides
and trace metals and increase their solubility
[1-4]). In addition, natural organic matter may
decrease the adsorption of radionuclides on the
surface of water bearing fissures and reduce the
retardation effect of matrix diffusion, both of
which result in enhanced transport through the
geosphere. An assessment of the influence of

Correspondence to: L.R. Van Loon, Paul Scherrer Institute,
Wiirenlingen and Villigen, CH-5232 Villigen PSI (Switzer-
land).

natural organic acids is therefore necessary. How-
ever, the availability of appropriate stability con-
stant data for radionuclide-HA complexes is a
prerequisite for such an assessment.

Most data reported in the literature have been
determined under conditions that are irrelevant
for most safety assessment studies, i.e., low pH
(2-5), high ionic strength and high metal to HA
ratio [5-13]. The main reason for this is that, at
low pH, the hydrolysis of the metal is negligible.
Under these conditions, precipitation of the nu-
clide is avoided and mainly two species are pre-
sent in solution: the metal-HA complex and the
free metal. The concentration of the free metal is
relatively high and can be measured accurately. A
wide variety of techniques are available to deter-

0003-2670,/92 /305.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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mine the stability constant under such conditions
[4].

The conditional (effective) stability constants
of metal-HA complexes depend strongly on pH
and ionic strength and may vary by several orders
of magnitude in the pH range 5-10. Applying
these conditional constants determined at low pH
values to conditions of higher pH values is there-
fore basically wrong. Also, the common practice
of linearly extrapolating conditional stability con-
stant data obtained at low pH values to slightly
alkaline conditions typical of most groundwaters
is generally inappropriate because of the lack of
information on the evolution of the conditional
stability constants with pH and can lead to incor-
rect conclusions regarding the extent of radionu-
clide complex formation with HA and FA.

The determination of stability constants under
neutral and alkaline conditions is often a problem
because of the extensive hydrolysis of most of the
radionuclides of interest under these conditions
and because the free metal concentration is very
low and difficult to determine. New techniques
have to be developed to overcome these difficul-
ties. Maes et al. [14] developed a modified ion-ex-
change technique and were able to measure con-
ditional stability constants of Eu— and Am-HA
complexes at pH = 9. The technique, however,
can hardly be applied at low (< 0.02 M) or high
ionic strength values (> 0.15 M). In this paper, a
method is proposed which is a combination of
ligand exchange and equilibrium dialysis (EDLE)
as a potential technique for determining condi-
tional stability constants of radionuclide-HA
complexes over a broad pH range. This combina-
tion of two classical techniques represents a
means of solving the earlier mentioned problems.
For pH values below 8, the EDLE results were
compared with those obtained by an ion-ex-
change method.

THEORY OF THE EDLE TECHNIQUE

Basically, the EDLE technique measures the
stability constant of the radionuclide-HA com-
plex relative to a reference radionuclide—ligand
(L) complex of known stability. From the distribu-
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tion of the radionuclide (M) between the humic
acid (HA) and the reference ligand (L), the stabil-
ity constant of the radionuclide-HA complex can
be calculated. The concentration and type of
reference ligand has to be chosen with care and
in such a way that the hydrolysis of the radionu-
clide (at the desired pH) is reduced to levels
which can be ignored in comparison with the
concentrations of the other species in the system.

Consider the following competing reactions
taking place:

M + HA = MHA (1)
M+nL=ML, )

The stability constants of these reactions are de-
fined as

 [MHA]

Kuna = MITHA] (3)
[ML,]

" ML *

From Eqns. 3 and 4, the stability constant of the
MHA complex can be derived as

[MHA]K . [L]"

uiA = IML, J[HA] ®)

where

Kyna = stability constant of the MHA complex
(leq ')

K\,  =stability constant of the ML, complex
M),

[HA] = concentration of the free HA (eq 171);

[L] = concentration of the free reference lig-
and (M);

[MHA]= concentration of the radionuclide~-HA
complex (M);
[ML,] = concentration of the radionuclide—ref-
erence ligand complex (M).
The concentration of humic acids is expressed as
equivalents of dissociated functional groups. As
will be seen later, the trace metal concentration is
many times lower than the ligand concentration,
so that the free ligand concentration (L and HA)
equals the total ligand concentration.
The ligand exchange technique has been used
in the past in combination with spectrophotome-
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try [15,16). The amount of metal complexed by
the competing ligand is determined spectrophoto-
metrically. One of the main difficulties with this
method is the selection of the competing ligand
L, which not only must have the appropriate
properties with respect to complexation but also
the ML, complex formed must have favourable
spectroscopic properties. Alternatively, the ligand
exchange method has been used in combination
with a separation technique [17]. The two com-
plexes formed (ML and MHA) are separated and
the concentration of the two species can be deter-
mined by measuring the metal concentration in
both fractions. This increases the choice of the
reference ligand compared with the spectroscopic
technique because the ML, complex formed need
not have spectroscopic properties. However, only
those ML, complexes which are stable enough
and do not dissociate during the separation can
be selected.

In the EDLE technique proposed here, equi-
librium dialysis is used to distinguish between the
metal bound on the reference ligand and the
metal bound to the HA. Equilibrium dialysis has
been used previously to determine the complexa-
tion capacity of humic acids [18,19]. The distribu-
tion of a radionuclide between the humic acid
and the reference ligand can be measured by
equilibrium dialysis provided that the membrane
is impermeable to the MHA complex and perme-
able to the ML, complex. Basically, there are two
compartments separated by a semi-permeable
membrane. Compartment 1 contains the HA and
the reference ligand and compartment 2 contains
only the reference ligand. When a metal is intro-
duced into this system, it will be distributed be-
tween the two compartments. At equilibrium, the
total concentration of metal M in compartment 1
is

C,=[MHA] + [ML] + [M] (6)
and the total concentration in compartment 2 is
C, = [ML] +[M] (7

When the concentration of the reference ligand is
high enough, the concentration of the free metal,
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[M], is negligibly small, so that

C,=[MHA] + [ML] (8)
and
C,=[ML] (9)

The concentration of metal bound to the humic
acid can be calculated from the difference in
concentration:

[MHA] =C, - C, (10)

The concentration of metal bound to the refer-
ence ligand L is

[ML]=C2 (11)

The EDLE method has several advantages. The
hydrolysis of the metal is avoided and the stability
constants can be measured at higher pH values.
The free metal concentration does not need to be
measured as in most of the classical techniques
for determining stability constants. Depending on
pH, ionic strength and the stability of the com-
plex, the free metal concentration can be very
small and difficult to measure, introducing rela-
tively large errors. The method is applicable to
many metals at very low M/HA ratios. This is
important for complexation studies with radionu-
clides where in many instances their concentra-
tions are low in natural systems.

EXPERIMENTAL

Materials

A commercial humic acid (Aldrich) was used.
The humic acid was first purified by a slightly
modified procedure [20]. A 5-g amount of the
humic acid was dissolved in 500 ml of solution
containing 0.01 M NaOH and 0.048 M NaF.
After shaking the suspension for 24 h, the humic
acids were precipitated by acidifying the solution
to pH 1 with concentrated HCI. The suspension
was centrifuged at 10000 g for 15 min and the
pellet was dissolved in 0.01 M NaOH-0.048 M
NaF. The whole procedure was repeated three
times. After the last acidification and centrifuga-
tion step, the humic acids (in the protonated
form) were dialysed against distilled water until
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no further Cl~ could be detected by AgNO,,
then freeze-dried. After grinding in a PTFE mor-
tar, the HA were stored in a glass vial in a
desiccator.

The charge of the humic substances as a func-
tion of the pH was estimated from Co(NH);*
adsorption measurements as described by Maes
et al. [21]. A 5-mg amount of the humic acids was
mixed in centrifuge tubes with 30 ml of solution
of various Co(NH;)}* concentrations, labelled
with ®®Co. The pH of all samples was first ad-
justed to 2.5 with 0.1 M HCIO, to obtain the
same pH history over the total pH range for each
sample. After this pretreatment, the pH was
slowly adjusted to the desired value (3—11) with
0.1 M NaOH. The tubes were closed and shaken
end-over-end overnight at room temperature. All
manipulations were carried out under a nitrogen
atmosphere. At equilibrium, the samples were
centrifuged and the supernatant was assayed for
Co(NH, 3+ organic matter and pH. The amount
of adsorbed Co(NH,);* was calculated from the
difference in concentration before and after equi-
librium. The major impurities (Si, Fe, Mg, Al, Sr,
Ca, Na, Cr) were determined by inductively cou-
pled plasma atomic emission spectrometry (ICP-
AES), after digesting the HA sample with
HNO;-H,0,.

Ion-exchange method

In the ion-exchange method, the stability con-
stant of an MHA complex is determined by mea-
suring the distribution of the metal between an
ion-exchange resin and a solution in presence and
absence of the HA. The theory of the ion-ex-
change method has been extensively described
[3,4,22]. The working equation of the ion-ex-
change method can be expressed as

KO
log(—d - 1) =log Kyys +n log[ HA] —log A

Ky
(12)
where
K = partition coefficient of the metal M in
absence of HA (ml g™ ');
K, = partition coefficient of the metal M in

presence of HA (ml g™ ');
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TABLE 1

Composition of the solutions used in the ion-exchange method
at different pH values

pH Buffer # HA (mg1™1)

5 AcO ™ -HOAc 0; 6.25; 12.5; 25; 50; 100
6 MES 0; 6.25; 12.5; 25; 50; 100
7 H,PO, -HPO; ~ 0; 6.25; 12.5; 25; 50; 100
8 Tris 0; 6.25; 12.5; 25; 50; 100

% See Table 2 for abbreviations.

Kpnua = stability constant of the MHA complex

(eql™h;
[HA] = concentration of HA (eq 17');
n = number of ligands per metal atom;
A =1+ Kyg[B] = correction term when a

buffer B, with complexing properties,

has been used; [B] is the concentration

of the buffer and K is the stability

constant of the metal-buffer complex.

A 100-mg amount of a cation-exchange resin
(Dowex 50W-X4) in the Na™ form was placed in
a centrifuge tube and 20 ml of a solution contain-
ing a buffer, NaClO, and different concentra-
tions of HA were added. The compositions of the
solutions used in the ion-exchange method are
summarized in Table 1. The volume was made up
to 25 ml by adding 5 ml of solution of the same
composition but without HA and spiked with
%Co. The final concentration of Co in the tubes
was ca. 10 8 M. The tubes were shaken end-
over-end overnight at room temperature. At equi-
librium, the centrifuge tubes were left standing in
a vertical position to let the ion-exchange resin
settle. The pH was measured and the *’Co activ-
ity in solution was determined with a sodium
iodide gamma counter (Packard, Minaxi vy, auto-
gamma 5000 series). From the difference in ra-
dioactivity before and after equilibrium, the dis-
tribution coefficients could be calculated. The
stability constants of the Co-HA complex was
determined by applying Eqn. 12. The coefficient
n was set at 1 (it was assumed that a 1:1 complex

between the Co and the HA had been formed).

Selection of the reference ligand
A crucial factor in the EDLE technique is the
choice of the right type and concentration of
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reference ligand (L). On the one hand, the ra-
dionuclide must show a measurable distribution
between L and HA. On the other, in absence of
the HA, the metal must be present mainly as the
ML complex. Roughly one can say that the ML
complex must have about the same stability con-
stant (+ 1 log K-unit) as the MHA complex. Un-
der these conditions, the same concentration of
HA and L in the system leads to an equal distri-
bution of the radionuclide between L and HA.
Published data on MHA stability constants are
therefore helpful in choosing the right reference
ligand.

After the right reference ligand L has been
selected, its concentration has to be calculated.
The minimum concentration required can be de-
termined by considering the situation without HA.
Here the concentration of L must be chosen so
that the radionuclide M is mainly present as the
ML complex (ML]/[M]> 0.98). Geochemical
codes such as PHREEQE or MINEQL are very
useful for these purposes, especially when the
hydrolysis of the radionuclide becomes impor-
tant. The exact concentration of L depends on
the concentration of HA used in the experiments.
When no data on the stability constants are avail-
able, realistic estimates have to be made. For
each pH value, this procedure has to be repeated.
It is often a matter of trial and error to choose
the right type and concentration of reference
ligand. As an example, the case for Co%* at pH 6
and I =0.1 M will be analysed here.

The stability constant (log K) of the Co-HA
complex at pH 6 and I =0.1 M as determined by
an ion-exchange method [23] is ca. 5 (K =10° |
eq~!). The stability constant (log K) of the refer-
ence ligand should therefore have a value be-
tween 4 and 6. Log K for the Co-oxalate com-
plex is 3.9 at /=0.1 M so that oxalate can be
selected as a suitable reference ligand. As hydrol-
ysis does not play a significant role at pH 6, the
minimum concentration of oxalate required can
be calculated as

[CoOx]
[Co? I x 10°° (13)

On fixing the ratio [CoOx]:[Co?*] at 40 (97.5%
of Co is present as CoOx), the concentration of

[Ox] =
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TABLE 2

Composition of the solutions used in the EDLE method at
different pH values

pH  Buffer Reference ligand® HA (mgl™!)
5 AcO™-HOAc Oxalate 0; 20; 50; 100
6 MES Oxalate 0; 20; 50; 100
7 MOPS Oxalate 0; 20; 50; 100
7 MOPS IDA 0; 20; 50; 100
8 Tris IDA 0; 20; 50; 100
9.5 CHES IDA 0; 20; 50; 100
95 CO; -HCO; CO35~ 0; 20; 50; 100
10 CAPS IDA 0; 20; 50; 100
10 CO%’ -HCO; CO3~ 0; 20; 50; 100

@ MES = 2-( N-morpholino)ethanesulphonic acid; MOPS = 3-
(N-morpholino)propanesulphonic acid; Tris = tris(thydroxy-
methyl)aminomethane; CHES = 3-(cyclohexylamino)ethane-
sulphonic acid; IDA = iminodiacetic acid; CAPS = 3-(cyclo-
hexylamino)propanesulphonic acid; AcO ™ -HOACc = acetate—
acetic acid.

oxalate is 0.005 M. When an equal distribution of
the Co between oxalate and HA is desired, the
concentration of the HA in the system has to be
0.005 x 103
10°
With a functional group density of 4 meq g~ !, the
concentration of HA is ca. 100 mg 17!, The
composition of the solutions used in the complex-
ation studies with Co are summarized in Table 2.
Basically, the solutions contain a pH buffer, a
reference ligand, humic acids and a neutral salt
for ionic strength adjustment. Buffer compounds
with no or very low complexing capacities have
been selected [24].

[HA]=1x =04meql™" (14)

Equipment

Figure 1 shows a schematic view of the dialysis
cell used. The cell consists of a 50-ml centrifuge
tube (Oak Ridge Type, polysulphonate) of which
the open end is covered by a dialysis membrane
(Dialysis Tubing-Visking, Medicell, London; MW
cut-off 10000-14000). The membrane is held
firmly in position via a cap, with a circular hole
(diameter 18 mm), which is screwed down on the
body of the tube. The tube is placed upside down
in a 50-ml polyethylene bottle. The inner (centri-
fuge tube) and outer (bottle) solutions are sepa-
rated by the membrane.
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/Y* Compartment 1

Inner solution

Membrane

— Cap
e ’—— Compartment 2

Outer solution

Fig. 1. Schematic diagram of the dialysis cell used for the
experiments.

Measurement of stability constants

Before the measurements of the conditional
stability constants were started, some preliminary
experiments to determine the time required to
obtain diffusion equilibrium were carried out. For
this purpose, a series of diffusion cells were set
up as follows. Both the centrifuge tube and the
50-ml bottle were filled with 10 ml of a solution
containing 0.01 M NH,OAc and 0.04 M NaClO,
at pH 7. The solution in the centrifuge tube was
spiked with 20 ul of *°Co (634 kBq ml™"') solu-
tion. The open end of the centrifuge tube was
covered by a membrane which was fixed by a cap.
The centrifuge tube was placed upside down in
the bottle and the cells were shaken gently at a
constant temperature of 20°C. At different time
intervals, single dialysis cells were opened and 2
ml of both solutions were sampled. The activity of
the %°Co was determined by gamma counting.

For the determination of the stability con-
stants, 10 ml of the solution designed for the
desired conditions of pH and ionic strength (Ta-
ble 2) were placed in the centrifuge tube and
spiked with 20 ul of *Co?" (634 kBq ml™')
solution. The total concentration of Co?* in the
solution was ca. 107% M. The 50-ml bottle was
filled with 10 ml of the same solution containing
no HA. The same sampling and analysis proce-
dures as described earlier were used. At the end
of each experiment, the pH of the solutions was
measured and the concentration of HA in both
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compartments was determined by UV measure-
ments at 254 nm (Model 260 optic spectropho-
tometer, Guided Wave, Inc.). The equipment was
calibrated with solutions of the same pH and
composition, containing known concentrations of
humic acids.

RESULTS AND DISCUSSION

Table 3 shows the major impurities in the
purified and unpurified sample. As can be seen,
the purification procedure is effective for remov-
ing the major impurities. The ash contents calcu-
lated from these levels of impurities are 8.4% for
the untreated sample and 0.13% for the purified
sample. Kim et al. [20] found analogue ash con-
tents of 10.4% for the untreated Aldrich humic
acid sample and 0.07% for the purified sample.
The Co content of the sample was not analysed.
Kim et al. [20], however, found values of 2.5 mg
kg~! for the unpurified sample and 0.33 mg kg~
for the purified sample as determined by neutron
activation analysis. Assuming that the same levels
of Co are present in our samples of Aldrich HA,
the solutions containing the highest HA concen-
tration (100 mg 1~ ') had a concentration of stable
Co of 5.6 X 107 '% M. This is much lower than the
concentration of ®*Co used in the experiments.
Kim et al. [20] also reported that the concentra-
tions of most of the trace elements in the purified
sample were lower than 1 mg kg ™.

Figure 2 shows the results of the preliminary
experiments. The ratio of the concentrations of

TABLE 3

Analysis of the major impurities of a purified and an unpuri-
fied Aldrich HA sample by ICP-AES

Element Unpurified Purified
(mg kg™ ") (mgkg™")

Si 672 89

Fe 10236 633

Mg 321 13

Al 1809 29

Sr 23 1.8

Ca 4463 267

Na 66330 238

Cr 18 26
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Fig. 2. Evolution of the concentration ratio A4 as a function of
time in a blank experiment.

®Co in the two solutions is plotted as a function
of the equilibration time. At diffusion equilib-
rium, the ratio should be exactly 1. As can be
seen, the ratio reaches a maximum value of 0.96
after 2 days. The system therefore does not reach
complete diffusion equilibrium. Based on these
preliminary experiments, an equilibration time of
4 days was chosen for all subsequent experiments.
As was seen in later experiments, this time was
sufficiently long to obtain equilibrium for the
complexation process.

In the experiments with HA, the difference in
concentration in the two compartments is caused
by two facts: part of the Co is bound to the HA
and the diffusion on the CoL complex has not yet
reached equilibrium. The degree of non-equi-
librium is always determined by running blank
experiments, in which the same solutions are
used but without HA. The following procedure
was applied to correct for the non-equilibrium

TABLE 4
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state. From the blank experiments, the degree of
equilibrium (A4) can be derived as

A=C/Ct (15)

where CP and C) represent the concentration of
Co in the first and the second compartment for
the blank experiments. To determine the amount
of radionuclide bound on the humic acid, the
measured concentrations have to be corrected, or
the concentration of radionuclide in both com-
partments at real diffusion equilibrium has to be
calculated. Assume that the measured concentra-
tion of the radionuclide is C, in compartment 1
and C, in the second compartment. The nuclide
in the second compartment is present as the
reference complex, its concentration being a frac-
tion A of the reference complex concentration in
compartment 1. The equilibrium concentration of
the reference complex in compartment 2 (C59)
can be calculated as

G =(C,+Cy/A4) /2 (16)

The equilibrium concentration of the nuclide in
the first compartment (C79) is

CH=C = (G- Gy) (17)

where C59 and C79 are the concentrations of the
radionuclide that can be expected at real diffu-
sion equilibrium. From these corrected concen-
trations, the amount of the radionuclide bound
on the humic acid can be calculated as the differ-
ence in corrected concentrations between the two
compartments. Generally, the corrections to be
made are low. After 4 days equilibrium time, the
concentration ratio A4 in the blank experiments
usually reaches values between 0.9 and 1.0.

The relative amounts of humic acids which
actually passed through the membrane during the

Overview of the amount of humic acid diffused through the membrane during the experiments (percentage of total % + o, n =9)

(M) pHS pH 6 pH7 pH 8 pH 8.8 pH 10

0.02 82+3.5 72423 13.7+69 84+18 7.7+33 58+ 1.1
0.05 6.9+39 6.5+3.0 10.9 + 34 10,1+ 1.8 10.1+5.0 10.1+49
0.1 8.6+39 8.4+ 3.8 105+1.2 7.0+29 11.9+22 89+28
0.2 104+ 29 12.6 + 3.6 94 +21 142 +23 124+ 38 114+23
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course of the experiments (4 days) are summa-
rized in Table 4. Depending on the pH and the
ionic strength, up to a maximum of 15% of the
HA present in compartment 1 diffuses through
the membrane. This process causes a decrease in
the HA concentration in compartment 1 and an
increase in compartment 2. Formally, this means
that Eqn. 10 is no longer valid as the presence of
humic acids in the second compartment may
change the speciation of the radionuclide. How-
ever, in practice, the concentration of the refer-
ence ligand is high compared with the HA con-
centration in this compartment, and the specia-
tion of the radionuclide will be predominantly
determined by the reference ligand. It was calcu-
lated that if up to 10% of the Co concentration in
the second compartment is present as HA com-
plexes, then this leads to an error of ca. 2% in the
stability constants (log K) calculated from Eqn.
10. Hence we conclude that the diffusion of small
amounts of HA through the membrane is accept-
able and does not significantly interfere with the
measurements, provided that the experimental
conditions are correctly chosen.

Figures 3 and 4 show the distribution of *’Co
between HA and reference ligands, oxalate and
CO3~, respectively, at different pH values as
obtained by the dialysis technique. There is a
clearly defined distributrion between the HA and
the reference ligand. As the concentration of HA
is increased, there is a proportional shift in the

@l Co-HA
[ Co-Oxatate
— 0.8
o
2
O
)
.
5 0.6
L
o
2
< 0.4 H
[
O
2
[
O oz
0.0 .
20 50 100
Concentration of HA , mg I

Fig. 3. Distribution of ®’Co>* between oxalate and HA at pH
6 and [ = 0.02 M (oxalate] = 5 mM).
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El Co—HA
3 Co-Carbonate

0.8

Percentage of total

0.2 4

0.0
20 50 100

Concentration HA , mg |
Fig. 4. Distribution of ®’Co®* between carbonate and HA at
pH 9.94 and I =0.02 M ([carbonate] = 4.5 mM).

speciation from the reference ligand to the HA,
i.e., doubling the concentration of HA causes a
doubling of the MHA /ML ratio. This is in agree-
ment with what would be expected from Eqn. 5.

In order to optimize the accuracy of the mea-
surements, it is desirable to choose the experi-
mental conditions such that an MHA /ML ratio
between 0.2 and 5 will be achieved. Below or
above these ratios, the radionuclide is mainly
present as the reference complex or HA complex.
Ratios lying beyond this range can still be used,
but may result in larger errors.

Clearly, the accuracy of the measured stability
constant depends strongly on the accuracy of the
constants used for the reference complexes.
Therefore, these constants have to be selected
carefully from the literature or have to be mea-
sured. Table 5 gives an overview of some selected
data on stability constants of the Co complexes

TABLE 5

Overview of the stability constants of different Co—reference
ligand complexes used for estimating Co—HA stabilities.

Reference ligand Log K, Log B, Ref.
Oxalate 4.69 7.15 26,27
475 6.91 26,27
4.66 25
4.64 26, 27
IDA 7.90 1351 23
7.81 13.15 26,27
CO3z~ 6.56 9.91 Estimated
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—t

mmol g
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Fig. 5. Change in the surface charge of HA as a function of
pH as determined by the adsorption of Co(NH )3 ™.

for the ligands used in the experiments. Some of
the constants were determined by ourselves using
the ion-exchange method [23,25] and are in excel-
lent agreement with values reported in the litera-
ture [26,27]. The values for the Co—carbonate
complexes were estimated from the stability con-
stants for Ni—carbonate [28] by applying a linear
correlation between the stability constants of

TABLE 6
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Co-carboxylic acid complexes and Ni—carboxylic
acid complexes.

The Co-HA complexes were assumed to be
1:1 and the stability constant was calculated by
applying Egn. 5. As the molecular weight of the
humic acid was unknown, its concentration was
expressed in mmol 17! (or meq 17!) of deproto-
nated functional groups. This concentration de-
pends on the pH and to a lesser extent on the
ionic strength of the solution. Figure 5 shows the
variation of the surface charge of the HA as a
function of the pH as determined with
Co(NH,)}*. As discussed by Maes et al. [21], this
corresponds to the amount of deprotonated
groups on the HA molecule. At pH 7, the depro-
tonation curve reaches a plateau level of ca.
3.5-4 mmol g~'. At this stage, all the carboxylic
groups have been deprotonated. Beyond pH 8§,
weaker acidic groups such as phenolic groups
(pKy}; = 9.5) start to deprotonate and cause a
further increase in the charge. For each pH value,
one can deduce from this curve the amount of
deprotonated groups and consequently the con-
centration of HA that has to be used in Eqn. 5.
Between pH 5 and 10, the amount of deproto-
nated functional groups ranges from 3 to 6 mmol

Conditional stability constants of the Co-HA complex between pH 5 and 10 and ionic strength values between 0.02 and 0.2 M

Meth- 7=002M =005 M =01 M I=02M

°d"  CH(+0 " Log K(zc ™ pH(1c " Log K(+c " pH(1c ") Log K(+c? pH(zo®) Log K (+o "

A 5094001 4974015 5104002 4534014 504001 3954020 5024001 3534014
602+ 001 536+025 5994001 489+029  600+001 4654024  600+001 425+ 029
7374001 620+ 0.21 7274001 579+026 7234001 5284022 7074001 494+0.15
8.10+ 0.01 6.31+0.26 8.02+001 6.00+023 8.01 +0.01 5.79+0.31 800+ 001 551+032

B 506002 503+0.13 5004001 4904008 5114002 4404005 5034004 417+ 0.16
6084001 5631010  601+001 5234009 5994001 5004010 6024001 493+ 008
6921002 570+0.16  694+002 5504013 6954001 5324012  7.08+001 509+ 009

C 6.01 +0.01 5.02+0.12 596 +0.01 490+0.11 594+ 001 476 +0.11 596+ 0.01 459+0.15
6.83+0.02 579+0.15 6.92+0.02 551+0.24 690+ 0.04 5.62+0.16 6.84 + 0.01 5.28+0.22
795+ 001 6804016  7.96+001 670+0.12 7954001 6344009  803+002 620+ 006
884+007 736+0.13  886+005 7.13+044  875+0.10 7.04+009 8734009 7.08+ 0.07
8.87+0.05 7.66+0.26 887+ 006 7.13+0.13 883+0.13 7.07+0.16 883+ 0.14 6.83 +0.07
9421 0.12 839+034 9394000 851+040  969+0.12 7994018 9564012 7.61+ 0.08
9734013 828+0.12  977+009 840+0.14 981 +008 8.08+023

D 882+0.19 7.38+024 887+ 005 6.67+0.19
991+0.04 913+026 9841005 855+020  978+0.04 831+027 9894002 869+ 027
994 + 0.04 881 +0.21 990+ 003 840+0.14

?(A) Ion-exchange method; (B) EDLE (oxalate); (C) EDLE (IDA); (D) EDLE (CO%™). P n=9.
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g~ L. For simplicity, we used a constant value of 4
mmol g~ . This causes an error in the calculation
which is maximum at the boundary values of the
pH range used in the experiments, i.e., 5 and 10,
respectively. At pH 10, the conditional stability
constants have been overestimated by 0.17 log K
and at pH 5 the effective stability constants have
been underestimated by 0.12 log K. For pH val-
ues between 5 and 10, lower errors have a risen.
The use of a pH-independent concentration of
HA therefore introduces only small errors in the
log K values.

Table 6 summarizes the measured conditional
stability constants at different pH and ionic
strength values. The values are the mean values
of nine measurements. As can be seen, the two
methods produce comparable results. The ion-ex-
change method, however, always gives lower val-
ues than the EDLE technique. Also, the use of
different reference complexes under necarly the
same pH and ionic strength conditions results in
comparable stability constants. As already men-
tioned, the value of the stability constant for the
reference complex used in the calculations is very
important and determines the accuracy of the
stability constant of the MHA complex.

Figure 6 shows a graphical representation of
the pH dependence of the stability constants ([ =

logK

pH

Fig. 6. Change in the overall conditional stability constant
(K,,, I=0.1 M) and the intrinsic stability constant (K=%,,)
of the Co—-HA complex as a function of pH. @, Experimental
points (log K.); ------ , SO7™ only; — — —, SO3~ only;

———, 803" +803".
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0.1 M) of the Co-HA complex at trace concen-
trations of Co?™ ([Co] = 10~ ® M). Each point on
the curve represents the mean value of nine mea-
surements. The conditional stability constant
(log K,) of the Co-HA complex increases non-
linearly with pH, mainly because of the progres-
sive deprotonation of the functional groups on
the HA macromolecule with increasing pH. A
quantitative explanation of the observed phenom-
ena requires models that take into account bond-
ing site heterogeneity (chemical term) and also
electrostatic effects [29,30-32]). Because this
would be outsite the scope of this paper, the
discussion will be restricted to a qualitative inter-
pretation of the observed phenomena, i.e., to
explain roughly the pH dependence observed for
the conditional stability constants.

According to Gamble et al. [33] and Tipping et
al. [34], phthalic acid (SO?~) and salicylic acid
(SO37) types of sites are present in the HA
molecule and are responsible for the binding of
metals on the HA. The overall binding of Co%*
with the humic acid can be written as

Co + HA = CoHA (18)

This reaction can also be written in terms of the
different groups responsible for the bonding:

SO?™ + Co?* = 80,Co Keys0, = 2.8 (19)
SO3™ + Co?* = $0,C0 Kpso, = 7.7 (20)

The overall intrinsic stability constant is defined

as

Kint [CoHA] 2
CoHA — [C02+][HA] ( )

[CoSO,] + [CoSO,]

Kma= 7+ 5= 3T 22
Com o]+ sory
int - [SO%_]

Koua = Keoso, * [SO,Z'] n [SO%”]

[s03-]
+K (23)

€os0;" Ts027 + [$02"]

The amount of SO?~ and SO3~ depends on the
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pH and can be evaluated according the following
reactions:

SO¢" +H*=SOH™ K},,=55 (24)
SO,H "+ H*=SOH, K|;;=2.9 (25)
and

SO;” +H*=SO,H™ K}, =13 (26)
SO,H +H*=S0O,H, K},=2.9 (27)

Combination of Eqns. 23 and 24-27 gives an
expression for the overall stability constant of the
Co-HA complex as a function of pH. Figure 6 is
a graphical representation of this expression for
the cases where only SOlz’ , SO3™ or both groups
are involved in the binding process. The case
where both groups are involved gives the most
satisfactory results. At low pH, the cobalt is mainly
associated with the SO?~ groups and at high pH
Co** prefers to bind at the SO3~ sites. The
predicted values, however, are always lower than
the experimental values, the difference being
smaller at low pH values and becoming larger
with increasing pH. This difference can be ex-
plained by an electrostatic term.

The observable change in Gibbs free energy
related to the complexation process is split into
two terms according to

AG omp = AG i + AG guiombic (28)
where

AG i = —2.3RT log K, (29)
and

AG,,,= —2.3RT log KA (30)

AG,,,, is the energy required to bring a Co** ion
from the bulk of the solution to a surface site
(SO~ and/or SO3™) at potential ¥, [35]. Hence

AGcoul = ZF\II() (31)

where z is the charge number of the ion under
consideration (z = 2 for Co?*). The combination
of Eqns. 28-31 results in

zF
— ¥,
2.3RT

The overall conditional stability constant (K )
is the sum of an intrinsic constant and an electro-

log K, = Kaln/\ - (32)
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static term. Since the surface charge and conse-
quently also the surface potential of the humic
acid increases with pH, the electrostatic term will
increase with increasing pH. This explains the
increasing difference between the predicted
(K&14) and observed (K ) data in Fig. 6. The
contribution of the electrostatic term to the over-
all conditional stability constant is important and
can be as large as the chemical term. For the
evaluation of the electrostatic term, different
models are available [30-32). However, this is
beyond the scope of this paper and will be treated
elsewhere.

Conclusions

The combination of two classical techniques,
equilibrium dialysis and ligand exchange, seems
to be a promising method for the determination
of stability constants of radionuclide-HA com-
plexes over broad pH and ionic strength ranges.
The main advantage of the technique is that the
stability constant can be determined under neu-
tral and slightly alkaline conditions, typical of
many environmental systems of interest for safety
assessment studies. The method is applicable to
any radioisotope and /or metal that can be deter-
mined by atomic absorption spectrometry or in-
ductively coupled plasma mass spectrometry, pro-
vided that suitable reference complexes for these
metals are available.

The evolution of the conditional stability con-
stant as a function of pH and ionic strength must
be explained by assuming a site heterogeneity
and probably electrostatic effects.
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Abstract
Log k., and slope values for ten B-casomorphin peptides were calculated in ten different reversed-phase liquid
chromatographic systems using methanol as organic modifier. The differences between the retention behaviours of
Cy, Cig and Cy columns were fairly small the eluent composition had a greater impact than the length of the
hydrophobic ligand on the retention of peptides. A quaternary amino column showed considerably different retention
characteristics. The results suggest that each substructure in the peptides makes a similar contribution to the overall
retention of the peptide. The retention parameters of peptides mainly correlated with their electronic and steric
characteristics. This finding emphasizes the importance of the electrostatic interactions between the free silanol
groups on the surface of the reversed-phase support and the polar substructures of peptides.
Keywords: Liquid chromatography; Casomorphin peptides; Peptides
In recent years, reversed-phase liquid chro- mostly by hydrophobic interactions, and the

matography (RPLC) has been widely used as a
rapid, precise means for determining physico-
chemical properties of organic molecules, which
are correlated with the biological activity [1,2].
Reversed-phase, size-exclusion, ion-exchange and
affinity LC are available for separations of pep-
tides [3]. The retention in RPLC is governed

Correspondence to: T. Cserhati, Central Institute for Chem-
istry, Hungarian Academy of Sciences, P.O. Box 17, H-1525
Budapest (Hungary).

method is therefore applicable to the determina-
tion of the lipophilicity of the molecules. In RPLC
the retention of a solute generally decreases lin-
early with increasing concentration of the organic
component of the eluent. To increase the accu-
racy of the determination of lipophilicity, linear
correlations between the retention values and the
concentration of the organic component of the
eluent have been calculated. The retention value
extrapolated to zero organic component concen-
tration is regarded as the most accurate estimate
of lipophilicity [4].

0003-2670,/92 /$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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The application of multivariate mathemati-
cal-statistical methods to interpret large data sets
is one of the major advances in chromatography
in recent years. The retention of a solute depends
on many factors such as the support characteris-
tics (specific surface area, specific pore volume,
average pore diameter [5], surface pH value [6,7],
etc.), eluent characteristics (dipole moment, di-
electric constant, molar refractivity of the sol-
vents 6], etc.) and the characteristics of the so-
lute or its substituents (lipophilicity, polarity, spe-
cific hydrophilic [9] and hydrophobic surface ar-
eas [10], etc.). Stepwise regression analysis [11] is
suitable for selecting the chromatographic and /or
solute characteristics that significantly influence
the retention behaviour. Principal component
analysis (PCA) [2] takes the retention strength
and selectivity simultaneously into consideration.
PCA situates the eluents or solutes in a multi-di-
mensional space whose dimensions correspond to
the number of principal components. As the hu-
man brain cannot think in multi-dimensional
space, the non-linear mapping technique [13] re-
duces the dimensions to two in such a manner
that the distances between the points (eluents or
solutes) on the two-dimensional surface corre-
spond to their distances in the multi-dimensional
space. The resulting maps reveal the solutes or
eluent systems clustered according to the reten-
tion strength and selectivity. The coordinates of
the non-linear map have no concrete physico-
chemical meaning, they only indicate the distribu-
tion of the eluent systems or solutes in the two-
dimensional surface.

The advantage of PCA in chromatography has
been discussed recently [14,15]. Sometimes it is
desirable to separate the eluent strength from
eluent selectivity or, for solutes, the retention
strength from the selectivity of the retention.
With the help of the technique of spectral map-
ping [16] it is possible to calculate first the order
of eluent strength (called potency in the spectral
mapping technique) and then the eluent selectiv-
ity (called: spectra). The calculation can be car-
ried out not only for the eluents but also for the
solutes, where the potency refers to the retention
strength and the spectra to the selectivity of re-
tention [17,18].

F. Kalman et al. / Anal. Chim. Acta 268 (1992) 247-254

The B-casomorphins, representing a fragment
of bovine milk protein, are distinguished by their
opioid properties [19]. The amino acid sequence
and the enzymatic stability of B-casomorphins
are different from those of other opioid peptides,
such as enkephalins, endorphins, dynorphins and
dermorphins. The pentapeptide Tyr—Pro-Phe-
Pro~Gly (B-casomorphin-5) is the most potent
compound of this new group of opiate peptides.
Structural modifications by substitution of b-
amino acids and other amino acid residues in
different positions of the B-casomorphin se-
quence result in remarkable differences in their
opiate activity. Studies of the physico-chemical
parameters of B-casomorphin analogues may
make some contributions to the structure—activity
relationships of these compounds.

The objectives of these investigations were to
determine the retention parameters of some
structurally modified B-casomorphin peptides in
RPLC under various conditions, to classify the
LC systems according to their retention charac-
teristics and to find correlations between the re-
tention properties and physico-chemical parame-
ters of the investigated peptides.

EXPERIMENTAL

The chromatographic system consisted of a
Merck-Hitachi L-6200 LC pump, and L-4000 UV
detector, an AS-2000 autosampler and a D-2500
chromato-integrator. The detection wavelength
was set at 220 nm and the flow-rate was 0.8 ml
min ', All of the measurements were carried out

TABLE 1

Parameters of the columns used in the experiments 2

No. Ligand Batch Carbon Nitrogen
type loading (%)  (loading (%)

1 Cy 31088 891 0

2 Cis 15105 14.80 0

3 Cy 17019 14.19 0

4 C/Ny, 06030 15.8 1.05

* Each column was purchased from Serva and had the dimen-
sions 250X 4.6 mm i.d., and was packed with stationary phase
of 5-um particle size and 100-A pore size.
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TABLE 2
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Reversed-phase LC systems used for studying the retention behaviour of peptides

No. of Column Eluent composition pH
system Aqueous component ? Organic component
1 Cy 0.02 M CH;COONa 44-52% methanol 3.55
0.06% TFA
2 Cy 0.02 M CH;COONa 40-52% methanol 3.55
0.06% TFA 0.25% n-octanol
3 Cy 0.02 M KH, PO, 40-50% methanol 3.00
4 Cy 0.02M KH,PO, 35-55% methanol 4.50
5 Cy 0.02 M KH, PO, 42-55% methanol 6.50
6 Cy 0.02 MKH,PO, 42-50% methanol 7.20
7 Cis 0.02 M CH;COONa 40-52% methanol 3.55
0.06% TFA
8 Cig 0.02 M CH;COONa 42-50% methanol 3.55
0.06% TFA 0.25% n-octanol
9 C/Ny, 0.02 M CH;COONa 29-35% methanol 3.55
0.06% TFA
10 Cyp 0.02 M CH;COONa 40-52% methanol 3.55
0.06% TFA 0.25% n-octanol

2 TFA = trifluoroacetric acid.

at 25°C. The samples were dissolved in the eluent
at about 1 mg ml~! concentration and 20 ul of
solution were injected. The column dead time
was determined from the retention of sodium
nitrate. The parameters of the prepacked re-
versed-phase columns used in this study are sum-
marized in Table 1 and the RPLC conditions are
given in Table 2. The B-casomorphin peptides
were synthesized by step-by-step elongation from
the C-terminal end [19]. The structures of the
peptides are shown in Table 3.

TABLE 3

Structures of some B-casomorphin peptides

No. of peptide  Structure

1 H-Tyr-Pro-Phe-Pro-Gly-Pro-lle-OH
11 H-Tyr-Pro-Phe-Pro-Gly—OH

11 H-Tyr-p-Pro—-Phe-Pro-Gly-OH
v H-Tyr-Pro-p-Phe-Pro-Gly—-OH

v H-Tyr-Pro-Phe-p-Pro-Gly-OH
VI H-Tyr-p-Ala-Phe-Pro-Gly-OH
VII H-Tyr-p-Ala-Phe-p-Pro-Gly-OH
VIII H-p-Tyr-Pro-p-Phe-Pro-Gly—-OH
X H-Phe-Pro-Phe-p-Pro-Gly-OH
X H-Phe-Pro~p-Phe-Pro-Gly-OH

Mathematical methods

Linear correlations were calculated between
the log k' values and the organic phase concen-
tration (C, vol. %) in the eluent separately for
each peptide in each LC system (total 100 equa-
tions): ‘

log k' =log k|, — SC 1)

where § is the slope. The parameters of Eqn. 1
(slope and intercept values) were correlated with
each other in order to reveal structural similari-
ties of the investigated peptides regarding their
partition behaviour in the RPLC systems [20].
The spectral mapping technique was applied to
separate the retention strengths (potencies) and
retention selectivities (spectra) of peptides taking
into consideration simultaneously the intercept
and slope values. The ten LC systems and the
parameters of Eqn. 1 were the variables and the
observations of the data matrix, respectively. The
transversed data matrix served to separate the
retention strengths and selectivities of the LC
systems. The non-linear selectivity maps were cal-
culated in both instances.

PCA was was used to determine the similari-
ties and dissimilarities of peptides and LC sys-
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tems taking into consideration simultaneously the
retention strength and selectivity. PCA was car-
ried out separately for the intercept and slope
values of Eqn. 1. To avoid possible information
loss caused by the normalization, the calculations
were carried out on the covariance and not on
the correlation matrix. The non-linear map of PC
loadings and PC components was calculated in
both instances.

To find the relationships between the reten-
tion behaviour of peptides and their physico-

TABLE 4
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chemical parameters, stepwise regression was ap-
plied. The parameters of Eqn. 1, the coordinates
of the spectral map and the non-linear PC maps
were taken as dependent variables. The hy-
drophobicity (z,), side-chain bulk (z,) and elec-
tronic properties (z,) of peptides were calculated
by summarizing the corresponding published val-
ues of the individual amino acid side-chains [21]
and were considered as independent variables,
To avoid speculative and unrestricted conclusions
due to the small number of observations, the

Parameters of linear correlations between the log £’ values of B-casomorphin peptides and the concentration (C) of the organic

component in the eluent: log k' =log k;, — SC

No of Para- No. of HPLC system ?
peptide * meter 7 2 3 4 5 6 7 8 9 10
I Log k|, 3.703 2.370 3.655 3.446 2.854 2.935 3.580 1.945 3.977 3.788
SXx102 —6.394 —4.252 —6.529 —6.250 —5.196 —-5.429 —-6.249 -3.607 —-9.999 —6.756
r 0.9995 0.9910 0.9997 0.9975 0.9938 0.9792 0.9984 0.9964 0.9999 0.9994
11 Log k., 2.092 1.430 2.253 2.282 1.873 1.706 2.229 1.236 2.818 2.153
SX10%2 —4.444 —3.599 —5.090 —5.133 —4.230 —3.874 —4.868 —3.352 —-8.149 -4.734
r 0.9972 0.9971 0.9999 0.9973 0.9976 0.9689 0.9974 0.9983 0.9964 0.9924
11 Log k|, 2.388 1.579 2.405 2.528 2.174 2.065 2.434 1.203 3.132 2.362
$x102 —4.862 —-3.702 —5.202 —5474 —4.705 —4.451 -5.070 —3.095 —-8916 -4.975
r 0.9927 0.9921 0.9999 0.9980 0.9928 0.9892 0.9982 0.9941 0.9962 0.9988
v Log ki, 2.951 1.845 2.702 2.854 2.524 2.266 2.959 1.332 3.281 2.849
S% 102 —5735 —3.887 —5.426 —5.629 -4.935 —4.385 —5.763 —3.012 —-8.856 —5.610
r .9971 0.9981 0.9998 0.9979 0.9974 0.9895 (.9984 0.9990 0.9960 0.9978
A\ Log k., 2.510 1.733 2.372 2.480 2.248 1.868 2.280 1.189 3.429 2.362
Sx 102 —5142 —3.809 -5167 -5.297 —4.775 —-3.914 —4.751 -3.090 —-9.719  —5.060
r 0.9989 0.9970 0.9998 0.9981 0.9957 0.9514 0.9980 0.9917 0.9940 0.9963
\'! Log k., 2.370 1.541 2.246 2.377 2.080 1.790 2.416 1.123 3.372 2.089
Sx102 —4.897 —-3.675 —-4.944 -5.110 —4.485 -3.902 -5.068 —-2.965 -9.913 —4.560
r 0.9976 0.9965 0.9996 0.9982 0.9967 0.9654 0.9975 0.9941 0.9990 0.9977
VIl Log &, 2.702 1.629 2.488 2.654 2.419 2.071 2.715 1.320 3.118 2474
Sx 102 —-5.331 —3.736 —5.169 —5.292 —-4.797 —4.076 —5.553 —-3.195 —8.642 —5.065
r 0.9985 0.9945 0.9996 0.9982 0.9971 0.9879 0.9996 0.9926 0.9935 0.9977
VIII Log k|, 2.722 1.603 2.604 2.714 2.370 2.154 2.635 1.272 3.291 2.438
SXx10% -5.367 —-3.719 —5.428 —5.446 —4.693 —4.215 —5.281 —3.080 —-9.030 —4.987
r 0.9981 0.9935 0.9906 0.9985 0.9924 0.9925 0.9946 0.9859 0.9942 0.9994
X Log k|, 3.307 2.028 3.297 3.123 2.975 2.811 3173 1.726 3.651 3.189
§%x 102 —539% —-3.997 -6.191 —5.695 —-5.339 —4937 —5.872 —3.506 -9.630 —5.991
r 0.9995 0.9998 0.9971 0.9985 0.9963 0.9780 0.9997 0.9986 0.9950 0.9944
X Log k|, 3.515 2.170 3.269 3.383 3.294 2.943 3.612 1.984 3.866 3.375
SX 102 —-6.013 —3.867 —-5.776 -5.822 -5.623 —4.857 —6.344 —-3.715 —-9778 —5.950
r 0.9973 0.9996 0.9991 0.9988 0.9978 0.9785 0.9975 0.9970 0.9954 0.9984

2 See Tables 2 and 3.
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number of accepted independent variables was
limited to one and the acceptance limit was set at
the 95% significance level.

RESULTS AND DISCUSSION

Dependence of capacity factor on eluent compo-
sition

The reproducibility of retention time measure-
ments was better than 1.7% (n = 12). The param-
eters of Eqn. 1. are given in Table 4. The linear
equations fit the experimental data well, the sig-
nificance level being over 95% in each instance.
The log k' value decreased linearly with increas-
ing concentration of the organic component of
the eluent. This observation lends support to the
assumption that the peptides do not show a
silanophilic effect, the retention probably being
governed by the molecular characteristics. The
retention parameters of peptides differ consider-
ably according to the LC systems and peptides
concerned, indicating that the peptide structure,
column type and eluent composition have similar
effects on the retention. In most instances a sig-
nificant linear relationship was found between
the log k., (intercept) and S (slope) values of
Eqn. 1. The values of the regression coefficient
were 0.9741, 0.9377, 0.9831, 0.9440, 0.7568, 0.9192,
0.8686 and 0.9900 for LC systems 3,4, 5,6, 7, 8,9
and 10, respectively. This result shows that the
compounds can be regarded as structurally simi-
lar with respect to their chromatographic be-
haviour.

Retention strength and retention selectivity

The retention strengths (potency values) of the
LC systems are given in Table 5. The retention
strength of the RP-8 column for peptides de-
creases with increasing pH (compare LC systems
3-6) of the eluent and the effect does not depend
linearly on the pH, as can be seen in Fig. 1. This
finding emphasizes the importance of eluent pH
in the retention of ionizable compounds such as
peptides. The retention strength increased with
increasing length of the covalently bonded alkyl
chain (compare LC systems 1, 7 and 10). The
effect of octanol was not clear; it increased the
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TABLE 5
Retention strength (potency) of LC systems

No. of LC Retention No. of LC Retention

system ? strength system ? strength
(potency) (potency)

1 4.32 6 4.79

2 4.61 7 5.22

3 6.18 8 4.09

4 6.11 9 13.10

5 5.35 10 5.95

2 See Table 2.

retention on an C,; but decreased it on an C,;
column (compare LC systems 1-2 and 7-8). For
a better understanding of the role of octanol
more investigations are needed. The C/N,, phase
is electrostatically shielded by the quaternary
amino groups. An outstanding by high retention
was obtained owing to a “mixed-mode” retention
mechanism.

The peptides do not form separate clusters
according to their chemical structure on the two-
dimensional non-linear spectral map (Fig. 2). This
finding indicates that each substructure in the
peptides may make a similar contribution to the

log ki,
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Fig. 1. Dependence of the log k values of some B-
casomorphin peptides. Numbers refer to peptides in Table 3.
LC systems 3-6 (Table 2).



252
Fa
log Kw
1404
XX Ny IV, 1
11 x X
gnF“ x
x V1l
1 1
120 S 20 1
30}

Fig. 2. Two-dimensional non-linear selectivity (spectral) map
of peptides. Numbers refer to peptides in Table 3. No. of
iterations: 130, Maximum error: 7.05x 1073,

overall retention of the peptides. The peptides
form clusters according to the retention parame-
ters, that is, the underlying retention mechanism
is probably similar for each peptide.

The LC systems form three distinct clusters on
the two-dimensional non-linear spectral map (Fig.
3). The results suggest that the eluent composi-
tion has a greater effect than the length of the
alkyl chain covalently bonded to the silica surface
on the retention characteristics. The unique sepa-
ration behaviour of the quaternary amino column

i
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80 3x 260
10|
B
(6 3
f s

Fig. 3. Two-dimensional non-linear selectivity (spectral) map
of LC systems. Numbers refer to LC systems in Table 2. No.
of iterations: 349, Maximum error: 7.83x1073. A =Cy4 and
Cyy column, TFA in the eluent; B=Cg column, buffered
eluents; C = Cy and Cy column, n-octanol in the eluent.
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TABLE 6
Results of PCA

No.of PC PCA,* PCAR*®
Eigen- Variance Eigen- Variance
value  explained (%) value explained (%)
1 8.04 80.44 1.98 76.96
2 1.02 10.23 0.29 11.34
3 0.54 5.41 0.13 5.16

? PCA, =PCA carried out on the log k!, (intercept) data
matrix; PCA 3 = PCA carried out on the S (slope) data ma-
trix.

is manifested in the separate position of point 9.
The conclusions drawn from Fig. 3 (eluents with
different pH forms one cluster) are in apparent
contradiction with the results in Fig. 1 showing
the pH dependence of the retention. This contra-
diction can be explained by the supposition that
the importance of other chromatographic param-
eters overshadows that of the eluent pH.

Comparison of LC systems

The results of PCA are given in Table 6. Both
calculations showed similar results. The first com-
ponent explains most of the variance. This indi-

Fa
150 -
x!
bxde
THOXSS 2éo F1
3x‘:
*19
x7
30+

Fig. 4. Two-dimensional non-linear map of principal compo-
nent loadings. Log k) data matrix. No. of iterations: 159.
Maximum error: 1.25x 1073, Numbers refer to LC systems in
Table 2.
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Fig. 5. Two-dimensional non-linear map of principal compo-
nent loadings. Slope (§) data matrix. No. of iterations: 82.
Maximum error: 2.77 X 102, Numbers refer to LC systems in
Table 2. A =Cy and C4 column, TFA in the eluent; B=C4
column, buffered eluent; C = Cy and C,3 column, n-octanol
in the eluent.

cates that the LC systems are fairly similar and
the differences between their retention character-
istics are low.

TABLE 7
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The two-dimensional non-linear map of PCA
loadings calculated from the log k|, values (Fig.
4) differentiate between the LC systems to a
lesser extent than the map calculated from the
slope (8) values (Fig. 5); however, the log k|, and
S values are highly correlated. This result indi-
cates that both the log k;, and S values have to
be taken into consideration in the evaluation of
the retention behaviour of an RPLC column.

Dependence of the retention of peptides on
physico-chemical characteristics

The results of stepwise regression analysis are
given in Tables 7 and 8. Non-significant correla-
tions were excluded from both tables. It is sur-
prising that in most instances the electronic prop-
erties of the peptides have the greatest impact on
their individual retention parameters (Table 7);
however, the LC system is a typical reversed-phase
one and no anomalous retention behaviour was
observed. It is assumed that the peptides may
interact with the free silanol groups even in the
LC systems used and the interaction is of electro-
static character. As the strength of electrostatic
interactions also decreases with decreasing di-
electric constant (higher methanol content) of the
eluent, the resulting retention behaviour is simi-

Parameters of significant linear correlations between the retention parameters of peptides derived from Egn. 1 and their
hydrophobicity (z,). side-chain bulk (z,) and electronic properties (z;) [results of stepwise regression analysis, n = 10 (rgsq, =

0.6319)): Y=a +bX

Y X a b r

Log k), of LC system 1 z, 3.67 —1.88 0.8919
Log k., of LC system 2 Z4 0.53 0.18 0.7902
Log k., of LC system 3 24 0.44 0.33 0.8507
Log k., of LC system 4 Z4 1.01 0.25 0.7950
Log k|, of LC system 5 2z 0.74 0.25 0.7357
Log k., of LC system 6 Z4 0.12 0.31 0.8364
Log k., of LC system 8 Z5 —0.06 0.21 0.8459
Log k., of LC system 9 24 1.92 0.21 0.7658
Log k., of LC system 10 2, 0.17 0.36 0.8171
S value of LC system 3 Z3 -3.10 -0.34 0.8468
§ value of LC system 4 2z —-4.02 -0.21 0.7868
S value of LC system 5 Z4 -3.31 -0.22 0.7094
§ value of LC system 6 Z4 —2.04 -0.34 0.8305
§ value of LC system 8 2z ~2.10 -0.17 0.7979
S value of LC system 9 z; -7.69 0.30 0.6394
§ value of LC system 10 Z4 -2.36 -0.43 0.8031
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TABLE 8
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Parameters of significant linear correlations between the retention parameters of peptides derived from spectral map and PCA and
their hydrophobicity (z,), side-chain bulk (z,) and electronic properties (z3) [results of stepwise regression analysis, n =10

(rose, = 0.6319)): Y =a + bX

Y X a b r

Retention strength Z3 ~10.8 —0.85 0.8160
First coordinate of selectivity (spectral) map z, 181.8 -26.4 0.7831
Second coordinate of selectivity (spectral) map z, 128.0 6.50 0.7446
First coordinate of PCA , map Z4 164.6 —35.97 0.8511
Second coordinate of PCA , map Z3 225.0 —19.60 0.8475
First coordinate of PCA g map Zy 164.4 —34.68 0.7335

lar to that of the real reversed-phase separation
mode in that the retention also decreases with
increasing concentration of the organic compo-
nent in the eluent. We should stress again that
the conclusions mentioned above are valid only
for these peptide—support pairs and they cannot
be generalized owing to the small number of
solutes considered. The variables derived from
spectral mapping and PCA are also correlated
with the steric and electronic parameters of pep-
tides but not with their hydrophobicity (Table 8).
This finding lends support to the hypothesis out-
lined above.

Conclusions

The retention behaviour of ten B-casomorphin
peptides were similar on Cg, Cyg and C;, LC
columns and differed strongly on a quaternary
amino column. The results indicate that each
substructure of the peptides influences their re-
tention and that the electronic and steric parame-
ters of the amino acid side-chains have the great-
est impact on the retention.

This work was supported in part by grant
OTKA 2670 of the Hungarian Academy of Sci-
ences.
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Abstract

A derivatization method followed by liquid chromatography (LC) is described for the determination of the
glucocorticoid epimers of betamethasone and dexamethasone. The method is based on the derivatization of the
epimers with 1-ethoxy-4-(dichloro-s-triazinyl)naphthalene in acetonitrile, using potassium carbonate as a base
catalyst. The resulting derivatives were readily separated by normal-phase LC. Several parameters that affect the
derivatization are discussed. The method is feasible for the determination of betamethasone and dexamethasone in

tablets.

Keywords: Liquid chromatography; Sample preparation; Betamethasone; Dexamethasone; Pharmaceuticals

Betamethasone (BXM; 9a-fluoro-168-methyl-
118,17a,21-trihydroxypregna-1,4-diene-3,20-di-
one) and dexamethasone (DXM; 9a-fluoro-16a-
methyl-118,17«,21-trihydroxypregna-1,4-diene-
3,20-dione) (Fig. 1) are potent synthetic glucocor-
ticoids that are widely used in the treatment of
inflammation and other symptoms related to glu-
cocorticoid deficiency [1]. Because of the close
structural resemblance of these epimers (BXM
and DXM), their direct determination is difficult;
available liquid chromatography (LC) methods
[2-7] are suitable only for the determination of
the individual epimers (BXM or DXM) and re-
lated compounds and no simultaneous determi-
nation of both epimers has been reported. In
previous work (8], an LC method was developed
for the determination of BXM and DXM by
derivatization of the epimers with a homochiral

Correspondence to: Hsin-Lung Wu, Graduate Institute of

Pharmaceutical Sciences, Kaohsiung Medical College, Kaohsi-

ung 807 (Taiwan).

! This work was presented in part at the annual meeting of
the Pharmaceutical Society of the ROC, Taipei, 14th De-
cember 1991.

reagent, N-carbobenzoxyl-L-phenylalanine and
using N, N’-dicyclohexylcarbodiimide as an acti-
vating agent.

In this study, a simple and improved method
was established involving derivatization of BXM
and DXM with 1-ethoxy-4-(dichloro-s-triazinyl)-
naphthalene (EDTN) [9]. The EDTN derivatives
of BXM and DXM offer a potential approach for
the trace analysis of these epimers in various
samples, because EDTN is a fluorophore and its
derivatives are highly sensitive when monitored
by a fluorescence detector. The proposed method
was preliminarily applied to the determination of
BXM and DXM in tablets and proved to be
satisfactory. Further development of the method
for the determination of traces of BXM and
DXM in biological specimens is suggested.

EXPERIMENTAL

Reagents and solutions
BXM, DXM and acetophenetidin (Sigma, St.
Louis, MO), EDTN (Aldrich, Milwaukee, WI),

0003-2670,/92 /$05.00 © 1992 — Elsevier Science Publishers B.V. All rights reserved
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dichloromethane, hexane and isopropanol
(Fisher, Fair Lawn, NJ), acetonitrile and potas-
sium carbonate (Merck, Darmstadt) were used
without further purification. All other chemicals
were of analytical-reagent grade. Solutions of
BXM, DXM, EDTN and acetophenetidin were
prepared by dissolving the appropriate amounts
of the respective compounds in acetonitrile.

Liquid chromatography

A Waters—Millipore LC system with a U6K
injector, a Model 510 pump and a Model 486
UV-visible detector was used. A Nova-Pak silica
column (150 X 3.9 mm i.d.; particle size 4 wm)
with a Guard-Pak of Resolve Si (dead volume
60-75 nl; particle size 5 um) (Waters—Millipore)
and a mixed solvent of hexane-dichloro-
methane~propan-2-ol (100 + 100 + 4, v/v/v) at a
flow-rate of 0.7 ml min~! were used. The column
eluate was monitored at 254 nm. The solvents
were pretreated with a vacuum filter for de-
gassing.

Mass spectrometry

A JEOL IMS-HX 110 mass spectrometer was
used with fast atom bombardment (FAB) with
xenon as ionizing gas and an acceleration energy
of 10 kV.

Sample preparation

Ten tablets of BXM or DXM were accurately
weighed and pulverized. A suitable amount of the
fine powder, equivalent to about 0.39 mg of BXM
or DXM, was accurately weighed and transferred

(A)

Fig. 1. Structures of (A) betamethasone and (B) dexamethasone.
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into a 20-ml volumetric flask. The volume was
made up with acetonitrile and the mixture was
sonicated at 40°C for 20 min. After cooling, a
7.0-ml aliquot of the suspension was transferred
into a glass-stoppered test-tube and centrifuged
at 250 g for 20 min. The clear supernatant as
sample solution was derivatized as described be-
low.

Derivatization procedure

A 0.4-ml aliquot of the respective epimer or
sample solution was placed in a 10-ml glass-
stoppered test-tube containing about 120 mg of
potassium carbonate, then 0.4 ml of EDTN solu-
tion (5 mM) and 0.2 ml of acetophenetidin solu-
tion (0.15 mM) were added. The reaction mixture
was shaken for 1.5 h at 70°C in a thermostated
water-bath. At the end of the reaction, 10 ul of
the final solution were injected into LC system.

RESULTS AND DISCUSSION

Several parameters affecting the derivatization
of BXM or DXM, including reaction solvent,
amount of derivatizing reagent, reaction tempera-
ture, reaction time and catalyst, were studied in
order to optimize the conditions for the derivati-
zation of the respective epimers at the 20-nmol
level. The effects of the parameters on the
derivatization of BXM and DXM were evaluated
by measuring the peak-area ratio of the derivative
with respect to acetophenetidin (internal stan-

(B)
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Fig. 2. Effect of the amount of EDTN on the formation of
derivatives of (0) BXM and (a) DXM. See text for condi-
tions.

dard, 1.S.); the LS. used was shown to be stable
under the present derivatization conditions based
on a simple study of the peak-area ratio of 1.S. to
caffeine versus reaction time from 0.5 to 1.5 h at
70°C; this resulted in no significant change in the
peak-area ratio of the LS. to caffeine.

Effect of organic solvent

The effects of various organic solvents on the
derivatization of BXM and DXM were studied
according to the derivatization procedure but at
different temperatures in order to prevent the
solvents from boiling. The solvents tested in-
cluded acetonitrile, dioxane and isobutyl methyl
ketone at 70°C, acetone at 45°C and dichloro-
methane at room temperature. Acetonitrile was
found to be the best solvent for the derivatization
of BXM and DXM.

Effect of amount of derivatizing agent

The amount of EDTN required for the deriva-
tization of BXM and DXM to a plateau forma-
tion of the derivative is shown in Fig. 2. For the
derivatization of 20 nmol of BXM, 1.6 pxmol of
EDTN was needed, equivalent to 0.4 ml of 4 mM
EDTN solution. For the derivatization of DXM,
1.2 umol of EDTN was required, but an excess of
EDTN solution (2.0 pmol) was used to cover the
additional consumption of the reagent by the
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Fig. 3. Effect of the base catalyst on the formation of deriva-
tives of (O) BXM and (a) DXM. See text for conditions.

matrix in analyses for BXM and DXM in real
samples.

Effect of amount of catalyst

The effect of the amount of potassium carbon-
ate (30-50 mesh) is shown in Fig. 3. In the
absence of the base catalyst in the reaction sys-
tem, no derivatives were detected. A suitable
amount of potassium carbonate (about 120 mg)
was selected for the derivatization of BXM and
DXM. After derivatization, the excess of the solid
base was separated in situ by centrifugation and
the resulting clear solution was introduced into
the LC system. This will be favourable when

1.0 1

0.5 7

Peak Area Ratio
(Arbitrary Unit)
>\

\ o>

Time (hr)
Fig. 4. Effect of reaction temperature and reaction time on
the formation of derivatives of (0) BXM and (&) DXM. See
text for conditions.
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Fig. 5. Assumed derivatives of (A) betamethasone and (B) dexamethasone from EDTN.

normal-phase LC is used, because excess of base,
especially strong base, could be inappropriate for
a silica stationary phase.

Effect of reaction temperature and reaction time

The reaction temperature and reaction time
required to reach an equilibrium for the deriva-
tives are shown in Fig. 4. For derivatization at
70°C, 1 h was needed for BXM and DXM; with
reaction at room temperature, plateau formation
of the derivatives was not attainable in 3 h and
resulted in lower yields as compared with reac-
tion at 70°C.

Mass spectral analysis of derivatives

The structures of the derivatives of BXM and
DXM were identified by FAB mass spectrometry
with thioglycerin as a matrix. The quasi-molecu-
lar ions of the derivatives of BXM and DXM
were found at m /z = 676, [M + H]™; another ion
common to both derivatives was at m/z = 658,
corresponding to [M + H]*— H,0, and a diag-
nostic ion at m /z = 342 was found with the BXM
derivative, corresponding to M* minus a BXM
moiety from cleavage of its carbonyl side-chain at
C,,. No higher mass peaks of the derivatives from
multiple derivatization of BXM and DXM were
observed, and the use of EDTN for the derivati-
zation of primary alcohols has been reported [9].
Therefore, the derivatives of BXM and DXM are

speculated to result from the derivatization of the
primary alcohol group at C,; by EDTN, as illus-
trated in Fig. 5.

| ]

(A) (B)

JJ N N

8 16 o 8 16

Time (min)
Fig. 6. Typical chromatograms for (A) the determination of
betamethasone and dexamethasone in tablets and (B) reagent
blank. Peaks: a = derivative of dexamethasone; b = derivative
of betamethasone; ¢ = acetophenetidin (1.S.).
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Calibration

To evaluate the quantitative applicability of
the method, four different amounts of each of
BXM and DXM in the range 2-20 nmol were
analysed and the linearity between the peak-area
ratios (y) and sample weights (x, nmol) was
examined. The linear regression equations ob-
tained were y = (0.05354 + 0.0044)x — (0.04025
+ 0.00088) (n = 3), r =0.9997, for BXM and y =
(0.05235 £ 0.00032)x — (0.04008 £+ 0.00042) (n =
3), r =0.9993, for DXM, indicating good linearity
of the method. The detection limits (signal-to-
noise ratio = 5) of BXM and DXM were 20 and
10 pmol per injection, respectively.

Reproducibility and selectivity

The precision (relative standard deviation) of
the proposed method based on the peak-area
ratios for ten replicate analyses of 10 nmol of
BXM and DXM was 2.65% and 2.35%, respec-
tively. The specificity of the method was studied
by spiking samples of BXM and DXM with corti-
sone, hydrocortisone, prednisone, prednisolone,
6a-methylprednisolone and triamcinolone. The
derivatives of BXM and DXM could be resolved
from those of the other glucocorticoids, indicat-
ing that the LC analysis of BXM and DXM is not
interfered with by the other glucocorticoids
tested; more importantly, with modification of
the method it could be applied to the trace deter-
mination of the related glucocorticoids.

This study was centred on the derivatization of
BXM and DXM with EDTN and the resulting
derivatives were monitored by UV detection at
254 nm for simple operation. For more sensitive
determinations of BXM and DXM at trace levels,
the fluorescent derivatives from EDTN and an
internal standard of a suitable glucocorticoid also
labelled with EDTN can be detected fluorimetri-
cally.

Application

The method was applied to the determination
of BXM and DXM and their test mixture in
commercial tablets. The results are shown in
Table 1 and for both BXM and DXM they fall
within the range of 90-110% required by the
current USP [10]. Typical chromatograms are il-
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TABLE 1

Assay results for BXM and DXM tablets obtained from two
commercial sources

Sample Percentage of claimed content ?
BXM DXM

BXM tablet

B, 93.60

B, 92.80

B, 93.83

B, 97.22

B; 93.97

Mean 94.28

S.D. 1.70

DXM tablet

D, 102.62

D, 102.10

D, 100.28

D, 102.90

Ds 98.72

Mean 101.32

S.D. 1.77

Test mixture °

M, 92.56 101.89

M, 93.83 100.94

M, 91.06 96.88

Mean 92.48 99.90

S.D. 1.38 2.66

? Labelled amount of BXM or DXM in each tablet is 0.5 mg.
> Test mixtures were formulated as various proportions of
pulverized tablets of BXM and DXM in mg of labelled
amount: M; (BXM 0.294 mg+DXM 0.098 mg); M, (BXM
0.196 mg + DXM 0.196 mg); and M; (BXM 0.098 mg + DXM
0.294 mg).

lustrated in Fig. 6. Obviously, the method can be
used for the determination of BXM and DXM in
bulk or in pharmaceutical preparations. Further
application of the method to highly sensitive de-
terminations of BXM and DXM in biological
specimens is being investigated.

The authors are grateful to the National Sci-
ence Council of the ROC for financial support of
part of the work.
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Abstract

A theoretical model is developed for describing the reduction, by normal-pulse polarography, of a metal ion in the
presence of a macromolecular ligand, including both the ligand adsorption and the induced adsorption of the metal
ion. The following basic assumptions are made: reversible charge transfer at a stationary planar electrode (static
mercury drop electrode); labile complex; large excess of ligand compared with the total metal concentration;
Langmuirian adsorption for both the ligand and complex species; and diffusion coefficients for ligand and complex
species very different from that of the free metal. The mathematical approach is based on transforming the system of
differential equations with their boundary conditions into an integral equation which has been solved numerically. A
simple procedure to obtain stability constants and adsorption parameters simultaneously from the experimental data
is described. This model has been used to reproduce some experimental data from the Cd(II)-polymethacrylate

system.

Keywords: Polarography; Induced reactant adsorption; Metal—polyelectrolyte systems

Voltammetric techniques are widely applied to
the determination and speciation of trace metals
in natural aquatic systems [1]. In the case of
simple (monomeric) ligands, if the electrodic ad-
sorption is absent, methods such as those of Lin-
gane or DeFord—Hume have been used to evalu-
ate the stability constants of labile metal com-
plexes by means of the analysis of half-wave po-
tential shifts {2]. However, in many instances ex-

Correspondence to: M. Esteban, Departament de Quimica
Analitica, Universitat de Barcelona (UB), C/Marti i Franqués
1, E-08028 Barcelona (Spain).

perimental evidence is available for the adsorp-
tion of the ligand and the induced adsorption of
the metal ion, with the formation of the metal
complex in the adsorbed phase [3]. In these in-
stances, theoretical efforts have been made to
interpret the experimental results but a wider
study is needed. A currently, but not unani-
mously, accepted conclusion of these studies is
that the apparent stability constants determined
by voltammetric means, using the equations suit-
able for the case without adsorption, are higher
than the potentiometric values [4—9]. However, a
general methodology for the determination of

0003-2670,/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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stability constants from experimental values in
the presence of adsorption has not been re-
ported. Tur’van [6] and Montemayor and Fatas
[7,8] proposed expressions, based on the diffu-
sion-layer approximation [9], involving adsorp-
tion. The treatment proposed by Lovri¢ and co-
workers [10,11] is more rigorous, but it is devoted
to d.c. polarography and restricted to ligands with
diffusion coefficients equal to those of the metal
ions. Other treatments [12,13] consider schemes
limited by the charge-transfer process at the elec-
trode. Several techniques have been used to elu-
cidate adsorption complications. Normal-pulse
polarography (NPP) is an excellent tool for study-
ing electrochemical processes coupled with chem-
ical reactions and involving reactant adsorption.
This technique yields maxima in the response
function (polarograms) as a consequence of reac-
tant adsorption [14-16]. Several papers [17-24]
concerning adsorption in NPP have been pub-
lished, but in no instance was induced adsorption
taken into account.

In addition to adsorption phenomena, another
limiting feature of the classical voltammetric
methods for the study of metal solution equilibria
is the size of the ligand. Only recently has the 1:1
metal complexation process been rigorously anal-
ysed [25-27], the analysis involving the simultane-
ous effects of finite (or infinite) association /dis-
sociation rates and of different diffusion coeffi-
cients for the various metal species, but without
considering any adsorption phenomena. An ex-
tremely useful feature of this approach is its
suitability for the study of metal speciation in the
presence of large ligands (especially natural poly-
electrolytes), since the diffusion coefficients of
such ligands differ substantially from those of the
free metal. However, the rigorous use of such an
approach is only possible under experimental
conditions in which adsorption is negligible. Ex-
perimental results [3,15,16] confirm the validity of
the model when techniques minimizing adsorp-
tion [e.g., reversed-pulse polarography (RPP)] are
applied.

Although the study of systems with natural
polyelectrolytic ligands, which play a great biolog-
ical and environmental role, is of great interest,
some homofunctional synthetic polyacids have

J. Puy et al. / Anal. Chim. Acta 268 (1992) 261-274

been used as ligands in order to verify the validity
of the theoretical models developed, as the or-
ganic ligands occurring in nature are not homoge-
neous with respect either to the thermodynamics
or to the kinetics of metal binding. Accordingly,
ligands such as polyacrylic acid (PAA) and poly-
methacrylic acid (PMA) have been intensively
discussed {28] as models for polyelectrolytic lig-
ands. In particular, the Cd(I)-PMA system has
been studied by different polarographic tech-
niques [3], NPP showing the presence of induced
Cd(I1) adsorption.

In this paper, an extension of the above-men-
tioned model [25-27] restricted to the labile case,
but including both ligand adsorption and metal-
induced adsorption, is reported. The model pro-
posed is solved rigorously using a mathematical
procedure previously developed for pulse po-
larography [24,29-32]. Its validity was tested
through the Cd(II)-PMA system, which was stud-
ied by NPP, with the main aim of simultaneously
obtaining information about complexation and
adsorption.

MODELLING AND MATHEMATICAL FORMULATION

Consider the simple scheme of an electroactive
metal ion M which may be reduced to the metal
MY, and a ligand L with which M may form the
electroinactive complex ML. Both L and ML can
be adsorbed on the electrode surface:

ads MLads
| 1
M+L —— ML )
+ kg
ne
M()

where charges of ionic species are omitted for the
sake of simplicity. The following basic assump-
tions have been made: (a) the ligand is in a large
excess over the total metal ion concentration,
hence it can be assumed that ¢ (x, t) =c}; (b)
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the electron transfer reaction is sufficiently fast
to render the system electrochemically reversible;
(¢c) the association /dissociation kinetics for the
complex forming reaction are sufficiently fast to
keep the metal and complex concentrations re-
lated through the equilibrium constant, over the
whole system—this situation is referred to as the
labile case; (d) a semi-infinite planar diffusion is
assumed, for the sake of simplicity, although a
static mercury drop electrode (SMDE) is used.

These restrictions allow the mathematical
problem to be transformed into one of separable
variables, which can be solved using the Laplace
transformation method. In fact, condition (a) is
only a first approximation for cases with ligand
adsorption, although there is an excess of ligand.
Work is in progress to overcome this limitation
{33].

The mathematical formulation of this scheme
corresponds to the following system of differen-
tial equations:

dcpo aZCMn

'—'a—t— = DM“ . v (23)
Ay ey

Tor =DM'a—xz_ thgCm —KaCmcr (2b)
dep epm

T=DML'W+kaCMCL_deML (2¢)

with initial conditions
t=0,¥x>0;cy=cl;cL=cf; cpmL=CriLs
cpo=10 (3a)
t=0,Iy,=T.=0 (3b)

and boundary conditions
X —> ®

k. k. k. 0N
cu=cmrcL=cfs e =cmL; emo=0; Ve (4a)

X—> —o
CM()=0; Yt (4b)
x—0
cm(0,0) nF
m=CXD{E[E(t)‘Eo]} ()
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acy, dC 0
DM(;—X)X—O_*_DMO(Z—X)X—O:O (6a)
dcpmr dly
ML( ax )x=0= ds (6)
T (1) =flem(0,1), ¢f] (7a)
L(t) =flem(0,8), cf] (7b)

where ¢; and ¢} are the concentration and the
bulk concentration in solution respectively, D; is
the diffusion coefficient and T,(¢) the adsorbed
concentration of species i on the electrode sur-
face at time ¢.

Equation 2a arises from the diffusion of MY
into the Hg electrode, which is also assumed to
be semi-infinite and planar. Equations 7 repre-
sent a general kind of adsorption isotherm. It
should be noted that the theoretical treatment is
independent of the particular adsorption isotherm
considered, and includes the possibility of assum-
ing some of the more usual isotherms (Henry,
Langmuir).

The restriction to labile systems (condition c¢)
yields

_ Cvu(X51)

K'=Kcf = x,t : (8)

cpm(x,t) 7
where K is the stability constant of the complex
and ¢;(x,t) has been replaced by ¢ according to
the restriction to the case of an excess of ligand L
[condition (a)] which allows the transport of L to
be ignored.

Thus, the system of differential Eqns. 2 for ¢,
and ¢, can be uncoupled. Using the definition
cr=cCpm*CumL, the system is transformed into
[25]

OC 0 82c 0
M =LDygo- —’\24 (9a)
ot ox
dcr ¥
_t_ S 9b
at T ax? (5b)

where Dy is the mean diffusion coefficient for
the present system, which is given by

Dy + Dy K’
1+K'

Dyey +Dypem B

D+ (10)

Cm +CML
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The boundary conditions (Eqns. 5 and 6) can be
replaced by

cr(0,8) , nF
cn(0) =(1+K") eXp{ﬁ[E(f) —Eo]}
(11)
and
ocr(x,t) ac o x,1)
DT( ox )x=0+DMU( ox )x—()
dly. 12
=3 (12)

where Eqn. 12 is generated by the addition of
Eqgns. 6a and 6b.

The present system (Eqns. 9-12) is formally
identical with that in which reactant adsorption is
present but complexation is absent, to which the
general theoretical treatment of pulse polaro-
graphic techniques can be applied [22-24].

The general expression for the response func-
tion of NPP can be written, following the mathe-
matical treatment outlined in the Appendix:

et cr(0.ty)

22

‘ _FML(td)} (13)

6
Inpp = nFA( )

i cr(0 ’7')
__f ‘/___T

where the prime means the time derivative of the
function, and ¢, and ¢, are the drop time and the
pulse time, respectively; ¢, is defined as the pre-
pulse time (¢, =t,—t,), the origin of time being
considered to be at the beginning of each drop; &
is a function of potential defined as (Eqn. AS5)

_ [Dyw 1
o) = A+K)
nF
Xexp{—ﬁ[E(t) —E(,]} (14)

and ¢.(0,z,) is the total metal concentration (c,
+ ¢y, ) near to the electrode surface, satisfying
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the following integral equation (Eqn. A4):

Ty () = (2@){@5

B 1/1 [1+8(7)]cr(0,7)
27 Vt—r1

Equation 15 is the integral form of the mass
balance around the electrode (Eqn. 12). The flux
terms in Egn. 12 have been written using the
convolution theorem applied to obtain the in-
verse Laplace transform of the solution for diffu-
sion Eqns. 9a and b, as outlined in the Appendix.
In order to solve the integral Eqn. 15, a partic-
ular adsorption isotherm must be considered. The
Langmuir adsorption isotherm for both the ligand
L and the complex ML is assumed, because in
this isotherm only a small number of parameters
has to be specified, and the qualitative conclu-
sions so obtained can be extended to other exper-
imental isotherms. Then, Eqn. 7 is written as

dr} (15)

0, (1) = Kot (162)
L 1+ K cf + Ky cp(0,0)
Ky em(0,2)
Opm () = (16b)

1+ K, cf + Kyrem(0,)

where O¢) =T,(+)/T, is the coverage of species
i (L and ML) and T, is the maximum surface
concentration averaged for both species, for the
sake of simplicity. K; and K, are the adsorp-
tion coefficients of L and ML, respectively, and
these constants are assumed to be independent of
the applied potential.

Equation 16b implies that ¢y, (0, =0%)=0at
the electrode, because the drop is generated as a
clean surface at the starting time (¢t =07%), and
diffusion is the limiting step. The lability condi-
tion indicates that c¢\(0,0%) and ¢(0,0") are
also zero, which is consistent with the reversibility
condition (Eqn. 5) at t =0% because no product
is present at the beginning of the drop.

Since Egn. 15 depends on ¢(0,¢), a relation-
ship between T, and c¢;(0,) may be written.
Using the condition ¢ = cy, + ¢y, and the equi-
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librium constant for the labile hypothesis (Eqn.
8), Eqn. 16b becomes

Ty(2)

Ou () = T
Ky cr(x =0,
— _ ML T( ) (17)

1+ Ky er{x=0,0)+K,cff
where
- K’
KMLEKML'W (18)

Then, Eqn. 15 coupled to Eqn. 17 forms a non-
linear integral equation for the c¢(0,¢) function,
which can be solved using numerical procedures
[22,24,29-34] analogously to the case of reactant
adsorption in NPP.

A special remark must be made about the kind
of ligand adsorption. Although the ligand concen-
tration has neither spatial nor temporal depen-
dence, as there is an excess of ligand, @ is time
dependent as a consequence of its dependence
on ¢, (0,) (Eqn. 16a). Moreover, the total cov-
erage O, (@, =0+ 0, ) may be different from
1, the maximum value. The model described here
is, in this respect, more general than that of
Lovri¢ [10], in which it is assumed that the elec-
trode surface is totally covered by the adsorbed
species. Thus, the results obtained by Lovri¢ can
be reproduced as a particular case of the present
model.

An interesting limiting case to be analysed is
that in which adsorption is absent. The solution
of Eqn. 15 is then

0 r=0"
ex(0,0) = { =9 (19)

as can be seen by putting Eqn. 19 into Eqn. 15 for
Iy =0.

In order to deduce an expression for the cur-
rent, Eqn. 19 must be introduced into Eqn. 13
and, taking into account that

- ¢h (0,7 ck
L A (20)
0

T dr
y(ta—7) Jta

since ¢7(0,1) = c¥6,(0) is a Dirac delta-function,
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Eqn. 13 becomes

/Py

é
INPP= m(ﬂFA ot

Equation 21 is similar to that obtained by de Jong
and van Leeuwen (Eqn. 31 in [27]), which yields
the well known Cottrell equation when 8 — oo,

If an expression for the half-wave potential
shifts is required, the condition i =i, /2 yields

51/2=5(E1/2)=1 (22)

(21)

P

Introducing Eqn. 22 into Egn. 14, and after rear-
rangement, the Guidelli-Cozzi equation [35] is
obtained:

nF 1 Dy ,
E'AE1/2=—EIH D—M —ln(1+K) (23)
which, for the case when D =Dy =D, yields
the well known DeFord—Hume equation [2].

EXPERIMENTAL

Reagents and apparatus

Analytical reagent grade polymethacrylic acid
(PMA) solutions obtained from BDH (average
molecular mass 26 000 g mol ~! according to BDH)
were used to prepare stock solutions in water of
ca. 0.1 mol 17! (in monomer). The total number
of carboxylic groups was determined by conducti-
metric acid-base titration. The diffusion coeffi-
cient of PMA, as calculated from the literature
data [3], is ca. 1.7 X 10”7 cm? s~ ! for the molecu-
lar mass version used.

All other reagents were of analytical-reagent
grade. CO,-free KOH was used for the partial
neutralization of the PMA solutions. KNO; was
applied as supporting inert electrolyte. Solutions
of Cd(NO;), were used at a concentration of
1x10™* mo! 17! The diffusion coefficient of
uncomplexed Cd?*, at 25°C and in 0.1 mol 17!
KNO, medium, is 0.73x 107> cm?® s~! [36],
whereas that of Cd in the mercury of the elec-
trode, at 25°C is 2 X 1073 cm? s~ ! [37). Ultrapure
filtered water (Culligan water purification system)
with a conductivity (after degassing traces of CO,)
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lower than 0.5 uS cm™! was used in all experi-
ments. The Autolab system (Ecochemie, Utrecht,
Netherlands) attached to a Model 663 VA stand
(Metrohm) and to an Olivetti Model 290 personal
computer by means of the electrochemical soft-
ware package GPES2 (Ecochemie) was used. The
reference electrode, the counter electrode and
the working electrode were Ag/AgCl, KCl(sat.),
glassy carbon and static mercury drop (SMDE)
electrodes, respectively. Measurements were
made at 25.0 + 0.5°C. Purified nitrogen was used
for deaeration and blanketing of the sample solu-
tions. Acid-base conductimetric titrations of
PMA stock solutions were performed with an
Orion cell (k =1.03 cm™!) attached to an Orion
120 microprocessor conductivity meter. pH mea-
surements were made with an Orion SA 720 pH
meter.

All calculations were carried out on an IBM
3090 computer (in FORTRAN-77) and the
graphics were drawn on a Benson plotter con-
nected to it.

RESULTS AND DISCUSSION

Analysis of limiting current

In order to facilitate the practical application
of the theory developed here, experimental data
are first analysed in terms of limiting current.

0.50
1
a
0.40
2

0.30 -
3z 4
s
“ 0.20 {

0.10

2.50 3.00 3.50 4.00 4.50

tp-v2/s-12
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For the case without adsorption and for a
labile complex, the linear plot of Iy, vs. t;'/
(Cottrell dependence, I, = nFAc¥DY*m~\/?
t;'/?) allows the D value to be determined if n,
A and c¥ are known. Further, from Eqgns. 8 and
10, the stability constant K of the complex can be
determined from this D, value when Dy and
Dy (= D) are known.

Under the same assumptions, another experi-
mental procedure involving measurements of the
current, at fixed ¢, values, in the absence and in
the presence of ligand, is available. In this proce-
dure, a normalized limiting current & is defined,
which is related to the stability constant through
25-27]

_ Ijj(with ligand)
I, (without ligand)

1+eKcff 12
1+ Keft

(24)
where e =D\, /Dy, and D,,; =D, . Hence it is
possible to obtain the value of the stability con-
stant, either from a particular experimental mea-
surement of (P, c}*) or, better, by fitting Eqn. 24
to experimental sets of ® vs. ¢jf values, obtained
from a metal ion solution after successive addi-
tions of ligand [15,16].

The presence of adsorption prevents the use of
these procedures in the simple way described.
Figures 1 and 2 show that the effect of complexa-

T —

2.50 3.00 3.50 4.00 4.50
tp-¥2[s-112

Fig. 1. Simulated curves of iy, vs. 15 '/? (Cottrell plots). (a) Effect of the variation of the stability constant (K) for Ky =101
mol~ 1 K=(1)1 X 10% (2) 3103 (3) 5 X 10%; (4) 7 X 10 1 mol . (b) Effect of the variation of the adsorption coefficient of the
complex (K ) for K=1x10% 1 mol™" and Ky, = (1) 0 (limiting case without adsorption, dashed line), (2) 1 x 103, (3) 1 x 10*
and (4) 1 X 10> 1 mol~!. The parameters used are n =2, T=298.15K, 4 =052X 10" % em?, ¢ =1x10"* M, ¢} =1x 1073 M,
Dyre=73X1071" m? 571, D104y, =20X 107 m? s7%, Dy =Dy =0.168 X 1071 m? s™!, K =0, and I}, =2 X 10~° mol
m~2, E®[Cd?*/Cd(Hg)] = —0.3521 V. I;;, and ¢, are given in A and s, respectively.
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0.20

Ci/mol m~?

Fig. 2. Simulated curves of the normalized limiting current (®) vs. ¢f for the same values of the parameters as in Fig. 1 and t, =50
ms. (a) Effect of the variation of the stability constant (K) for the same K, and K values as in Fig. la. (b) Effect of the variation
of the adsorption coefficient of the complex (K, ) for the same K and K, values as in Fig. 1b (the dashed line represents the

case without adsorption). ¢ are given in mol m™~>,

tion and the effect of adsorption are similar in
such plots. On the Cottrell-like plots (Figs. la
and 2a) both effects decrease the limiting current
without a loss of linearity, and a lower slope value
is obtained. Therefore, in the presence of adsorp-
tion, the value of the stability constant K ob-
tained using the D, value given by the Cottrell-
like plot is higher than that obtained if the ad-
sorption is taken into account. Analogously, fol-
lowing the procedure using the normalized limit-

0.75 -

i [ HA

0.45 A

0.30 A

0.15 A

-0.00 0.10 0.20 0.30 0.40
-{E-E%°)/V

ing current (P), the same discrepancy is qualita-
tively found when K values are evaluated from
Eqn. 24 (Figs. 1b and 2b).

It is interesting that induced reactant adsorp-
tion yields an intercept in the Cottrell plot unlike
that in the absence of adsorption, although the
plot remains linear [38].

As the effects of complexation (K) and ad-
sorption (K, ) on the experimental behaviour
are so similar, it follows that a non-linear fit of

0.75 4

fim / A
o

-0.00 0.10 0.20 0.30 0.40
-{E-E°)/V

Fig. 3. Simulated curves of the NPP full wave for the same values of the parameters as in Fig. 1. (a) Effect of the variation of the
adsorption coefficient of the complex (Kyy ) for 1,=50 ms and I, =2x107° mol m~2: Ky, =(1) 0 (limiting case without
adsorption, dashed dotted line), (2) 1 x 103, (3) 1 X 104, (4) 1 X 10° and (5) 1 X 10® 1 mol ~L. (b) Effect of the variation of the
averaged maximum coverage (I',), of both the ligand L and the metal ion complex ML, for ¢, =50 ms: (1) Kpy; =0 and I, =0
(dashed line represents the case without adsorption); and (2-5) Ky =1x 10* I mol~! with T, =(2) 2x 107>, (3) 5 x 107°, (4)
2% 1075 and (5) 1% 10™* mol m~2.
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the general Eqn. 13 to experimental limiting cur-
rent values could be cumbersome and ambiguous.
Then, for a set of experimental I}, vs. ¢y, ¢f
and/or f, data, it is possible to find different
pairs of K and K, values, as desired, which
minimize the standard deviation in the fitting
process, with y2 values of the same order of
magnitude. The a priori unsuccessful fitting pro-
cedure mentioned above has been applied to
several sets of limiting current data for the Cd-
PMA system. This analysis confirms that a unique
and unequivocal set of fitted parameters cannot
be achieved.

The above discussion leads to the conclusion
that the use of only limiting current data is unre-
liable when simultaneous processes of complexa-
tion and adsorption are involved.

Analysis of the full wave

In order to attain unambiguous results, a simu-
lation study of the parametric dependence of the
full NPP wave must be carried out. As has been
mentioned, the influence of the reactant adsorp-
tion of the NPP response is characterized as
follows [17-24]: the limiting current is decreased;
E, ,, is shifted; and a peak appears in the current
response. These events have been explained in
terms of the concentration profile of the species
[14,18,22].

In the more complex case of induced reactant
adsorption, the above-mentioned effects are also
observed. Thus, simulated curves show that when
either Ky, or Iy increases (Fig. 3a and b,
respectively) the effects produced are the follow-
ing: the peak height is increased, I, is decreased
and the whole response wave is shifted towards
more negative potentials. Further, the present
model introduces some new features to be con-
sidered.

The influence of the adsorption coefficient of
the ligand, K, in the NPP response is illustrated
in Fig. 4, which shows that inverse effects are
produced when K, increases: the peak height is
decreased, I, is increased and the wave is shifted
towards more positive potentials (for the case of
a reduction process). This is easily understood
since as K, increases ®,, decreases for a fixed
value of ¢(0,¢), considerably reducing the effects
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-0.00 0.10 0.20 0.30 0.40

-{E-E°)/V
Fig. 4. Simulated curves of the NPP full wave, showing the
effect of the variation of the adsorption coefficient of the
ligand K, for the same values of the parameters as in Fig. 1,
and for 1, =50 ms, K=1x10> 1 mol™'; (1) Ky, =0 and
K| =0 (dashed line represents the case without adsorption);
(2-5) Ky =1x10* 1 mol~! and K =(2) 1; (3) 1 x10%, (4)
1x10* and (5) 1x10° 1 mol~".

due to the adsorption of the complex. In the
limiting case of K, > K, (i.e., ©yy — 0), the
NPP response tends to the case without adsorp-
tion, as a consequence of the adsorption competi-
tion between L and ML species.

The effect of varying the stability constant of
the complex on the simulated response curve is
shown in Fig. 5. In general terms, the effect of
varying K is more significant in the rising part of

075 4

lim / 1A

0.60 -

0.45 A

0.30 4

rwN -

~0.00 0.10 0.20 0.30 0.40
-{E-E®)/V
Fig. 5. Simulated curves of the NPP full wave, showing the
effect of the variation of the stability constant K, for the same
values of the parameters as in Fig. 1, and for ¢, =50 ms,
Ky =1x10* Imol " K =(1) 1x10% (2) 2x 10% (3) 3x 10%;
4)5%x10% 1 mol =",
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the peak (which is decreased and shifted to less
negative potentials when K increases) than on
the limiting current (which decreases when K
increases). It is interesting that all the curves
approximately converge somewhere in the de-
creasing part of the peak, independently of the
final limiting current value.

The variation of the complex stability constant
affects the full response wave in a very different
manner from the variation of the adsorption coef-
ficient of the complex: the peak height decreases
as the K values increase and the Ky values
decrease, and the limiting current value de-
creases when either K and/or K, increase.
Hence, this different behaviour suggests that a
non-linear fitting procedure for the experimental
values to the general system of Eqns. 13, 15 and
17 would be successful in obtaining the best val-
ues for the four parameters K, Ky, , K; and I,

Experimental results for the Cd-PMA system

In order to test the model developed here,
Figs. 6 and 7 compare some experimental NPP
waves obtained for the Cd(II)-PMA system with
some waves calculated by numerical solution of
the present model. In all instances, the values of
the stability constant (K) necessary to reproduce
the experimental waves satisfactorily are lower
than those obtained from the experimental limit-
ing currents applying the procedures described
under Analysis of the limiting current, which are
only suitable for the case without adsorption.
Thus, the mean K value obtained by applying
Eqn. 21 to experimental limiting currents shown
in Figs. 6 and 7 is log[K (I mol™")]=4.3+0.2,
while loglK (1 mol™")]=4.2+0.2 is obtained
when Eqn. 24 is applied, whereas a value of log[ K

TABLE 1
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Fig. 6. Curves of the NPP full wave for the Cd(ID-PMA
system. Experimental results are drawn as dashed lines, show-
ing curves obtained at different ¢, values, for the same values
of the experimental parameters as in Fig. 1 and for ¢ = 5.0
x107°> M and c¢ff =1.0x10"3 M. Symbols represent the
simulated curves calculated with the model parameters shown
in Table 1. ¢, = (D) 50, (+) 75 and (X) 100 ms.

(1 mol 1] =3.4 +0.1.4 (one order of magnitude
lower than former values) is calculated from the
set of numerical parameters (see Table 1) used in
Figs. 6 and 7 (to reproduce the experimental full
waves) by applying the treatment developed in
this paper, which takes into account the adsorp-
tion effect. Table 1 summarizes the values of the
parameters used in the theoretical waves and the
x2 values (reduced x?, defined as x?/¢, where
¢ is the number of degrees of freedom) obtained
in the fitting procedure. The mean fitted values
for a fixed K, {loglK; (I mol™")]=17) are
logl K(I mol™"]=3.4+0.1, log[Ky\; (I mol™h)]
=49+02and I, =(1.7+0.3) X 107® mol m~2.

Values of sz for the fitted curves of the experimental waves obtained for the Cd(II)-PMA system (Figs. 6 and 7)

ck (M) cF (M) t, (ms) K (I mol™1) Ky (Imol™1) T, (mol m~2) X2 (=x2/¢)?

50%x 1073 1.0x 1073 100 3130 4.99 x 10* 1.43x10°° 0.10x 10~*
75 2700 7.0 x 104 0.16 X 1074
50 2000 1.3 x10° 1.54 x 10~*

1.0%x107* 1.0x 1073 100 2600 80 x10* 20 x10°¢ 0.64x10°4
75 2400 1.0 x10° 1.30 x 1074
50 1400 35 x10° 321x1074

2 ¢ = Number of degrees of freedom.
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Fig. 7. As Fig. 6 for ¢} =10x10"* M and c}
=1.0%x107° M.

In order to improve the fitting of the numeri-
cal results to experimental data avoiding a too
cumbersome and computationally expensive opti-
mization process, a systematic approach is re-
quired because of the large number of parame-
ters (four) to be fitted. It is of great interest,
especially for experimentalists, to facilitate the
fitting process. This is achieved rcasonably well
when criteria about the main influence of every
parameter over the full NPP wave are known. As
a consequence of the small influence of K on the
decreasing part of the peak (Fig. 5), the fit in this
region can be used to evaluate K, under opti-
mum conditions. Then, with the value found for
K., the fit of the rising part of the wave will be
used to evaluate K, without perceptible changes
in the decreasing part of the wave. Finally, with
the K and K, values found, K, and I’ can be
evaluated from a more accurate fit of the limiting
current zone and the peak maximum. After the
full fitting sequence, some small modifications to
the parameters can be observed. Usually, a sec-
ond iterative process in the same sequence yields
improved and satisfactory parameters. This sim-
ple process has proved to be the more successful.

Although fitting procedures based on the mini-
mization of the sum of least squares by non-linear
regression could improve the agreement between
experimental results and numerical results, these
methods are forbidden because of the large num-
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ber of parameters to be fitted and the complexity
of the set of integral equations, which must be
numerically solved, and because they require
more cumbersome criteria than that based on the
least-squares minimization.

In order to improve the agreement between
experimental and simulated data and to explain
the systematic variation of K and K,, with
pulse time, some shortcomings of the present
treatment can be outlined. As previous experi-
mental results for the Cd(ID-PMA system
demonstrated [3], the adsorptive behaviour of this
system depends on the potential, not only on the
initial value of the base potential (constant in
NPP) but also on the final value in each pulse.
The treatment proposed is restricted to the case
of a constant adsorptive parameter (which would
coincide with some average parameter). This ap-
proximation would be the more valid the nar-
rower the potential range scanned. This range is
easily minimized by choosing an initial potential
close to the onset of the wave (E,= —0.5 V vs.
Ag/AgCl, in the present instance). Experimental
results obtained at values of E, between —0.5
and 0 V yield increasing discrepancies when sub-
jected to the present treatment because of the
potential dependence of the adsorption parame-
ters [39]. In order to treat experimental results
obtained with such potential values (—0.4 V <E,
< 0 V), the theoretical model should include an
explicit dependence of the adsorption parameters
on the potential [40].

Another source of possible discrepancies be-
tween experimental results and simulated curves
may be the assumption of Langmuirian adsorp-
tion. The model created to solve the problem
under study allows us to consider other isotherms
different from the Langmuirian one, with the
pertinent changes in the numerical treatment.
However, such isotherms (Frumkin, for instance)
introduce additional parameters to be fitted.
Then, the Langmuirian choice appears to be the
most convenient at the present stage of develop-
ment of the scheme created. A different choice of
the adsorption isotherm would mainly affect the
current around the peak in the curve, since the
peak appearance is a typical adsorption feature.
In the limiting region, the influence of the ad-
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sorption is much lower because all reactant
reaching the electrode is reduced, whereas at
intermediate potentials (around the peak poten-
tial) the reduction and the adsorption processes
take place simultaneously. It could be interesting
to utilize the dependence of the observed be-
haviour on the reactant concentration as a valu-
able tool to verify the correct interpretation of
the adsorption effects and the nature of the
isotherms assumed. This will be discussed else-
where [39].

Finally, the hypothesis of excess of ligand
should be reconsidered in the following situa-
tions: in experimental systems with macromolecu-
lar ligands (D, < D), where the transport of L
can be low; and in cases with ligand adsorption,
where the transport of ligand cannot be negligi-
ble. In both instances, the homogeneity ¢, (x,t) =
ci could not be reached. Efforts in this direction
are in progress [33].

Conclusions

A new model for the voltammetry of metal—
polyelectrolyte complex systems is proposed, con-
sidering both the adsorption of the polyelec-
trolyte and the induced adsorption of the metal
ion. This model has been rigorously solved for the
NPP reduction of a metal ion in the presence of a
macromolecule such as PMA. The main advan-
tages of the model are that it reproduces the
main features of the NPP response satisfactorily,
at least for the Cd(II)-PMA system, and it allows
the analysis of the full NPP wave by taking into
account the adsorption phenomena.
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APPENDIX

According to the scheme assumed in Eqn. 1,
the faradaic current I(t) is proportional to the
flux of metal ion, M, or metal product, M’, at the
electrode surface. Moreover, if the electrode is
stationary and semi-infinite planar diffusion is
assumed, the current can be written as

ocy(x,t
+DM( m(x,) )
I(1) = nFA S0 (A1)
Do BCM()(X,I)
oM ox x=0

or, in terms of cp=cy + Cpp, @S

dcr(x,t) )

N dly (1) }
ox

1(¢) =nFA{—DT( By o

(A2)

The flux terms (3c,(x,t)/8x),_,, i =M, MC,
ML and T are obtained from the resolution of
the transport problem. Using the Laplace trans-
formation method and the convolution theorem
[24,29-32], the integral flux terms can be written
as

oc;(x,7)

Dif()t( ax )x=0 ar

_ \/Fl tci(O’T)_Ci*.d A3
It w

The problem is now to obtain ¢,(0,¢), which can
be obtained from the boundary conditions at x =
0.

Integral equation for I, (1)
Using Eqn. A3, the integral of the boundary
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condition 12 can be written as
Cyi(2) — T2 =0)

%

X{c}‘ t—z‘/(;  [1+8(7)]er(0,7) dT}

=
(A4)
where
Dy 1
R RN )
F
Xexp{—ﬁ[E(t) _Eo]} (A5)

and the reversibility condition 11 has been used
to relate ¢y;0(0,7) and c(0,7).

Equation A4 and the adsorption isotherm Eqn.
7a form an implicit integral equation in T, (#),
which can be solved numerically. I'y, (¢ = 0) has
been taken to be zero according to the initial
condition 3b.

Integro-differential equation for I, (t)

The use of the Leibnitz derivation rule under
the integral sign in Eqn. A3 allows us to write the
flux term as

(20

[ ! (dc‘(O’T,) ) d (A6)
- T
ovVt—1 dr’ e
where ¢0,0%), i = ML, T, are zero.

Using Eqn. A6 and the reversibility condition
11, the boundary condition 12 can be written as

Dy (c¥
M) =y — {—/;
ft a+ 5(:)_)(?(0 T)] dT} (A7)
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where the prime represents the time derivative of
the function. Equation A7 together with Eqn. 7a
forms an integro-differential equation in Ty, (¢).

Equation for I pp

The NPP technique records the current at the
dropping time, t,, when the pulse potential has
been applied at ¢, Iypp = I(¢,). Thus, using Eqn.
A5, Eqn. A2 becomes

D;|c c (0,7
Inpp = nFA{‘/ l_T_f'd 1 ).dT
T \/a 0 ylg—T

+FI:AL(td)} (A8)

The time dependence of the potential applied
to the drop in NPP can be written as

E(t)y=Ez—EH(t—1t,) (A9)

where H(t —t,) is the step function

H(t)E{(l) t<0

150 (A10)

and Ej is the base potential, which is chosen so
that no faradaic reaction occurs (Eg — «, de-
scribes a reduction process). In terms of the di-
mensionless potential function defined in Eqn.
A5, Eqn. A9 becomes

8(t) =06H(t~1t,) (All1)

because 65 — 0.

In order to simplify the integral term appear-
ing in Eqn. A8, the integro-differential Eqn. A7
could be used. However, the integral term ap-
pearing in Eqn. A7 has a discontinuity due to the
derivative of the dimensionless potential function
8(t) (Eqn. A11). Then, the integral term in Eqn.
AT,

vy - L0280

(A12)

td_T

contains the 8'(s) and ¢1(0,7) functions. From
Eqn. A1l the §'(t) function can be written as
0'(t) =0H (1t —1ty) =88p(t—ty) (A13)

where 6 is the Dirac delta function with the
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important property
t(] $ [tl 7t2]

f(ty) th€ltnt,]
(A14)

[ 1o = 10) de =

and the c7(0,t) function is straightforward be-
cause ¢(0,¢) is a continuous function only for the
reactant adsorption process (see Appendix A in
[31]. Equation A12 then becomes

Y()_ :‘( ;())

+Y(t5)+Y(t5) t> ¢,

(A15)
with
Y(to)—fl” fgl) (Al6a)
and
Y(t(,)—(1+5)f JT(_T) ~dr (A16b)

where ¢; and #; mean the limit value t — ¢, if
t <ty and if ¢ > t,, respectively, which are differ-
ent due to the discontinuity in 8(¢) at ¢t =1¢,,.

To eliminate one of the integral terms in Eqn.
Al7, the integro-differential Eqn. A7 must be
considered. If the term Y(¢J) is isolated from the
integro-differential Eqn. A7 and introduced into
Eqn. Al35, the integral term A12 becomes

1 7 8¢ (0,10)
Y =151V Dy mlt) = ————
—f’“ (0, T) (A17)

and then the NPP current Eqn. A8 becomes

4 Dy {cr  cx(0,4p)
I FA V= | =+ ——=
nep =11 ( 1+86 ) 7 |t Vo

to C—IF(O,’T) ,
- [ =="d7| Tt}  (AL8)
0 ty— 7

This equation does not have an explicit analytical
solution for the most frequently used adsorption
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isotherms, but a numerical solution can always be
found.
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Abstract

The polarographic /voltammetric determination of complexation constants, influenced by ligand-induced adsorp-
tion of metal ions, was studied. The factors affecting the final results, such as the “speed” of the applied technique,
metal concentration, ionic strength and data treatment were examined, taking lead(I1) and cadmium(II) in halide
solutions as model systems. A comparison was made of the observations with existing theoretical predictions.

Keywords: Polarography; Voltammetry; Adsorption; Cadmium; Lead; Stability constants

Since the early 1950s when DeFord and Hume
[1] published a method for the polarographic
determination of stability constants, many
metal-ligand systems have been studied in this
way [2,3]. However, in three papers dealing with
halide complexes of lead(II) and cadmium(II),
Bond and Hefter [4-6] demonstrated the inequiv-
alence of polarographic and potentiometric val-
ues, the former being much higher. The effect
was ascribed to previously [7] observed anion-in-
duced adsorption, i.e., “extraction” of dissolved
metal from solutions of a surface-active ligand to
mercury electrodes. Subsequently it became gen-
erally accepted that potentiometric results are
not affected by adsorption whereas polarographic
results are.

The earlier experiments [4—6] attracted great
attention, resulting in numerous theoretical pa-

Correspondence to: M. Zelié, Center for Marine Research
Zagreb, Rudjer Boskovi¢ Institute, P.O.B. 1016, 41001 Zagreb
(Croatia).

pers [8-14]. Attempts were made to understand
the phenomenon and to predict optimum experi-
mental conditions or data treatment. However, it
is surprising that during the last 15 years few new
measurements of a similar type have been made.
Especially results corresponding to high elec-
trolyte concentrations are lacking. Perhaps the
most important experiments were those described
by Fatas-Lahoz et al. [15], who clearly indicated
that the dramatically increased half-wave poten-
tial shift obtained in an iodide solution (0.1 mol
17") of cadmium(II) was mainly caused by the
measuring conditions. In other words, the effect
can be significantly reduced by proper experi-
mental design. It was therefore decided to exam-
ine the influence of different factors such as the
polarographic /voltammetric technique used, time
of electrolysis, metal concentration, ionic strength
and data treatment, on the half-wave or peak
potential shifts and the resulting values of stabil-
ity constants. The observations were compared
with existing theoretical predictions.

0003-2670,/92 /$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved



276

EXPERIMENTAL

For the preparation of solutions, analytical-re-
agent grade Pb(NO,),, Cd(NO,),, NaClO, - H,0,
LiClO, - 3H,0, LiCl, NaBr, Nal and 70% HCIO,
(Merck, Ventron and Kemika) were used, to-
gether with redistilled or deionized water.

Polarographic /voltammetric measurements
were performed using an EG& G Princeton Ap-
plied Research (PAR) Model 384B polarographic
analyser connected to a PAR 303A static mercury
drop electrode and a Houston Instrument Model
DMP-40 digital plotter. Only the dependence of
the half-wave potential on the drop lifetime was
investigated using a BAS 100A electrochemical
analyser (Bioanalytical Systems, West Lafayette,
IN). Potentials were referred to a saturated Ag/
AgCI(NaCl) electrode and a platinum wire was
used as a counter electrode. Square-wave voltam-
metric (SWV) measurements were performed at
a frequency (f) of 100 s™'. In differential-pulse
polarography (DPP), a drop lifetime of 1 s was
chosen. The scan increment was 2 mV in both
instances.

A titration procedure at a constant ionic
strength (I), maintained with NaClO, or LiClO,,
was adopted. Dissolved metal was also kept at a
constant level in each series of measurements
except those in which the role of metal concen-
tration was studied. All experiments were per-
formed at a constant acidity (pH =2 or 3) from
solutions previously deaerated with high-purity
nitrogen.

Because of some technical problems, the small
polarographic cell that belongs to the PAR 303A
static mercury drop electrode could not be ther-
mostated but the experiments were performed at
nearly 25°C.

RESULTS AND DISCUSSION

Role of measuring conditions

According to d.c. polarographic results ob-
tained by Bond and Hefter [5], half-wave poten-
tial shifts measured in bromide solutions of
lead(I1) are much higher than expected from po-
tentiometrically determined stability constants. At
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AEp/mV
3

log ([Br~]/moll ~1)

Fig. 1. Dependence of lead(II) half-wave potential shift on
bromide concentration. The present results (®) are shown
together with values published by (+) Kivalo [17] and (0)
Bond and Hefter [5]. Full line indicates expected shifts, based
on critical values [16) of formation constants of all PbBr,
complexes.

[Br']=0.5mol 17! and /=1 mol 171, the differ-
ence between the two values is 34 mV. As the
“correct” shift should be only 48 mV, this result
is surprising. Therefore, corresponding sampled
d.c. polarographic measurements were performed
at the same ionic strength using a static mercury
drop electrode. The resulting values, measured at
a relatively low metal concentration (5 X 1073
mol 171), are given in Fig. 1.

It can be seen that our experimental points are
located on the “theoretical” [16] curve together
with Kivalo’s [17] results, obtained at a high level
of dissolved lead (1 mmol 17') in the presence of
gelatine. The dependence of the half-wave poten-
tial shift (AE, ,) on the ligand concentration,
based on Bond’s polarographic experiments, is
completely different (Fig. 1). As the main differ-
ence between the two sets of measurements is the
drop lifetime (¢,), it seems that too high potential
shifts were caused by the fast dropping (¢, = 0.16
s) used in the mentioned experiments [5]. For this
reason the influence of ¢; on the polarographic
results was investigated at /=4 mol 1™%.

At such a high electrolyte concentration the
adsorption effects should be more pronounced
because of the decreased water activity [18,19]. It
was confirmed that the fast dropping really causes
the increased half-wave potential shifts (Fig. 2) in
bromide but not in pure perchlorate solutions of
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lead(I). The waves obtained at ¢, = 0.250 s, de-
pending on the bromide concentration, are shifted
cathodically up to 26 mV in comparison with the
signals recorded at t;=1 s. The difference be-
tween rapid and “normal” polarography was pre-
dicted [8,14] although not observed by Bond and
Hefter [5].

Similar effects, i.e., dependence of the peak
potential shift on the characteristic time variable,
should be expected in other voltammetric tech-
niques such as DPP [20] and SWV [21]. Addition-
ally, different techniques are expected not to give
the same AE, values when applied to a given
system, because of their different sensitivities to
adsorption. This problem was studied using, in
comparison with PbBr,, more adsorbable CdIl,
complexes at =1 mol 171.

In Fig. 3a new results obtained by SWV are
presented together with the literature values [6]
(a.c., d.c. and expected) measured at similar metal
concentrations of 4 X 107°~5 X 107> mol I"%, On
going towards more sensitive techniques, the

-E. %

80

40

log ([Br~)/mol/171)

Fig. 2. (A) Dependence of the half-wave potential on the drop
lifetime. [Pb], = 5x 107> mol 1%, [Br~]1=(1) 0, (2) 0.047 and
(3) 0.511 mol 1=, I=4 mol 17!, [HCIO,]= 0.01 mol 1~ L. (B)
Dependence of the half-wave potential shift on bromide con-
centration. ¢4 = (1) 0.250 and (2) 1.000 s. Other conditions as
in (A).
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Fig. 3. (a) Shifts of the half-wave or peak potential in iodide
solutions of cadmium(II) at /=1 mol 1~ !. Expected values,
based on potentiometric data (®) [16], are given together with
published [6] (0) d.c. (t4=1 s) and (&) ac. (f=300s™1)
polarographic and (X) our SWV (f=100 s~') results. (b)
Results from (a) presented as the difference (R) between
measured and expected shifts of (0) d.c., (X) SWV and (e)
a.c. signals.

curve in the AE (or AEI/Z) vs. log [1 7] diagrams
that can be described by a polynomial of the
fourth order gradually becomes a straight line. If
the same data are presented in another form, i.e.,
as the difference (R) between measured and ex-
pected [16] potential shifts at increasing ligand
concentration (Fig. 3b), it becomes obvious that
the highest values are connected with a.c. po-
larography (frequency 300 s~!). The whole effect
appears in the iodide concentration range in
which the surface-active complex Cdl, forms a
significant fraction of the total dissolved metal
(Fig. 4), as predicted previously [14]. Moreover,
there is a nearly linear relationship between R
and this fraction.
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log ([I71/mo11 1)

Fig. 4. Fractions of dissolved cadmium(II) bound in different
iodide complexes at /=1 mol 17!, Numbers on the curves
denote p values of the corresponding CdI,, species (log B, =
1.89, log B, = 3.2, log B3 =4.5, log B, = 5.6).

The influence of the applied polarographic/
voltammetric technique on the measured half-
wave or peak potential shifts has already been
studied by Casassas and Arifio [22]. Their results,
obtained at a higher metal concentration, could
not be compared with those presented in Fig. 3,
because they did not give details of their measur-
ing procedure (drop time in d.c. polarography,
frequency in a.c. polarography, etc.).

Although the experiments with weak, kineti-
cally labile complexes are always performed at a
large excess of the total ligand (L,), different
metal (M) concentrations can satisfy the condi-
tion [L], > [M],. However, if the metal concentra-
tion is gradually increased at a constant level of
dissolved halide, the content of the surface-active
complex species in the solution also increases,
together with the coverage of the electrode sur-
face. In other words, the shift of the polaro-
graphic/voltammetric signal is expected to de-
pend on [M], chosen for the experiment. The
situation for Pb2*~Br~, Cd?>*—Br~ and Cd?*-1~
systems is presented in Fig. Sa, b and c, respec-
tively; the results obtained in chloride solutions
of lead(I) have already been published [23]. In
each instance a concentration of the total ligand
was chosen than leads to a high percentage of the
metal bound in the surface-active complex, taking
into account previously obtained results [24,25]
and /or literature data [26].
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Three main types of peak potential shift with
increasing total metal concentration could be dis-
tinguished. The first is characterized by a contin-
uous increase in AE_ with increasing [M],, ac-
companied by a broadening of the signal, as
demonstrated in the case of lead(II) adsorption
from a chloride solution ((Cl1=]=2mol 17!, I=4
mol 171) [23]. The two other types are character-
ized by a gradual decrease in AE,, with increas-
ing metal concentration, which finally reaches a
constant value with (Fig. 6) or without obvious
splitting of the reduction signal. (In each instance
the observed behaviour is mainly governed by the
type and parameters of the corresponding ad-
sorption isotherm [27].) Consequently, the com-
plexation constants determined by the same
method in a given system at two different metal
concentrations could also differ. This type of ex-
periment could not be performed in iodide solu-
tions of lead(I1) because Pbl, is sparingly soluble
[16].

According to some recommendations [12], if
the ligand is surface active, polarographic deter-
mination of complexation constants should be
performed at as high as possible metal concentra-
tions in order to obtain the main wave (or peak)
instead of the post-wave. In practice, however, it
is not easy to follow this principle. At a high level
of dissolved metal the formation of a solid phase
can occur. Additionally, it is not possible to fulfil
the requirement [L], > [M], at low ligand concen-
trations, which could be important in some sys-
tems, Polarograms of lead(II) recorded from bro-
mide—perchlorate mixtures (1 = 4 mol [ ~!) at high
levels of dissolved metal (5 x 1074, 1 x 1072 and
2.5 x 1073 mol 17" [28] could not be used for the
determination of stability constants.

In addition to the problems mentioned above,
the main wave was poorly defined at low relative
concentrations of PbBr, and/or separated from
the post-wave by a minimum at high concentra-
tions. Hence the accurate determination of its
half-wave potential could not be performed. In
some other systems, such as Cd®"—Br~, splitting
of the signal does not occur at real concentrations
of dissolved cadmium (up to 2.5 X 1073 mol 1=").

Taking into account that the wave or peak
shifts with increasing metal concentration in dif-
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ferent ways on going from one system to another the measured AE, with increasing metal concen-
(and from one technique to another), it is obvious tration (at a constant ligand concentration) was
that the recommendation concerning the opti- really obtained at /=1 mol 17! (but not in other
mum [M], cannot be taken literally. In the cad- systems under investigation.) At /=4 mol 17!
mium(ID)-iodide system (Fig. 5C), the decease in poorly pronounced splitting of the signal was
_AEp/mV a
O/OI
— //o
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Fig. 5. (a) Dependence of lead(I) peak potential shift in (8) DPP and (O) SWV on the total metal concentration at [Br~]= 0.10
mol 1~ 1. Expected AE, is given by the dashed line, calculated from (1) Vierling’s results [32] or (2) critical values [16] of stability
constants. /=4 mol 17!, Initial potential E; = ~0.20 V. (b) Dependence of cadmium(II) peak potential shift in (8) DPP and (0)
SWYV on the total metal concentration at [Br~]= (I) 0.10 or (II) 0.25 mol 1~ . The change in the peak shape is also shown. I =4
mol 17, (c) () Dependence of cadmium(II) peak potential shift in SWV on the total metal concentration at [I"] = 0.059 mol 1=1.
(0) Change in the normalized peak current (i, =i,/[Cd),). I=1mol 1"% E;= —0.35 V.
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Fig. 6. Shape of cadmium(II) SVW signal recorded at /=4
mol 171, [I7]1=0.012 mol 17" [Cd], =(A) 2.02Xx107%, (B)

3.98x107% and (C) 7.86x10~* mol 17,

obtained instead (Fig. 6), which could not be used
for the determination of stability constants from
the shift of the main wave. Perhaps some method
that improves the separation of two close pro-
cesses could be applied. This problem will, how-
ever, be treated elsewhere in more detail.

Determination of stability constants

In a diffusion-controlled process the half-wave
or peak potential shift will be linearly dependent
on log[L] if only one complex is formed or if
other coordination species are virtually absent
over a relatively wide ligand concentration range.
In such a case the composition of the given ML
species and its formation constant can be calcu-
lated by applying Lingane’s method [29], i.e., from
the equation

AE, ,, = (2.303RT/nF) log B,[L]” (1)

where AE, , denotes the difference between the
half-wave potentials measured in a non-complex-
ing medium and in a ligand-containing solution.
Adsorption of a complex species can also produce
a linear dependence [14]. Such a straight line
usually has a slope that corresponds to the “pre-
dominance” of ML, or ML ;. However, the stabil-
ity constant calculated from the intercept with
the ordinate is completely different from the value
obtained by any other experimental technique not
influenced by adsorption. For example, in the
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Cd?*-1"~ system (I=1 mol |™') (Fig. 3a), the
slope equals 61 mV per decade but 8, calculated
from the intercept (log B, = 5.1) exceeds the gen-
erally accepted value (log B, = 3.2 [16]) by about
two orders of magnitude. In Pb?*-]~ at I=6
mol 17! even two flat segments with slopes of 58
and 87 mV per decade were obtained by SWV
(Fig. 7a). Although the literature values for g,
and B, corresponding to this ionic strength are
not available, they can be predicted by extrapola-
tion of B, vs. I'/? curves (Fig. 7b). Again, the
experimentally obtained log B, = 7.8 and log B,
= 9.6 are much higher (by 3-4 orders of magni-
tude) than expected. Consequently, anion-in-
duced adsorption produces linear parts of AE,
vs. log [L] curve which cannot be used for the
determination of individual stability constants.
However, it does not mean that all flat segments
should be ignored. During the study of cadmium
complexation in iodide solutions (/ =4 mol 17') a
linear part of the curve for log [I"]= —0.04-0.6
has a slope of 120 mV per decade (Fig. 7a). The
overall concentration constant log 8, = 7.16, cal-
culated from the intercept of this straight line
with the ordinate, does not seem to be influenced
by adsorption. It is significantly lower than the
only value of B, (log B,=28.20) that could be
found in the literature for this ionic strength [3],
but fits well with the log 8, vs. I'/? curve if only
the critically assessed values [16] are taken into
account.

When several metal complexes are present in
the same ligand concentration range, the half-
wave or peak potential shift, not influenced by
adsorption, is given [1] by

AE, ,,=(2.303RT/nF)

X log(l + B8,[L] +Bz[L]2 + -"BN[L]N)
(2)

assuming that the diffusion coefficients are the
same. In such a case a set of stability constants
can be obtained by a curve-fitting method [30].
From Eqn. 2 it follows that a polynomial which
optimally fits the experimental results should be
found, the degree of which gives the number of
complexes while the coefficients correspond to
the overall formation constants. For obvious rea-
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Fig. 7. (a) SWV peak potential shift in iodide solutions of () lead(I) and (0) cadmium(I). [Pb], =5x 10" mol 17,
[Cd),=1.8x 1075 mol 17!. I=(®) 6 or (O) 4 mol 1-!. E;=(e) ~0.80 or (0) —0.40 V. Only the points relevant for the present
discussion are connected with lines. (b) Dependence of the formation constants [3]) on the square root from the ionic strength for

different Pbl, complexes (p = 1-5).

sons, all B, values should be positive whereas
between two functions with positive coefficients
one with better variance of fit should be chosen.
A coefficient with a confidence interval greater
than the coefficient itself cannot be taken as

TABLE 1

significantly different from zero. The values pre-
sented in Table 1 (except B, in the Cd**-I~
system) were calculated using a computer pro-
gram [30] in which the polarographic results were
numerically processed by two methods: the weight

Stability constants of halide complexes determined by polarographic/voltammetric methods (1 = 4 mol 1=')

Complex log B, log B, log B, log B4 Reference
PbCi, © 1.28 + 0.05 2.03 + 0.06 2.40 + 0.04 1.57 + 0.09 This work
1.34 + 0.02 2.06 + 0.02 240+ 0.04 1.90 + 0.12 34
1.23 £ 0.08 1.8 +02 22 +£0.2 14 +0.2 35
cdci, @ 1.73 + 0.04 23 +0.1 3.16 + 0.04 25 +0.1 36
1.77 + 0.02 2.56 + 0.05 3.19 £ 0.07 25 +01 37
1.66 + 0.1 24 +01 28 +£03 22 +£03 16
CdBr,, b 1.76 + 0.04 26 +0.1 35 +0.1 4.22 + 0.06 25
Cdl, © 7.16 This work

* Measured in LiClO,~LiCl mixtures by SWV at pH 2. [Pb], = 5 X 1073 mol I~ '. » Measured in NaClO,-NaBr mixtures by DPP at
pH 2. [Cd}, =5 % 1075 mol 171, € Measured in NaClO,~Nal mixtures by SWV at pH 3. [Cd], = 1.8 X 1075 mol 171,
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method described by Momoki et al. [31] and the
Gauss iterative method (also known as the
Gauss—Newton or Newton—Raphson method).
The former method was used for finding the
initial values of the coefficients, which in the next
step were introduced into the other method in
order to obtain the final results.

In comparison with the value that results from
Eqn. 2, half-wave or peak potential shifts influ-
enced by adsorption are additionally increased
but not to the same extent for all ligand concen-
trations (Fig. 3b). That is the reason why the
whole ligand concentration range cannot be de-
scribed by a polynomial of which all coefficients
are positive. In order words, ligand-induced ad-
sorption of dissolved metal not only gives too
high stability constants but may also cause the
appearance of insignificant or even negative val-
ues, i.e., values without any physical meaning.

At first glance it is not clear why a significantly
increased apparent formation constant of one
complex species should influence the other val-
ues. For instance, it can be calculated that the
already mentioned log B8, =5.2 in the Cd**-1~
system (/ = 1 mol 17", if introduced into Eqn. 2,
produces peak potential shifts composed of only
two contributions, ie., from Cdl, and CdI;™.
Two other species (CdI* and CdI3) are virtually
lost. If the values of the expected AE (based on
the high B,) are calculated for a wide iodide
concentration range taking into account all four
complexes or only the second and the fourth, they
never differ by more than 1.3 mV from each
other. As the accuracy of the peak potential
reading is, in modern sampling techniques, gov-
erned by the applied scan increment which is,
depending on the type of instrument, 1-2 mV, it
becomes obvious why ligand—induced adsorption
causes the appearance of insignificant stability
constants. The stepwise complexes preceding and
following the surface-active complex are simply
lost because their contribution to the total peak
potential shift is masked by small experimental
errors. This type of result was obtained when
investigating the Cd?*-1- and Pb?*-Br~ sys-
tems. However, in the latter case adsorption does
not seem to be the only problem, as pointed out
by Vierling [32] and discussed by Ferri et al. [33].
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Real experiments cannot be described using
the approach given by Montemayor and Fatas
[11]. According to them, (B,), parent = B,Te» i€,
all polarographically determined stability con-
stants should be divided by a correction factor to
obtain the true values. Hence the net half-wave
potential shift is given by:

AE, ,, = (2.303RT/nF)

X log(B()Tc + Bch[L] +... BNTc[L]N)
3

This means that the AE, , vs. log[L] curve,
when influenced by adsorption, will shift towards
higher values but retain its form. This would also
mean that at zero ligand concentration AE, , =
(2.303RT /nF) log B,T. should be positive taking
into account that B,=1 and T, > 1. This is diffi-
cult to accept. In reality, however, only one com-
plex species is surface active or at least the ad-
sorbability of the different complexes differs sig-
nificantly. Hence the adsorption effects are not
equally pronounced at all ligand concentrations,
ie., not all B, values are affected in the same
way. In fact, half-wave or peak potentials will be
nearly “normal” outside the ligand concentration
range in which the surface-active complex forms a
significant fraction of the total metal, as pre-
dicted [14] and confirmed in the mentioned ex-
periments with cadmium(1I) in iodide media (Figs.
3B and 7A).

Table 1 gives the systems in which the com-
plexation constants were successfully determined
at /=4 mol 17! by means of polarographic/
voltammetric techniques. For chloride complexes
of lead(II) and cadmium(1l), the values obtained
in this way are in good agreement with literature
data. For the cadmium(1I)-bromide system other
results for the chosen ionic strength are not avail-
able but all values (8,~B,) determined by DPP
seem to fit well with the log B, vs. log I'/
diagram [25].

The question arises of whether corrections for
the change in the peak height on going from a
non-complexing medium to ligand solutions are
to be applied [22]. One should keep in mind that
the DeFord-Hume equation [1] was derived for
d.c. polarography in which the change in the wave
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height is a consequence of the changed diffusion
coefficient. In DPP and SWV, however, the in-
creased peak current can appear because of ad-
sorption [38,39], being from less than 100% (DPP)
to more than tenfold (SWYV). Its introduction into
Eqn. 2 would lead to more erroneous results than
leaving it out, especially when a relatively low
AE, value is accompanied by pronounced peak
height enhancement. Additionally, for the same
level of dissolved ligand, the ratio of currents
depends on the total metal concentration because
the current concentration relationship is not the
same in pure perchlorate medium and in solu-
tions that contain an adsorbable ligand (Fig. 5C).
In fact, corresponding expressions for the peak
potential shift influenced by adsorption are lack-
ing. According to the principle cited by Crow [40],
“no correction is better than a badly made one”.

Finally, the question arises of the optimum
measuring procedure for determining the stability
constants influenced by ligand-induced adsorp-
tion. As a first step, the ligand concentration
range in which pronounced adsorption effects
appear should be determined. For this purpose
SWYV measurements at not too a high metal con-
centration level over a wide ligand concentration
range at a constant ionic strength can be per-
formed. In an i, vs. log[L] diagram, a bell-shaped
curve will generally be obtained assuming that
the adsorption of dissolved metal is really signifi-
cant. In the second state, the ligand concentra-
tion which corresponds to the maximum current
enhancement should be applied in the determina-
tion of the dependence of the peak potential on
the total metal concentration. It is useful to per-
form this kind of measurement with several tech-
niques of different sensitivity to adsorption. If
AE, increased continuously with increasing [M],
a low metal concentration and a slow experimen-
tal technique can be recommended. In the other
two, previously mentioned, situations a high metal
concentration that corresponds to the second
“plateau” (Fig. 5¢) should be applied if possible.
Additionally, an attempt to follow the shift of the
diffusion signal with increasing metal concentra-
tion can also be made if more or less pronounced
splitting of the peak occurs. In such cases, combi-
nation with a procedure that improves the sepa-
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ration of two close signals seems promising, but
has not yet been applied.

Conclusion

As a result of anion-induced adsorption, po-
larographically determined formation constants
of metal complexes can differ significantly from
corresponding potentiometric values. By a proper
choice of exprimental conditions (total metal con-
centration, “speed” of the method, etc.) this dif-
ference can be decreased to such an extent that,
at least in some instances, acceptable values are
obtained.

This study is a contribution to the joint project
“Environmental Research in Aquatic Systems” of
the Institute for Applied Physical Chemistry, Re-
search Centre (KFA), Jillich, and the Centre for
Marine Research Zagreb, Rudjer Boskovi¢ Insti-
tute, Zagreb. Financial support from the Interna-
tional Bureau of KFA, Jiilich, is gratefully ac-
knowledged. This study was partially supported
by the Ministry of Science, Technology and Infor-
matics of the Republic of Croatia.
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Simultaneous determination of nitrate and chloride
by means of flow-injection amperometry at the
membrane-stabilized water /nitrobenzene interface '
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Technische Hochschule *“Carl Schorlemmer” Leuna-Merseburg, Fachbereich Chemie, O-4200 Merseburg (Germany)
(Received 13th May 1992)

Abstract

An amperometric flow-through electrode based on ion transfer across the interface of two immiscible electrolyte
solutions was developed. A hydrophilic cellulose membrane was utilized to stabilize the interface between the flowing
aqueous solution and the stationary organic phase. The detector developed was applied in a flow-injection system for
the simultaneous determination of nitrate and chloride in river water. Advantage was taken of the potential-depen-
dent response of the amperometric detector and the sufficiently separated half-wave potentials of the transfer of
nitrate and chloride across the interface. The results obtained in the amperometric determination of nitrate agreed
well with those from ion chromatographic measurements. Because of the comparatively poor selectivity of the
detector for chioride, the results of the amperometric determination of chioride can be used only when the chloride

concentration of the sample is sufficiently high.

Keywords: Amperometry; Flow injection; Chloride; Liquid /liquid interface; Nitrate

Most voltammetric methods are based on
charge-transfer processes at electron conductor /
ion conductor (electrolyte solution) interfaces.
Oxidation or reduction processes at the interface
are responsible for the generation or consump-
tion of the electrons crossing the interface of the
electrode. Another type of polarizable electrode
is the interface between two immiscible elec-
trolyte solutions (oil /water interface). When the
organic and the aqueous solution contains a hy-
drophobic and a hydrophilic supporting elec-
trolyte, respectively, the interface is polarized
within a potential window which is limited by the

Correspondence to: S. Wilke, Technische Hochschule “Carl

Schorlemmer” Leuna-Merseburg, Fachbereich Chemie, O-

4200 Merseburg (Germany).

! Herrn Prof. Dr. G. Werner (Universitit Leipzig, Fachbe-
reich Chemie) zum 60. Geburtstag gewidmet.

transfer of the ions of the supporting electrolyte
across the interface. The transfer of less hy-
drophobic or hydrophilic ions can be studied ex-
perimentally by ordinary voltammetric methods
when two reference and two auxiliary electrodes
are immersed in the two phases. The potential
difference across the oil /water interface is mea-
sured by means of two reference electrodes, while
the current is fed to the system by two auxiliary
electrodes (Fig. 1).

Electrochemical studies over the last 20 years
on ion transfer across the polarized oil/water
interface have shown that this interface can be
employed for the voltammetric and amperometric
determination of ions as an alternative to the
common potentiometric method at zero current
(for reviews, see [1-3]). Amperometric (or
voltammetric) methods have the principal advan-
tage that the electrical current signal is directly

0003-2670,/92 /$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Scheme of the four-electrode system for the investiga-
tion of ion transfer across the oil /water interface.

proportional to the concentration, and that the
selectivity of the detector can be varied by means
of a change in the electrode potential.

The problems connected with the analytical
application of the oil/water interface as a
voltammetric sensor are similiar to those known
from the employment of liquid-state ion-selective
electrodes (ISEs). In both instances it is necessary
to overcome the mechanical instability of the
oil /water interface. The two most promising ap-
proaches so far utilized in the construction of
voltammetric sensors are well known methods
used in the construction of liquid-state ISEs. The
stabilization of the organic phase by gel forma-
tion with PVC has been described [4] and em-
ployed for the development of voltammetric and
amperometric sensors. Their applicability in
flow-injection analysis (FIA) and liquid chro-
matography [5,6] has been shown.

A second possibility for stabilizing the liquid /
liquid interface is to insert a porous membrane
between the two liquid phases. The membrane is
then filled with either the organic or the aqueous
solution, depending on the nature of the mem-
brane, and the actual oil /water interface is then
formed by interfacial tension at the pores of the
membrane. This method was first used for con-
structing liquid-state ISEs [7] and was shown to
be well suited for voltammetric studies of ion
transfer across oil /water interfaces [8]. A wall-jet
detector with a hydrophobic membrane filter has
proved useful for the determination of common
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inorganic ions by FIA [9]. Hydrophilic dialysis
membranes have been used, e.g., for the determi-
nation of ammonia [10] and for the simultaneous
determination of Na* and K™ in foodstuffs [11].
In comparison with hydrophobic membranes, hy-
drophilic cellulose membranes have the advan-
tage that the sensors are easy to prepare and
handle [11,12], the loss of nitrobenzene due to its
solubility in the aqueous phase is very low [12]
and the current signal is nearly independent of
the flow (or stirring) rate [8,12].

It will be shown in this paper that the oil /water
interface stabilized by a hydrophilic cellulose
membrane can be applied for the simultaneous
amperometric determination of nitrate and chlo-
ride using FIA when special conditions concern-
ing the concentrations of this two ions are ful-
filled. The common method of potentiometric
determination of nitrate employing liquid-state
ISEs takes advantage of the fact that nitrate is
usually the most hydrophobic ion in natural wa-
ters (apart from usually negligible traces of more
hydrophobic ions such as iodide, thiocyanate or
anionic surfactants). However, a chloride concen-
tration exceeding that of nitrate in the sample
results in a systematic error in the nitrate deter-
mination. The nitrate concentration obtained
would be too high. A high concentration of chlo-
ride in the sample would also interfere in amper-
ometry, as the current measured in amperometry
is the sum of the partial currents of the particular
ionic species in the sample. This can be expressed
as

i=XSc; (1)

where §; is the partial sensitivity of the method
to an ion j of concentration c;, and also holds in
FIA, provided that the concentration signal en-
tering the detector is sufficiently slow in compari-
son with the dynamic response of the detector [9].

The partial sensitivities, and consequently the
partial currents, are independent of each other in
amperometry. Thus, when the concentration of
chloride is known from another measurement,
the amount of the interfering influence being
described by the term S¢-c- could easily be
corrected. In this work, however, advantage has
been taken of the potential-dependent response



S. Wilke et al. / Anal. Chim. Acta 268 (1992) 285-292

of the amperometric detector, which is given by

ij=ij,lim/{l’+'exp[ZjF(E1/2,j_E)/RT]} (2)

where i, and E, , are the limiting diffusion
current and the half-wave potential of the ion j,
respectively, E is the potential difference be-
tween the reference electrodes in the aqueous
and the organic phase and all other symbols have
their usual meanings. As the half-wave potentials
of nitrate and chloride are reasonably well sepa-
rated, both ions can be determined simultane-
ously from two measurements at different elec-
trode potentials, £, and E,. The corresponding
peak currents, i, and i,, are described by the two
linear equations

i;=a,c(NO3) +b,c(Cl7) (at potential E,)

(3)
and
i, =a,c(NO73) + b,c(Cl7) (at potential E,)

4

where a and b are the partial sensitivities or, in
other words, the slopes of the linear calibration
graphs for NO; and CI7, respectively. The equa-
tions for the calculation of the concentrations of
nitrate and chloride are obtained by solving the
system of Eqns. 3 and 4:

[NO;] = (iby/by—1y)/(ayb /by —ay) (5)
[C17] = (i,a,/a,—i))/(bya,/a,— b)) (6)

EXPERIMENTAL

The scheme of the flow-injection system is
shown in Fig. 2. A 16-ul volume of the sample
solution was injected into the carrier stream
(water) and then mixed with the supporting elec-
trolyte solution (10 mM aqueous Na,SO,) in
order to obtain a constant concentration of the
supporting electrolyte in the detector. The flow-
rate of both streams (1 ml/min in each instance)
was adjusted by the hydrostatic pressure due to
the height difference of the tanks and the detec-
tor. The inner diameter of the tubes between the
tanks and the injector and between the injection
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S s TANKS

DEST. WATER } ‘ 10mM NaySO4

+ ﬁ INJECTION
J

SAMPLE [A] . l VALVE

» coILs
70 PUMP

MIXING COIL

DETECTOR

TO WASTE
Fig. 2. Scheme of the flow-injection system. Length of the
mixing tube, 13 cm; length of the coiled tubes between injec-
tor and T-piece, 50 cm; inner diameter of the tubes, 0.5 mm;
sample volume injected, 16 wl.

valve and the detector was 1.0 and 0.5 mm, re-
spectively. A specially made injection valve was
used. A hydrophilic membrane filter of regener-
ated cellulose (RC 58, Schieicher & Schuell) was
used to stabilize the interface between the aque-
ous solution and the nitrobenzene phase in the
cell. The size of the pores was reported to be 0.2
pm.

The membrane was allowed to swell in dis-
tilled water for 15 min before the preparation of
the electrode. The thickness of the swollen mem-
brane was measured using a micrometer screw
and was found to be 120+ 5 um. Because the
wet membrane was elastic, it could be fixed easily
at the lower orifice (3 mm i.d.) of the membrane
holder, which was made of PTFE (Fig. 3). The
area of the interface was 0.07 cm?. The cell was
filled with about 70 wl of a 10 mM solution
of the organic supporting electrolyte, w-nitrido-
bis(triphenylphosphorus) dicarbollylcobaltate
(PNPDCC) [9], in nitrobenzene. Two silver wires
in the organic phase served as reference and
auxiliary electrodes, respectively, while in the
aqueous phase a silver/silver chloride electrode
and the cell body (stainless steel) were used as
reference and auxiliary electrodes, respectively.
The potential of the reference system prepared
on different days was about 160 + 60 mV. De-
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spite the difficulty of reproducing the potential
difference of different electrode couples, each of
these reference systems was stable within £5 mV
over 24 h when the electrodes were allowed to
stabilize for about 24 h after preparation. The
electrodes were connected with the four-elec-
trode potentiostat described previously [13]. No
compensation of the IR drop was applied be-
cause of the low cell current. The output signal of
the potentiostat was filtered by a Sallen—Key
low-pass filter of second order (r =3 s, Bessel)
before it was fed to the y—t recorder (TZ 4100;
Laboratérni Pfistroje, Prague).

Comparative determinations of nitrate were
made using a DX 100 ion chromatograph (Di-
onex) with an Ion Pac AS4A column following a
standard procedure.

All samples were filtered through a paper fil-
ter. To avoid contamination of the chromato-
graphic column, organic compounds were re-
moved by a sample clean-up (adsorbent polymer).
After filtration, samples were pumped at 1
ml/min through a column (20 cm X 0.5 mm i.d.)

NS -~ %\\:
x> -~ - N
h— T

N3 12

i T

Fig. 3. Wall-jet electrochemical cell. (1) Cellulose membrane;
(2) organic phase; (3) PTFE ring; (4) screw-cap; (5) PTFE
bush; (6) stopper; (7) auxiliary and (8) reference electrode of
the organic phase (silver wires); (9) reference electrode of the
aqueous phase (Ag/AgCl; (10) electrode body which serves
as aqueous auxiliary electrode; (11) glass cylinder; (12) jet
inlet and (13) outlet (steel capillaries); (14) base.
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Fig. 4. Hydrodynamic voltammogram of nitrate transfer across
the water/nitrobenzene interface stabilized by a hydrophilic
cellulose membrane. Potential sweep rate, 20 mV s™!; organic
electrolyte, 10 mM PNPDCC in nitrobenzene; flowing aque-
ous electrolyte, 10 mM Na,SO, (dashed line) + 0.5 mM KNO,
in water.

filled with a 50 + 50 mixture of polyamide 6 pow-
der and a styrene-based adsorbent polymer (Y
77; Chemie AG, Bitterfeld).

All aqueous solutions were prepared from re-
distilled water and analytical-reagent grade
reagents. Nitrobenzene ‘“‘for synthesis” was
shaken three times with 5 M sulphuric acid and
then washed ten times with distilled water to the
point of neutral reaction before use. Measure-
ments were carried out at laboratory temperature
(25 £ 2°C).

RESULTS AND DISCUSSION

Figure 4 shows a cyclic voltammogram of ni-
trate ion transfer under the condition of a flowing
aqueous solution containing 0.5 mM KNO; and
10 mM Na,SO,. The cathodic wave corresponds
to the transfer of nitrate from water to nitroben-
zene. The presence of a limiting diffusion current
indicates a constant thickness of the diffusion
layer on the aqueous side of the electrode surface
and is attributed to the hydrophilic membrane [8].
From the equation of the limiting diffusion cur-
rent in the steady state,

ig1im =2FADc /1 N
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5 min
—_—

I 10 nA
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Fig. 5. Recorded current signals (triplets) of aqueous standard
solutions containing 1.0, 0.8, 0.6, 0.4 and 0.2 mM KNO; (from
left to right). Electrolytes: 10 mM PNPDCC in nitrobenzene
and 5 mM Na,SO, in the aqueous carrier solution.

where [ is the thickness of the membrane, the
diffusion coefficient of nitrate in the membrane
was calculated to be 3.8 X 107% cm? s~! (in wa-
ter: 1.9 X 1073 cm? s™1).

Typical FIA signals obtained for nitrate stan-
dards of different concentrations are shown in
Fig. 5. The first part of the peak represents the
cathodic current due to the transfer of nitrate
from water to nitrobenzene. The cathodic peak is
followed by a smaller and broader anodic peak
due to the reversed transfer of nitrate ions from
nitrobenzene to water when the sample plug from
the injection valve has passed the surface of the
membrane. This anodic back-peak appears only
when the electrode potential is smaller than or
about equal to the half-wave potential of the
anion considered. When the electrode potential

TABLE 1
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Fig. 6. Dependence of the peak height of several anions on
the applied potential difference. ©=ClO; ; + =SCN~; @ =
NO; ; X =Cl~. All other conditions as in Fig. 5. Concentra-
tion of the anions: 0.1 mM.

is sufficiently negative, the partition equilibrium
of the nitrate ions is mainly on the organic side.
As the nitrate ions remain virtually completely in
the organic phase, no anodic current can be ob-
served. An anodic current following the ordinary
cathodic signal has a cleaning effect on the or-
ganic phase. On the other hand, the sample fre-
quency is decreased. However, 30 injections per
hour were possible even when this phenomenon
was observed. The dispersion of the sample in the
FIA system was determined to be 19.

The dependence of the peak current on the
electrode potential is shown in Fig. 6. The half-
wave potentials of the ions studied by flow-injec-
tion amperometry are listed in Table 1. All values
were related to the half-wave potential of per-
chlorate to eliminate systematic deviations stem-
ming from the use of different reference elec-
trodes. The values obtained with the RC 58 hy-

Half-wave potentials related to the half-wave potential of perchlorate for different membranes and anions

Conditions ? E\,, — E; (ClO;)

(mV)

Clo, SCN™ I- NO; Br~ NOJ HCO3; (o
A 0 -80 -129 —180 —244 - - -330
B 0 -82 —-118 — 186 —242 -272 -314 —-321
C 0 —84 —-117 —190 —240 - - —-320

2 A = RC 58 hyrophilic membrane filter (this work); B = PT 150 hydrophilic dialysis membrane [12]; C = hydrophobic membrane

[9).
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drophilic cellulose membrane agree well with
those reported [9] for a hydrophobic membrane
and a hydrophilic dialysis membrane. The error
in the measurement of the half-wave potentials is
about +10 mV in each instance so that no signifi-
cant differences in the half-wave potentials are
observed when different membranes are consid-
ered. Obviously, the selectivity behaviour of the
detector is not affected by the supporting mem-
brane employed for the anions investigated.

The selectivity sequence follows the Hofmeis-
ter series or, in other words, the standard Gibbs
energy of partition of the different ionic species.
In contrast to potentiometric sensors with liquid-
state membranes, the selectivity of the detector
can be varied by varying the electrode potential
applied. This is of use when more than one
component has to be determined. The simultane-
ous determination of nitrate and chloride based
on measurements at two different potentials was

S. Wilke et al. / Anal. Chim. Acta 268 (1992) 285-292

possible because these two ions have sufficiently
separated half-wave potentials (AE, ,, = 140 mV).

Figure 7 shows calibration graphs for nitrate
and chloride for E, and E,. The electrode poten-
tials £, and E, were chosen so that the ratio of
the sensitivities for the two ions differs consider-
ably on changing between E, and E,. E; was
made approximately equal to the half-wave po-
tential of nitrate. This choice was a compromise
between selectivity and sensitivity to nitrate. The
partial sensitivities obtained from the slopes of
the calibration graphs were a, = 40.1 wA 1 mol™!
and b, =0.245 uA 1 mol ™' for nitrate and chlo-
ride, respectively (the intercepts of the calibration
graphs are zero in each instance, as virtually no
blank peak was observed in the range of concen-
trations investigated). This means that the detec-
tor is nitrate selective with a selectivity ratio
a,/b, = 164. Both the analytical significance and
the value of the inverse ratio (b, /a, = 0.0061) are

ip /nA o/
NITRATE CHLORIDE
/
40 2E - -60 mV /° 2 sE - -60mV
/ °
20 7
o
o
0 0
c’/
NITRATE / CHLORIDE /
1+3
80 AE = -160 mV/ 80 4E = -160 mV /
Q/
40 40 /
o
o /
0 + 0
0 02 04 06 08 1 0 2 4 6 8 10
c(NO3) / mM c(Cl") / mM

Fig. 7. Calibration graphs for nitrate and chloride at E; = —60 mV and E, = —160 mV. All other conditions as in Fig. 5.
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comparable to the selectivity coefficient of
liquid-state nitrate-selective electrodes [14].

E, was 100 mV more negative than E,. The
partial sensitivitics were now a,=96.0 uA 1
mol ! and b, =28.86 wA 1 mol~'. Therefore, on
changing from E, to E,, the chloride signal in-
creased by a factor of about 30, whereas the
nitrate signal only doubled as the limiting diffu-
sion current was reached. Hence current mea-
surement at £, is essential for the determination
of the chioride concentration employing the Eqns.
5 and 6. Although more negative potentials E,
give an improved selectivity for chloride, they
were not applied in order to avoid precipitation
at the membrane /nitrobenzene interface and
within the membrane owing to too large base
currents.

The method developed was used to determine
nitrate and chloride in river waters (Saale and
others). The samples were, in part, contaminated
by industrial and domestic waste waters. The
chloride level of the Saale river was about 300 mg
Cl~ 17! whereas the nitrate level was only be-
tween 20 and 25 mg NOj 174

First, standards and samples were measured at
E,. This procedure was then repeated at E,. The

°
40
a
mg (NO (7 o
(amp.)
°
30
¢ ° o/
o
&
20
()
00
max+ b
10 a = 0926
° b 2.2
ro» 0975
0
0 10 20 30 40

mg(No3) (7 (IC)

Fig. 8. Comparison of amperometric results with ion chromatographic and argentometric data for (a) nitrate and (b) chloride,
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results obtained using Eqgns. 5 and 6 are plotted
against ion chromatographic and argentometric
(Mohr’s method with K,CrO, as end-point indi-
cator) data in Fig. 8. A satisfactory correlation is
observed for nitrate (Fig. 8a). The mean relative
deviation between the data obtained by the dif-
ferent methods is about 10%. For chloride (Fig.
8b), a correlation can also be observed. The mean
relative deviation between the results of the two
different methods of about 15%, but at a mini-
mum +30 mg Cl~ 17}, is fairly high. It must be
assumed that this large error, which does not
meet the usual analytical requirements, at low
chloride concentrations is due to the insufficient
selectivity for chloride at the potential E,. The
ratio b,/a, = 0.092 indicates that the detector is
about eleven times more sensitive to nitrate than
to chloride at £,. To obtain a ratio of at least (.5,
the potential needs to be made more negative by
about 40 mV, so that it equals the half-wave
potential of chloride.

Pulsed amperometry [11] could be utilized for
detection at extremely negative potentials without
the formation of disturbing precipitates or emul-
sions. Further reductions in the error of the re-
sults for chloride determination demand im-

400 b .
mgtctT’! °/ o ©
famp.)
o
300
o
200
o
o
© % Yy ax+b
100 ° ° a« 0975
o b- 196
8 rs 0980
0
0 100 200 300 400
mgicte (titr)

respectively. The diagonal lines are of slope unity and represent the ideal relationship.
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proved reproducibility of all data entering Eqn. 6,
by application, for example, of an automated
flow-injection system.

The lifetime of the electrode was about 2
months. After this time, the membrane had to be
exchanged to avoid rupture (accompanied by
leakage of nitrobenzene). The loss of nitroben-
zene due to diffusion across the cellulose mem-
brane into the aqueous phase was much lower
than for hydrophobic membranes. The hy-
drophilic cellulose membrane can be assumed to
be not very permeable to nitrobenzene dissolved
in water.

Water samples and the argentometrically de-
termined values of their chloride concentration
were kindly supplied by Dr. Steinleitner,
Staatliches Umweltamt, Halle. The financial sup-
port by the Deutsche Forschungsgemeinschaft is
gratefully acknowledged.
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Adsorption voltammetry of the copper—
4-[(4-diethylamino-2-hydroxyphenyl) azo]-
5-hydroxynaphthalene-2,7-disulphonic acid
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Abstract

A sensitive adsorptive voltammetric procedure for the determination of trace copper, based on the adsorption
characteristics of the copper(Il) complex with Beryllon III at a hanging mercury drop electrode (HMDE), is
described. The results show that the best base solution consists of 0.02 mol 17! acetic acid, 0.005 mol 1~! sodium
acetate and 1 X 10~ ° mol 1! Beryllon IIL The limit of detection and the linear range of the derivative linear sweep
adsorption voltammetric method are 5x 1071 and 1x107°-2x 10~7 mol 17!, respectively. The method was
applied to samples of digested human hair and to distilled water. The electrochemical behaviour of the copper
complex with Beryllon III at the HMDE was also investigated in this medium. Adsorption phenomena were observed.
The mechanism of the electrode reaction was found to be reduction of the copper complex adsorbed on the surface
of the electrode by a totally irreversible charge transfer to metal amalgam,

Keywords: Stripping voltammetry; Copper; Hair

Copper is an important trace and environmen-
tal element and a common method for its deter-
mination is anodic stripping voltammetry. Since
its anodic peak is near the oxidation peak of
mercury, linear sweep anodic stripping voltamme-
try (LSASV) of copper is not very sensitive. Ex-
perimental results show that in a suitable sup-
porting electrolyte (0.01 mol 17! HCIO,), the
detection limit of LSASV is 6 X 107 mol 17!
when using a hanging mercury drop electrode
(HMDE). Another disadvantage of LSASV for

Correspondence to: Wenrui Jin, Department of Chemistry,
Shandong University, Jinan 250100, Shandong (China).

the determination of copper is the interference
from other metal ions, in particular Zn(II), due to
the formation of intermetallic compounds in
amalgams.

Adsorption voltammetry is well suited to the
determination of trace amounts of organic com-
pounds and inorganic ions through their com-
plexes [1,2]. For copper(Il) ion, the ligands used
include CSN ™ [3], catechol [4,5], 8-hydroxyquino-
line [6] and thiourea [7]. Usually, the limit of
detection of these methods is reported to be
1073-10"° mol 1~ L. Of these methods, the ad-
sorption voltammetry of the copper(I)-catechol
system is the most sensitive and the limit of

0003-2670,/92/$05.00 © 1992 — Elsevier Science Publishers B.V. All rights reserved
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detection is as low as 6 X 107! mol I"! for a
preconcentration time, ¢,, of 3 min. However, the
disadvantage of using catechol to determine cop-
per lies in its susceptibility to oxidation by dis-
solved oxygen [5]. A stock solution needs to be
prepared freshly every day.

In this work, an adsorption-voltammetric
method for trace and ultra-trace measurements
of copper was developed. The method relies on
the effective interfacial accumulation of the cop-
per(I) complex with 4-[(4-diethylamino-2-hy-
droxyphenyl)azol-5-hydroxynaphthalene-2,7-disul-
phonic acid (Beryllon III) on a hanging mercury
drop electrode (HMDE), the adsorbed complex
then being reduced. The stock solution of Beryl-
lon III can be used for 1 month at room tempera-
ture. Another advantage of the proposed method
is the absence of the usual metal ion interfer-
ences for samples of tap water and biological
substances. The limit of detection and the linear
range of the derivative linear sweep adsorption
voltammetry are Sx 107 ' and 1x10 °-2X
1077 mol 1™}, respectively. The method has been
used for the determination of trace amounts of
copper in human hair.

The electrochemical reduction mechanism of
the Cu(II)-Beryllon III system was investigated.
It was found that the Cu(Il) central ion in the
complex adsorbed on the surface of the electrode
1s irreversibly reduced and that the product
formed is the copper amalgam.

EXPERIMENTAL

Apparatus

A voltammetric analyser (Model 79-1, Jinan
Fourth Radio Factory) coupled with an X-Y
recorder (Model 3086-11, Yokogawa Hokuskin)
was used in connection with a cell, using poten-
tiostatic control of the electrode potential by
means of a three-electrode system, which con-
sisted of an HMDE (Model SH-84, Department
of Chemistry, Shandong University) with an area
of 3.15 mm? as the working electrode, a platinum
plate as the counter electrode and a saturated
calomel electrode (SCE) as the reference elec-
trode, connected to the analyte via a salt bridge
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filled with 0.02 mol 17! acetic acid (HOAc)-0.005
mol 17! sodium acetate (NaOAc). In the precon-
centration step, the solution was stirred with a
PTFE-covered stirring bar, rotated by a magnetic
stirrer (Model 78-1, Nanhui Telecommunication
Equipment Factory). pH was measured with a pH
meter (Model pHs-2, Shanghai Analytical Instru-
ment Factory).

Reagents and solutions

Analytical-reagent grade chemicals were used
and all solutions were prepared with triply dis-
tilled water. A 1 X 1072 mol 17! stock standard
solution of Cu(II) was prepared by dissolving the
appropriate amount of metallic copper in 1+1
HNO,. After the solution had been evaporated
to dryness on a sand-bath, 6.5 ml of H,SO, were
added and the solution was heated in a sand-bath
until white fumes appeared. The solution was
transferred to a 1000-ml volumetric flask. Work-
ing standard solutions were obtained by diluting
this stock standard solution with water. A 1X
1073 mol 17! stock standard solution of Beryllon
IIT was prepared by dissolving an appropriate
amount of Beryllon III in water.

Procedure

The supporting electrolyte was 0.02 mol 17!
HOACc-0.005 mol 17! NaOAc. The solution was
deaerated for 15 min with pure nitrogen. The
measurements were made after a preconcentra-
tion step, in which the solution was usually stirred
for a certain time, f,, and a preconcentration
potential, E,, of 0.10 V was applied. After a rest
period, ¢, of 15 s the response curve was recorded
by scanning the potential at a scan rate of 100
mV s~ ! in the negative direction. Each measure-
ment was performed with a fresh drop. All poten-
tials were measured against the SCE.

RESULTS AND DISCUSSION

Optimum conditions for the adsorption reduc-
tion peak of the Cu(ll) complex with Beryllon III

In HOAc-NaOAc buffer solution, the reduc-
tion peak of Cu(II) appears in the voltammogram
at 0.01 V (Fig. 1, curve 1) and the reduction peak
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of Beryllon HI appears in the adsorption voltam-
mogram at —0.23 V (Fig. 1, curve 2). In the
presence of both Cu(Il) and Beryllon 111, a very
sensitive and well defined peak appears at a
potential between +0.01 and —0.23 V after
preaccumulation (Fig. 1, curve 3). It is obvious
that the sensitive peak at —0.08 V results from
the Cu(II) complex with Beryllon II1.

It was found experimentally that the optimum
concentration of supporting electrolyte was 0.02
mol 17! HOAc—-0.005 mol 1-! NaOAc. The peak
current increased with increasing concentration
of Beryllon III up to 4 x 1077 mol 17! and did
not change in the concentration range 4 X 107 7—
1.2x 107% mol 17!'. When the concentration of
Beryllon III was > 1.2 X 107® mol 17, the peak
current decreased. In subsequent experiments,
1 X 107® mol 1~! Beryllon III was adopted.

Adsorptivity of the Cu(Il) complex with Beryllon
1

Typical adsorption voltammograms for differ-
ent preconcentration times, t,, are shown in Fig.

0.5pA

—
01 0 -01 -02 -03 -0&4
Elvvs.SCE

Fig. 1. Typical voltammogram of Cu(II) and typical reduction
voltammograms of adsorbed Beryllon III and adsorbed Cu(II)
complex with Beryllon III. (1) 5x107% mol 17! Cu(ID); (2)
4x10~7 mol 17! Beryllon I1I; (3) 4x10~7 mol 1~' Beryllon
IIT and 4x 1077 mol 1= Cu(ID), Supporting electrolyte, 0.02
mol 17! HOAc-0.005 mol 17! NaOAc; E,=0.10 V; 1,=3
min; ¢, =15 s; v =100 mV s~ !; HMDE area, 4 = 3.15 mm?;
T =18°C.
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Fig. 2. Linear sweep voltammograms for the reduction of
adsorbed Cu(II) complex with Beryllon 111 for different pre-
concentration times, 7,: (1) 0; (2) 60; (3) 120; (4) 180 s.
5%x107% mol 17! Cu(ID), 1X10~°% mol 1~! Beryllon III. Other
conditions as in Fig. 1.

2. The half-width of the reduction peak of the
complex is small (47 mV). The peak current, i,
increases on extending ¢,, and i, varies linearly
with the potential scan rate, v. From the logarith-
mic plot of i, vs. v, a slope of 0.98 is obtained.
Over a relatively long ¢,, adsorption equilibria
are established. If the concentration of the com-
plex in the bulk of solution is increased, a con-
stant peak current is attained (Fig. 3). These
results are characteristic for the reaction of ad-
sorbed reactants on an electrode [8-10].

Electrode process

The overall electrode process in adsorption
voltammetry can be divided into three steps: ho-
mogeneous reaction in the bulk of the solution,
adsorption accumulation and reduction of the
adsorbed reactant.

Homogeneous reaction in the bulk of the solu-
tion. The composition of the complex in the solu-
tion was measured to be 1:1 by using spectropho-
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tometry. The most important reaction in the bulk
of the solution involves the following equilibrium:

Cu(1l) + L = Cu(II)L (1)

where L is Beryllon II1.

Adsorption accumulation. The adsorption of
Cu(DL on a mercury electrode proceeds in this
medium only when an external potential is ap-
plied to the working electrode. The peak current
depends on the preconcentration potential, E,.
The relationship between i, and E, is shown in
Fig. 4. Obviously, the adsorption is strongest for a
preconcentration potential between 0.01 and 0.24
V. Using the method described previously [11],
the composition of the electroactive complex on
the surface of the electrode is also 1:1. This
indicates that the complex in the bulk of the
solution and the complex adsorbed on the surface
of the electrode have the same composition.
Hence, the adsorption process can expressed as
follows:

Cu(II)L + Hg = Cu(II)L(ads)Hg (2)
Reduction of the adsorbed reactant. In order to
obtain some information on the reactants and

products, electrolysis was used. The working elec-
trode was a mercury pool electrode with an aver-
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Fig. 3. Dependence of the peak current of reduction of the
adsorbed Cu(ID) complex with Beryllon III on the preconcen-
tration time at different concentrations of Cu(Il), ccyqyy: (1)
5%1078%; (2) 1x10~7 mol 1~ . Other conditions as in Fig. 2.
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Fig. 4. Dependence of the peak current of the reduction of

the adsorbed Cu(II) complex with Beryllon 111 on the precon-
centration potential. ¢, = 3 min. Other conditions as in Fig. 2.
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age geometric area of 3 cm?. An electrolysis
potential of —0.15 V was applied. With increas-
ing electrolysis time, the peak current of the
reduction of the Cu(Il) complex decreased to
zero. After the peak current of the reduction of
the complex had dropped to zero, a defined
amount of Cu?* was added to the cell. By using
linear sweep adsorption voltammetry, the peak
corresponding to the reduction of the adsorbed
Cu(Il) complex, Cu(IT)L(ads)}Hg), was obtained
again. It is evident that it is Cu(II) in the complex
adsorbed on the surface of the mercury electrode
that is reduced. Figure 5 shows the adsorption
voltammogram at different concentrations of
Cu(ID) (ccyqry) and a constant concentration of
Beryllon III (cgepyion ). The peak current of the
reduction of adsorbed Cu(II)L increases when
Ccyary Increases, but the peak current of the ad-
sorption reduction of adsorbed Beryllon III re-
mains constant, even when the ratio ccypy:
Cgeryllon m = 12.5: 1. This suggests that the other
product of the reduction of adsorbed Cu(IDL is
Beryllon III which is still adsorbed on the surface
of the electrode.

From the asymmetric shape of the reduction
peak of adsorbed Cu(II)L and the fact that the
position of the peak on the potential axis shifts in
the negative direction with increasing scan rate
and because a small broad anodic peak corre-
sponding to the cathodic peak of the reduction of
the Cu(II) complex adsorbed appears in cyclic
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01 0 01 -02 -03 -0&4
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Fig. 5. Linear sweep voltammograms for the reduction of
adsorbed Cu(IDL at different concentrations of Cu(ID), CCu(IIg:
(1) 0; 2)5%x107%,(3) 10x 107%; (4) 50x 1078; (5) 100x 10~5;
(6) 500x 1078 mol 17!, 4% 1077 mol 1! Beryllon III; ¢, = 180
s. Other conditions as in Fig. 2.

adsorption voltammogram (Fig. 6), it can be con-
cluded that the interfacial electrochemical reduc-
tion of adsorbed Cu(II)L is a totally irreversible
process [9]. In summary, the interfacial reaction
can be expressed as follows:

Cu(Il)L(ads)(Hg) +2¢™—
Cu(0)(Hg) + L(ads) 3)

Comparing the cyclic voltammetric curves of
adsorbed Cu(II)L shown in Fig. 6 with those of
Cu?* and Beryllon III shown in Fig. 7, it is
evident that the product of the oxidation of
Cu(0XHg) in the presence of Beryllon III is dif-
ferent from the product of the oxidation of
Cu(0XHg) in the absence of Berylion III and the
product of the oxidation of Beryllon III. Probably
the product is still the Cu(II) complex with Beryl-
lon III.

Analytical application
Figure 8 shows the logarithmic relationship
between the derivative peak height of the reduc-
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01 0 -01 -0.2
E/Vvs.SCE
Fig. 6. Cyclic voltammograms of the adsorbed Cu(II) complex
with Beryllon III at different scan rates, v: (1) 40; (2) 80; (3)
120 mV s~ 1. ¢, =180 s. Other conditions as in Fig. 2.

01 0 -01 -02 -03 -04 -05
E/Vvs.SCE
Fig. 7. Cyclic voltammograms of adsorbed Beryllon III and
Cu?*. (1) 11078 mol 17! Beryllon III; (2) 5x 1076 mol 17!
Cu?™. Other conditions as in Fig. 6.
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Fig. 8. Logarithmic relationship between the derivative peak

height and the analytical bulk concentration of Cu(Il). Condi-
tions as in Fig. 7.

100 200

tion of adsorbed Cu(IDL and the analytical bulk
concentration of Cu(II). A linear relationship
holds between the logarithm of the derivative
peak height and concentration in the range 1 X
107°-2 % 10~7 mol Cu(I) I™'. The limit of detec-
tion of the method is 5 X 1071° mol 1~ 1,

The interference of Zn(II) with Cu(Il) is a
problem in anodic stripping voltammetry owing to
the formation of an intermetallic compound in
the mercury (Fig. 9, curves 1 and 2). In the
adsorption voltammetry of copper, as stated
above, a 200-fold excess of Zn(II) does not inter-
fere with the reduction peak of the Cu(II) com-

TABLE 1
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Fig. 9. Comparison between anodic stripping voltammograms
of copper and adsorption voltammograms of the reduction of
the Cu(Il) complex with Beryllon HI adsorbed without and
with Zn(ID). (1) 3x 1077 mol 17! Cu?*, 0.01 mol 1=! HCIO,,
E,=—090V; (2 (1) +6x1073 mol 17! Zn®**; (3) 5x1078
mol 17! Cu(Il), 1X10~% mol 17! Beryllon III, 0.02 mol 17!
HOACc-0.005 mol 17} NaOAc; (4) (3} 1X107° mol 17! Zn?*.
E,=+0.10 V. Other experimental conditions as in Fig. 1.

plex with Beryllon III adsorbed on the surface of
the HMDE (Fig. 9, curves 3 and 4).

Experimental results show that a 100-fold ex-
cess of Ni(1I), Bi(III), Co(11) and Mn(II), a 200-
fold excess of Zn(II), Cd(I1), Sb(II), Pb(I1), As(V),
Mg(I1) and Fe(III) and large amounts of Ca(Il),
Ba(ID), AI(IID), Na(D), K(I), SO ~, PO;~, Cl~ and
NO; do not interfere in the determination of
Cu(II). In normal biological samples, Cu(II) can
be determined directly after digestion.

Distilled water can also be analysed directly.
Samples of human hair can be analysed after
digestion (according to Jin et al. [12]) prior to the
adsorption voltammetric determination. Typical
results determined by adsorption voltammetry

Results of the determination of copper in samples of human hair and water

Sample Content determined Average value found Average value found
by AV (ngg™h by AV {ugg™") by AAS (ugg™")

Hair A 7.6,78,7.9 7.8 7.9

Hair B 10.3, 10.5, 104 10.5 10.6

Hair C 8.4,8.6,83 8.4 8.6

Distilled water 0.0050, 0.0051, 0.0051 0.0051 0.0053

Doubly distilled water 0.0014, 0.0015, 0.0014 0.0014 0.0015
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(AV) are summarized in Table 1. The results
from the determination of Cu(II) by AV are in
agreement with the data obtained by atomic ab-
sorption spectrometry (AAS). The recoveries of
spiked copper were 96—-101%.
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Linear potential sweep adsorption voltammetry
for a reversible interfacial reaction: comparison
of conventional and derivative measuring techniques
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Abstract

Equations for the peak current and the peak-to-peak distances of the 0.5th-, 1st-, 1.5th-, 2nd- and 2.5th-order
derivatives of current with respect to time in linear potential sweep adsorption voltammetry were evaluated for a
reversible interfacial reaction. The limits of detection of the method and its derivative technique were analysed
theoretically. It is concluded that 10~ ' mol 1~! of substance can be determined using conventional linear potential
sweep adsorption voltammetry. The limit of detection of derivative adsorption voltammetry may be at least one order

of magnitude lower.

Keywords: Stripping voltammetry, Voltammetry; Adsorption; Derivative current; Reversible interfacial reaction

Adsorption voltammetry is a relatively new
and very sensitive method suitable for the ultra-
trace determination of organic compounds and
inorganic ions through their complexes [1,2]. The
analyte is first preconcentrated by adsorption on
a working electrode. One of the most common
measuring techniques used is linear potential
sweep adsorption voltammetry. Ions or com-
pounds at concentrations as low as 10~ mol !
can be detected. In this laboratory, adsorption
voltammetry of electroactive and -inactive ions of
metal and non-metal elements has been studied
with a conventional electrode and with an ultra-
microelectrode. Also, the theoretical background
of the amount adsorbed in the preconcentration
step and the techniques of integer and half-in-
teger derivative linear potential sweep voltamme-
try have been investigated [3-25]. At least one
order of magnitude decrease in the limit of detec-

Correspondence to: Wenrui Jin, Department of Chemistry,
Shandong University, Jinan 250100, Shandong (China).

tion was observed when the integer and half-in-
teger derivative technique was used.

In this paper, the theory of linear potential
sweep adsorption voltammetry, including the in-
teger and half-integer derivative technique and
the sensitivity of this method, will be discussed.
The experimental dependence of the maximum
values for different order derivative curves of the
current with respect to potential on the experi-
mental parameters were measured for the re-
versible reaction of 5-[(5-bromo-2’-pyridyl)azol-
2,4-diaminotoluene (5-Br-PADAT) adsorbed on
the surface of a hanging mercury drop electrode
(HMDE).

EXPERIMENTAL

Apparatus

A voltammetric analyser (Model 83-2.5, Ningde
Analytical Instruments) coupled with an X-Y
recorder (Model LZ,-100, Shanghai Dahua In-

0003-2670,/92/$05.00 © 1992 — Elsevier Science Publishers B.V. All rights reserved



302

strument Factory) was used in connection with a
cell, using potentiostatic control of the electrode
potential by means of a three-electrode system,
which consisted of an HMDE (Model SH-84,
Department of Chemistry, Shandong University)
as the counter electrode and a saturated calomel
electrode (SCE) as the reference electrode, con-
nected to the experimental solution via a salt
bridge filled with 1 X 1073 mol 1! NaOH. In the
preconcentration step, the solution was stirred
with .a PTFE-covered stirring bar, rotated by a
magnetic stirrer.

Reagents and solutions

A 1x1073 mol 17! stock solution of 5-Br-
PADAT (Institute of Tianjing Chemical Rea-
gents, Tianjing) was prepared by dissolving an
appropriate amount in 95% ethanol and dilute
solutions were prepared by serial dilution with
water.

Analytical-reagent grade chemicals were used
and all solutions were prepared using triply dis-
tilled water.

Procedure

The supporting electrolyte was 1 X 1073 mol
17! NaOH. The solution containing 5-Br-PADAT
was deaerated for 20 min with pure nitrogen. The
measurements were carried out after a precon-
centration step, in which the solution was usually
stirred for a certain time, ¢,, and a preconcentra-
tion potential, E,, of —0.61 V (vs. SCE) was
applied. After a rest period, ¢, of 30 s, the
response curve was recorded by scanning the
potential in the negative direction. Each mea-
surement was done with a fresh drop. All poten-
tials were measured vs. SCE.

RESULTS AND DISCUSSION

Theory

In a previous paper [26], the general derivative
equation of the current with respect to time for a
reversible interfacial reaction was investigated
and expressed as

dair/dta — (n(a+2)F(a+2)/R(a+1)T(a+|))Av(a+])
XTI d(a+0.5)P(0.rt)/d(o,rt)(a+0.5) (1)

W. Jin et al. / Anal. Chim. Acta 268 (1992) 301-306

where a is an integer or half-integer, A is the
area of the electrode (in cm?), v is the potential
scan rate (in V s~'), T is the interfacial concen-
tration of the adsorbed species, n, F, R and T
have their usual meanings, P(o,?) is a function of
o.t, t is the time measured from the beginning of
the potential scan (in s) and

o,=nFv/RT (2)
In adsorption voltammetry, I" is the amount accu-
mulated by adsorption in the preconcentration
step. It may be written as [23]

T = [kD¥ v~ wl/t, + f(1,)]c

= [Ke, +f(1,)]e (3)
where D and ¢ are the diffusion coefficient (in
cm? s7!) and the bulk concentration (in mol
cm~?) of the species, respectively, v is the kine-
matic viscosity (in cm? s™'), ¢, is the preconcen-
tration time (in s) in a stirred solution with angu-
lar velocity w, (in rad s™!), k is a constant and
f(¢,) is a function of D, v, w, and the rest period,
t,. By substituting the maximum of d‘**%9P(g,1)
/d(o,£)“*% shown in [25] and Eqn. 3 in Eqn. 1,
the peak current and the maximum peak-to-peak
values of the different order derivatives can be
obtained. These are

ip.=0.25(n’F?/RT)Avc| Kt + f(t,)] (4)
epp.r = (%%, /de%%)  — (%, /de%3) ,
- 0.212(n2'5F2'5/R1'5T1'5)
X Av' c[Kt, + f(1,)] (5)
ipr=(di /d),, — (di /dt),,
=0.192(n’F? /R*T?) Av’c| Kt, + f(1,)]
(6)
epp, = (A2, /dt' ), — (a5, /dt'?),
= 0.179(n3'5F3'5/R2'5T2'5)
X Av*3c[ Kr, +f(t,)] (7
ippr=(d%,/de?),, — (d% /dr?),,
=0.167(n*F*/R*T?) Av’c[ Kt, + f(2,)] (8)
e = (d2%0,/d12),, — (2%, /de23)
= 0.208(n4‘5F4'5/R3'5T3'5)
XAv*3c[ Kt + f(¢,)] 9
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where the subscripts pl, p2 and p3 are the num-
bers of the peaks; when £, > 120 s and ¢, <15 s,
f(t,) can be neglected [23].

The ratios of e, ., i, s €pors ipp, @and €5 1O
i, for different scan rates are summarized in
Table 1. It can be seen that with integer and the
half-integer derivative techiques higher signals
can be obtained than with conventional linear
potential sweep voltammetry for a reversible in-
terfacial reaction, in particular at faster potential
scan rates, higher order derivatives and higher
values of n.

’

Verification

In a previous paper [26], the dependences of
Lprs €oprs Lpprs €pprs bppr @and ey on 4 and v
were verified for the reduction of 5-Br-PADAT
adsorbed in NaOH. The dependences of i,,,
€pp.r> Lppur> €pprs Lppr @Nd €p,on ¢, and ¢, which
were calculated from i—E curves by means of a
computer using the procedure described previ-
ously [26] are tested in Figs. 1 and 2. In both
figures, the linearity is satisfactory The experi-
mental ratios of e, ., ip, s €55 rs ipp, and ep, tO

pr for the 5-Br-PADAT system at different scan
rates are summarized in Table 2. The effect of
the signal enhancement is very evident for higher

order derivatives and faster scan rates.

Limit of detection

Although the signal of e, ., ir,.» €0 ipprs
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noise depends on the capacity current (the pri-
mary background interference):

i,.=ACw (10)

where C, is the differential double-layer capacity
per unit area.

The first and second derivatives of i, with
respect to time are
ii=di /dt=Av(dCy/dt)
= Av(dC,/dE)(dE/dt) = Av*(dC,/dE)
(11)
ir=d% /dt* =Av(d*C,/dr?)
= Av’(d*Cy/dE?) (12)

when the scan rate and the area of the electrode
are constant.

Ordinarily, the differential double-layer capac-
ity is a constant or changes only slowly with
potential compared with the faradaic current.
When the differential double-layer capacity is a
constant, its derivative, dC,/d¢, is zero; when the
differential double-layer capacity varies linearly
with potential, the second derivative is zero. The
corresponding capacitive contribution to the
derivative signal is reduced to zero under these
conditions.

According to Riemann and Liouville (see [27]),
the 0.5th-order integral of the capacity, m_, is
defined by

. - t.
and e, is higher than i, the limit of detection m,=d"%%_/dt™ % = 1/\/77[ i(A)/Ve—Arda
of a method is determined by the signal-to-noise 0 13
ratio. In linear potential sweep voltammetry, the (13)
TABLE 1
Ratios of ey, ., ipprs €pprs ippr and epy . to i, . at different scan rates (T =298 K)
Ratio v(mVs™1
40 100 1000
n=1 n=2 n=3 n= n=2 n=3 n=1 n=2 n=3
€one/ips 670%) 106 1.50 1.83 1.67 2.37 2.90 5.29 7.48 9.17
pp /ips ™Y 1.20 2.39 3.59 2.99 5.98 8.97 299 59.8 89.7
eror/ips 5717 138 3.92 717 5.47 155 28.4 173 489 899
”p /ipe ™2 1.62 6.47 14.6 10.1 40.5 91.0 1012 4046 9104
el /ine 672 249 14.1 38.8 246 139 383 7770 43956 121130
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where A is a dummy variable of the integral and
d=% /dt=%5 denotes the 0.5th-order integrating
operator with respect to time.

Differentiation of Eqn. 13 with respect to ¢
gives

e.=d%% /dt% =dm /dt = (A/Vm )Cqvt =%

(14)
e, =d"i_/dt'® =de /dt
= —(1/2)(A/Vm )Cqut™*° (15)
e! =d?% /dt?*> =de./dt
= (3/4)(A/Vm )Cqvt™>* (16)

where e, e, and e; denote the 0.5th-, 1.5th- and
2.5th-order derivative of the capacity current, re-
spectively.

The ratio of faradaic to capacitive current for
any-order derivative linear potential sweep ad-
sorption voltammetry of a reversible interfacial

\

I

ip,r.€p0.r, ipo.r. Epp,r.ipp.c. €0p,r
&

N

00 1 2 3 4
tulmin
Fig. 1. Dependences of i, ., €, 1, ipp 1 _},pr,z rand eg, . on
the preconcentratlon time. (¢,) (1) 10 (A) vs. t,; (2
25%10% e, (A s™®) vs. 1, (3) 2x108 i ;p,(As Dyvs. ty;
@) 5x10° ppr(As-”)vs 1y (5)2x10° iy, (As™ 2)vs. 1
(6) 5%10% e . (A s72%) vs. £,. 1X1073 mol 17! NaOH

DDY

4x107% mol 17! 5Br-PADAT t,=30 s, A=192 mm?
v=100mV s~} T=298 K.
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Fig. 2. Dependences of i, ;, €, 15 ipprs €ppurs ip, N and ep, . on
the concentration of 5-Br-PADAT (c). (1) 107 i | (A) vs. ¢;
(2) 5%10° e, (A s™%5) vs. ¢; (3) 2x 108 ;,,,,(As D vs. ¢
@) 5X10% errr (A s~ 15) vs. c; 5)2x10° i" (As D vs. ¢

PP T PP T
(6) 5x10% ¢ pp, (A s72%) vs. c. 1, =1 min; other experimental

conditions as in Fig. 1.

reaction may be expressed by the following equa-
tions:

ips/ipe=025(n*F?/RT)c[Kt, + f(t,)]/Cq
(17)
epp,l'/epp‘c
=0.375(n*°F*° /R'T"*)c[ Kt, + f(1,)]
JCo|(Ei~E,0) " = (B —E, ;)]
(18)
Iop.r/Epp.c = ® (19)
el’JD,r/eI’?D‘C
= 0.630(n*F3° /R*T?%)c[ Kt, + f(¢,)]
/Ca|(E=Ep )™ = (B~ E, )]
(20)
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TABLE 2

M M ;! ’ " ”n ;
Expe.:nmental ratios of e, , Ippe €pprs Lppe z_u?d €ppr .to Ipe
at different scan rates (¢, =1 min; other conditions as in Fig.

D

Ratio vimVs~1)

60 80 100 120
eone/ine 5 0 168 212 239 261
i /i 671 365 487 608 730

ehor/ips 71) 725 112 14.1 18.8
i i (572) 20.6 323 51.0 62.7
ene/ip 87 406 75.0 120 174

in Jin - (21)

pp,r/ " pp,C

" 4
ePP,l’/eDPvC

=0.214(n*F**/R*>T>*)c[ Kt, + f(1,)]

/Cd[(E,» - Ep,:Z)_L5 —(Ei~ Ev»3)_2.5]
(22)

where E; is the initial potential, E,,, E,, and
E, ; denote the potentials of the first, second and
third peak on their derivative voltammograms,
respectively, i, is the capacity current at the
peak of the faradaic voltammogram, and e

ot ’ -1t
I

,C?
o> Eppes ippe and ep, . are the differences pge-
tween two values of e., two values of i, two
values of e/, two values of ] and two values of
el at two neighbouring peaks on the faradaic
derivative plots of current with respect to time,
respectively.

Equations 17-22 show that (i) the ratio of
faradaic to capacitive current cannot be improved
by an increase in the electrode area or the scan

rate for the conventional and derivative tech-

TABLE 4
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TABLE 3

Theoretical limits of detection of the conventional, 0.5th-,
1.5th- and 2.5th-order derivative techniques for a reversible
reaction of species adsorbed at different preconcentration
times

Limit of t, (min)

detection B 3 6 10
(mol 17 1)

10 ¢, 53 35 1.8 1.1
102¢,, 4.9 33 1.6 0.98
102 c,., 2.5 1.7 0.83 0.50
10" ¢, 2.0 13 0.66 0.40

nique, but the sensitivity can be enhanced by an
extension of the preconcentration time and an
increase in the stirring rate concerning K in
these equations; (ii) the higher the derivative
order, the more sensitive the method is with the
half-integer derivative techniques; and (iii) the
first- and second-order derivative technique gives
the highest ratio because the first- and second-
order derivatives of the capacity current ap-
proach zero.

When the faradaic to capacitive current ratio
is taken equal to 1 as the standard for determin-
ing the limit of detection and K=1X10"2% cm
s™!, (E;—E,})=03 V for the curves of the
0.5th- and 1.5th-order derivative of current vs. E,
(E;— E,;)=0.3V for the curve of the 2.5th-order
derivative of current vs. E, n =2, T=298 K and
C,=40 p F cm™? are taken, the limits of detec-
tion calculated from Eqgns. 17, 18, 20 and 22 for
the conventional, 0.5th-, 1.5th- and 2.5th-order
techniques, ¢, c,, ¢, and c.. are listed in

irr “er? r r

Experimental limits of detection for different systems for the conventional and different derivative techniques

System ? Limit of detection (mol 1™1)

Conventional

1st-derivative

1.5th-derivative 2.5th-derivative

Bi (IIN-5-Br-PADAP ® 2 x10°1°
5-Br-PADAT " 7.5%x 10710 5 x10710
Co (IDN-5-Br-PADAP °© 1 x107°
V(V)-5-Br-PADAP © 5 x10°1°
Nb (V)-5-Br-PADAP ¢ 9 x107'° 5 x1074
Fe (111)-5-Br-PADAP ¢ 7.5%x 10"

7.5%x 10~ 1

4 x10710 1 x10°10
1.5x 10710

25x10° 1 25%x107 1
1 x1071° 5 x107 1

3 5-Br-PADAP = 2-[(5'-bromo-2’-pyridyl)azo]-5-diethylaminophenol; 5-Br-PADAT = 5-{5'-bromo-2’-pyridyl)azo]-2,4-diamino-
toluene. ® Reversible interfacial reaction. € Totally irreversible interfacial reaction.
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Table 3. The theoretical limit of detection of
conventional linear potential sweep adsorption
voltammetry may be as low as 107" mol 17!
which has been demonstrated expeimentally with
many systems reported in the literature. Al-
though theoretically with the 0.5th-, 1.5th- and
2.5th-order derivative technique one can deter-
mine 10~ '2-107" mol I~! of substance and with
the 1st- and 2nd-order derivative method the
limits should be even lower than with the half-in-
teger derivative technique, only concentrations
larger than 10~''-10~'2 mol 1! can be detected
experimentally, because of the noise from the
instrument and the variations in the interferences
from other chemicals (such as other surface-ac-
tive species, oxygen and impurities in the sample
solution and the product of decomposition of the
substance being determined) and the instability
of the species detected. Nevertheless, the deriva-
tive technique is still very attractive for ultra-trace
analysis.

Comparing Eqns. 4-9 with the corresponding
equations for a totally irreversible interfacial re-
action [28], it is found that the form of the corre-
sponding expressions is the same except for the
coefficients, which vary between 0.736 and 0.493.
This means that the limits of detection of linear
potential sweep adsorption voltammetry for both
interfacial reactions are nearly the same or at
least of the same order of magnitude. Table 4
shows the limits of detection of different systems
determined in this laboratory for conventional
and different order derivative techniques in lin-
ear potential sweep adsorption voltammetry. It
can be seen that the limit of detection of the
derivative technique can be at least one order of
magnitude lower than that of the conventional
method.
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Abstract

A potentiometric sensor system characterized by a membrane, based on a molecular dispersion of certain
4-quinolones and dioctylphthalate as a plasticizing solvent mediator in an inert poly(vinyl chloride) (PVC) support, is
assessed for the selectivity towards ciprofloxacin (CF) ions. The electrodes which respond to CF ions have been
prepared by coating a silver wire conductor with the PVC based film. The preferred system with norfloxacin in the
membrane shows a linear response with a Nernstian slope of 54-62 mV /pCF over the range of 1 X 107* to 1 X 1072
M solution of CF. The electrode exhibits good selectivity with respect to inorganic ions of biological importance. CF
can be determined successfully in its pure solutions and in some pharmaceutical preparations using the standard

addition technique.

Keywords: Ton-selective electrodes; PVC coated wire electrodes; 4-Quinolones

Ciprofloxacin (CF), (1-cyclopropyl-6-fluoro-
1,4-dihydro-4-oxo-7-(1-piperazinyl)-3-quinolone-
carboxylic acid) is an antibacterial agent of the
4-quinolone group with a broad spectrum of ac-
tivity against Gram-positive and Gram-negative
bacteria [1]. For its determination different meth-
ods can be used, e.g., chromatographic methods,
differential pulse polarography and cathodic
stripping voltammetry [2-6]. Although poten-
tiometry using a suitable indicator electrode is
nowadays widely used in analytical chemistry
there are no data about 4-quinolone ion-selective
electrodes (ISEs).

Most of the commercially available electrodes
are rather bulky and expensive. The electrodes in
which the metal conductor is in contact with a
slightly soluble salt of the metal — 2nd order

Correspondence to: H. Avsec, Department of Chemistry and
Chemical Technology, University of Ljubljana, 61000 Ljubl-
jana (Slovenia).

electrodes or solid ISEs — can be accepted as the
precursors of coated wire ISEs (CW-ISEs). They
are prepared by the incorporation of a slightly
soluble salt in the polymer matrix and by coating
the wire support with a mixture containing the
active substance, a softener and poly(vinyl chlo-
ride) [7-11].

The aim of this paper is to report on the
preparation and the performance characteristics
of CW-ISEs sensitive to ciprofloxacin and to other
4-quinolones.

EXPERIMENTAL

Apparatus

Potential measurements were made using an
MA 5740 Iskra pH meter equipped with an MA
9150 Iskra (Ljubljana) printer. The CW-ISEs al-
ready described and the Orion 90-09 saturated
calomel electrode were used as indicator and

0003-2670,/92 /$05.00 © 1992 — Elsevier Science Publishers B.V. All rights reserved



308

reference electrodes, respectively. All measure-
ments were performed while the solution was
constantly being stirred with a magnetic strirrer.

Reagents

All chemicals were of analytical reagent grade
purity. Demineralized (Milli-Q, Millipore, Bed-
ford, MA) water was used.

Ciprofloxacin was obtained in the form of
Testsubstanz Ciprofloxacin, Bayer, Leverkusen,
and 500 mg tablets (Cenin® 500) from Bayer
Pharma, Ljubljana.

Preparation of electrodes

A silver wire, 3 cm X 1 mm o.d., was fastened
with epoxy resin to a glass tube (7 mm o.d.) in
such a way that the wire protruded 5 mm from
the bottom of the tube. The wire was first cleaned,
polished and electrolytically coated with AgCl
and then with the PVC mixture [12]. This was
prepared by dissolving 28.1 wt.% PVC and 63.1
wt.% dioctylphthalate as plasticizer in 3 ml of
tetrahydrofuran. 100 mg of electroactive sub-
stance was added to this mixture. This suspension
was warmed in a drying apparatus at 60°C for 20
min. In order to coat the wire with the suspen-
sion, the exposed portion of wire was carefully
immersed in the suspension, and was allowed to
form a thin film by drying overnight on air. Fi-
nally the electrode was conditioned by soaking in
1x 1073 M ciprofloxacin solution for approxi-
mately one hour before being used. It may be
stored dry, but should be preconditioned again
before re-use.

As the active substances were used 4-quino-
lone, ciprofloxacin (CF), pefloxacin (PF), nor-
floxacin (NF) or the ciprofloxacin-tetraphenyl

H. Avsec and S. Gomiscek / Anal. Chim. Acta 268 (1992) 307-309

borate ion pair (CF-TPB). A precipitate of CF-
TPB was prepared by mixing aqueous solutions
containing equimolar amounts of sodium te-
traphenylborate and ciprofloxacin and subse-
quently filtering, washing with water, and drying
at room temperature.

Potentiometric determination of ciprofloxacin

The performance of the electrodes was investi-
gated by measuring the e.m.f. values in concen-
trations of ciprofloxacin between 1 X 1072-1X
107% M (50-ml beaker). The solution was stirred
during the measurement. Potentials were re-
corded when stable readings were obtained (nor-
mally within 30 s) and the calibration graph was
constructed. The same procedure was applied for
the determination of CF in the sample solutions.

RESULTS AND DISCUSSION

The response characteristics of the 4-quino-
lone electrodes under investigation are given in
Table 1. The results indicate that the electrodes
show a Nernstian response for ciprofloxacin over
a relatively large concentration range. The detec-
tion limits and the range of linearity are similar
for all the electrodes investigated whereas the
absolute values of the potentials differ for partic-
ular electrodes. The response time of the elec-
trodes was tested by measuring the time required
for the electrode to attain a steady potential after
successive immersions in ciprofloxacin solutions
each having a 10-fold higher concentration. The
measurements for norfloxacin and ciprofloxacin-
tetraphenylborate electrodes are characterized by
a fast and stable response within 20-30 s for

TABLE 1
Response characteristics of 4-quinolone CW-ISEs
Parameter Electrodes

CF CF-TPB NF PF
Slope (mV /pCF) 50 52-54 54-62 50
Linear range (M) 1x107%-1x10"% 1X1072-1%x 1074
Detection limit (M) 5% 1073 7.9%x1073 5x107° 5X1073
Response time (min) 2-5 0.5-2 0.5-2 2-5
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TABLE 2

Selectivity coefficients (log k§%) of ciprofloxacin CW-ISEs
based on 4-quinolones

Interferent, B Added as log kagp
PF CF-TPB NF

CH;CO0~ CH,;COOK -046 -0.61 —-0.66
CH,;CO0~ CH;COONa -0.53 -0.73 —0.64
Cl- NaCl -0.14 -0.18 -0.16
Cl™ KCl -0.15 -0.18 -0.17
Cefotaxime Na salt -098 -0.79 —-0.89
Penicillin G Na salt -097 -0.62 -0.73
Ampicillin Na salt —-0.81 —-0.62 —0.68
Amoxicillin - - - -0.93
Ceftriaxone - - - -0.70
Cefoxitin - - - —0.60
Methicillin - - - -0.55

solutions of more than 1 X 10™> M and 0.5-2 min
for solutions of less than 1 X 10~3 M.

The performance of norfloxacin and cipro-
floxacin—tetraphenylborate electrodes did not
change over two months, whereas the lifetime of
the ciprofloxacin and the pefloxacin electrodes
was shorter (about one week).

The effect of pH (1 X 10~ M ciprofloxacin
solution) on the electrode potential was investi-
gated by observing the changes in the potential
readings with pH of the solution after the addi-
tion of small volumes of HCl and /or NaOH (0.1
M or 1 M). The investigated electrode (norfloxa-
cin) gave a useful pH range from 4.5 to 7.0. In
alkaline media the measurements were hindered
owing to the formation of a precipitate in the test
solutions. The influence of some inorganic anions
and antibiotics on the potentials obtained was
investigated, and the selectivity coefficients kR%
were determined by the separate solution tech-
nique and equal concentrations of participants
[13]. The values given in Table 2 were obtained
using the equation

log k8% = (E, — E,) /S + log[A] — log[ B*]"/*

where E,| is the potential of the electrode in the
ciprofloxacin (A) solution (1 X 107> M) and E, is
the potential in a solution containing the interfer-
ent (B) ion (1 X 10~3 M).

The results obtained clearly show that 4-
quinolone electrodes do not show high selectivity
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for the investigated species. It can also be seen
that the investigated 4-quinolones interfere with
each other. However, all the 4-quinolone elec-
trodes proved to be useful in the potentiometric
determination of ciprofloxacin in pure solutions
or in pharmaceuticals using the standard addition
technique for the evaluation. The ingredients in
the tablets do not interfere. Cenin® 500 tablets
(ca. 780 mg) for oral application containing 582
mg CF - H(], i.e., 500 mg CF /tablet were used in
the recovery study. The content of CF in the
tablet was determined using the calibration graph
obtained with the “Testsubstanz”. The mean
value (Zstandard deviation) obtained was 500.1
+ 0.8 mg CF/tablet (n =09). Thus, the relative
standard deviation was found to be 0.16%.

The material is based on work supported by
the US Fund for Scientific and Technological
Cooperation, in cooperation with the National
Institute of Standards and Technology, Gaithers-
burg, MD, under Grant NIST-JF-848.
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Abstract

A method was developed for the determination of thiourea based on the reaction of the latter with a solution of
iodine in carbon tetrachloride at pH 7, followed by measuring the frequency change of a gold-plated piezoelectric
crystal caused by the unreacted iodine. The frequency change is proportional to thiourea concentration over the
range 1 X 107 7-6 X 10~° mol 17! (7.6-457 ng ml ~!). The relative standard deviation was 1.4% for six measurements

of 6 X 1077 mol 17! (46 ng ml~") thiourea.

Keywords: Piezoelectric sensing; Thiourea

Thiourea has found many applications in
medicine, industry and chemistry. Various meth-
ods have been proposed for the determination of
thiourea, such as titrimetry with haloamines [1],
potassium dichromate [2], Masson and Race
reagent [3] or iodine [4], Raman spectrometry [5],
stripping voltammetry [6], ion-selective electrode
potentiometry [7] and spectrophotometry [8].
However, most of these methods are either insen-
sitive, tedious or require special instrumentation.
The piezoelectric detector has the advantage of
being highly sensitive and has found a number of
applications in chemical analysis [9-12]. In this
paper, a very sensitive and simple method for the
determination of ultra-traces of thiourea in solu-
tion by using a piezoelectric detector is suggested.

EXPERIMENTAL

Apparatus and reagents
The complete assembly of the equipment is
outlined in Fig. 1. AT-cut, 9-MHz quartz crystals

Correspondence to: S.Z. Yao, New Material Research Insti-
tute, Department of Chemical Engineering, Hunan Univer-
sity, 410082 Changsha (China).

(12.5 mm diameter) with a gold-plated electrode
(6 mm diameter) on each side were prepared as
follows. The surface of the commercial quartz
crystal with silver-plated electrodes was cleaned
with fine emery paper and washed with water and
acetone. It was then immersed in a gold-plating
bath of pH 9.5 containing 12 g 17! KJAu(SO;),
HY] (Y = EDTA) and plated usinga 1 A dm~?
current density for 10 s, then at 0.1 A dm™? for 3
min [13]. A gold layer corresponding to a de-
crease of 25-45 kHz in oscillation frequency of
the crystal was obtained. The crystal was con-
nected to an integrated circuit oscillator built in
this laboratory [14] supplied by a d.c. voltage

D.C. VOLTAGE
REGULATOR
l I DETECTION CELL
Ic OsCiL- WITH PIEZOELEC-
LATOR
TRIC CRYSTAL

[

DIGITAL FREQU-
ENCY COUNTER

MAGNETIC STIRRER

Fig. 1. Block diagram of the experimental assembly.
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regulator. The frequency change was monitored
by a digital counter. A detection cell with a
magnetic stirrer was used.

All chemicals were of analytical-reagent grade
and doubly distilled water was used for rinsing
and the preparation of solutions.

A stock solution of thiourea (4 mmol 17!) was
prepared and used within 1 week. Solutions of
lower concentration were prepared by appropri-
ate dilution. Iodine solution in carbon tetrachlo-
ride (1.2 mmol 17!) was prepared weekly and
kept in an amber-coloured glass flask, from which
12 or 24 pumol 17! iodine solution was prepared
daily by dilution with carbon tetrachloride. Buffer
solutions were prepared by mixing a 0.2 mol 17!
solution of disodium hydrogenphosphate and a
0.1 mol 1! solution of citric acid [15].

Standard procedure

Transfer 100 ul of sample solution with a
microsyringe into a 60-ml separating funnel con-
taining 10 ml of buffer solution. Add 10 ml of 12
(or 24) umol 17! iodine solution in carbon tetra-
chloride. After shaking for 10 min and phase
separation, transfer the organic layer into the
measuring cell with the piezoelectric crystal de-
tector and turn on the magnetic stirrer. After
exactly 5 min, remove the crystal and record the
frequency shift (F) after drying. Repeat the pro-
cedure with a blank and record the frequency
shift (F,). Plot the frequency change, AF = F, —
F, against thiourea concentration to give a cali-
bration graph.

RESULTS AND DISCUSSION

Factors affecting thiourea determination

pH. The effect of solution pH on thiourea
determination was investigated in order to estab-
lish the most appropriate working pH. The fre-
quency change was not affected by solution pH
within the range of 6.4-8.0. At pH values outside
this range, the frequency change decreases (Fig.
2). In this work, pH 7 was used.

Reaction time. The reaction between the ana-
Iyte and the oxidant proceeds heterogencously
with continuous shaking of the two immisible
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Fig. 2. Dependence of frequency change of the piezoelectric
detector on pH. Concentration of thiourea, 5x10~7 mol 171,

phases. After the analyte in the aqueous phase
has been completely consumed by the oxidant,
the unreacted iodine is measured with the piezo-
electric monitor. Therefore, it is necessary to
study the influence of the reaction time on the
determination. It was found that the appropriate
reaction time is 10 min; a shorter time resulted in
a smaller frequency change and a longer reaction
time exhibited no increase in frequency change.

Amounts of reactants. To examine the effect of
iodine concentration on the determination of
thiourea, various amounts of iodine were added
to thiourea solutions of different concentration,
and their effect on the thiourea determination
was tested. The results showed that the required
amount of iodine depends on the concentration
of the analyte and when the iodine concentration
exceeds six times the thiourea concentration,
there was no significant influence.

According to Amin [4], iodine reacts with
thiourea according to the reaction

CS(NH,), + 41, + 6H,0 —
(NH,),SO, + 8HI + CO,

Hence a 1.5-fold stoichiometric amount of the
oxidant is required for the heterogeneous reac-
tion to proceed quantitatively under the afore-
mentioned experimental condition.

Organic solvent. Instead of carbon tetrachlo-
ride, other non-polar organic solvents can also be
used, e.g., chloroform or heptane. However, car-
bon tetrachloride gave the highest sensitivity in
the determination of thiourea. In ethers, such as
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diethyl or diisopropyl ether, the frequency change
is low. Acetone and ethanol cannot be used.

Experiments with various aqueous solution to
organic phase volume ratios demonstrated that
the results of thiourea determination were not
affected by the volume ratio of aqueous solution
to carbon tetrachloride solution in the tested
range of 1:2-2:1 with a constant carbon tetra-
chloride volume of 10 ml. Larger ratios caused
low results. No increase in frequency change was
observed when repeated extraction was carried
out. For example, twice repeated 10-min extrac-
tions each with 5 ml of carbon tetrachloride gave
nearly the same frequency change as when one
10-min extraction with 10 ml of carbon tetrachlo-
ride was made.

Interferences, regeneration and lifetime of the
monitor

To investigate interferences, various ions were
added to an 8 X 1077 mol 1! thiourea solution,
and their effects on the thiourea determination
were tested. Differences in frequency change of
more than 5% were considered to result from
interferences. No significant interferences were
caused by benzoate, acetate, carbonate, phos-
phate, nitrate, sulphate, bromide, chloride, cad-
mium, zinc, calcium, cobalt, copper, nickel, alu-
minium and magnesium ions at a 150-fold mole
ratio to thiourea or urea and formate at a 50-fold
mole ratio to thiourea. Sulphite causes a positive
interference when its mole ratio to thiourea is
greater than 1.2:1, as it undergoes oxidation in
the presence of an excess of iodine.

TABLE 1

Determination of thiourea
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The gold electrode of the piezoelectric crystal
after measurement is cleaned with a cotton swab
impregnated with ammonia solution (1 + 8) or a
1.25% solution of sodium thiosulphate to dissolve
the adsorbed iodine species. After being washed
with water, it is washed with acetone and dried,
and is then ready for the next measurement. To
regenerate the piezoelectric monitor, other solu-
tions can also be used, such as sodium hydrogen-
sulphite or sodium carbonate solutions. Sodium
hydroxide solution cannot be used because of its
etching effect on the quartz crystal after pro-
longed contact, resulting in an increase in the
oscillation frequency.

The piezoelectric detector with gold-plated
electrodes is advantageous over the silver-plated
type in that it gives a longer lifetime and can be
used not less than 270 cycles. For a 5 X 1077 mol
17! solution of thiourea, the frequency change
after the 3rd, 50th, 100th and 260th measure-
ments were 115, 117, 115 and 109 Hz, respec-
tively.

Calibration, reproducibility and analytical appli-
cation

The calibration graph of frequency change ver-
sus thiourea concentration for a 5-min adsorption
time was linear over the range 1 X 1077-6 x 10~°
mol 17! (7.6-457 ng m1™ ") and is described by the
regression equation
[thiourea] = (0.04523AF — 0.2737)

X 107" mol 171
or

[thiourea] = (0.3443AF — 2.0834) ng ml~!

Parameter Thiourea added (10~7 mol I~ 1)
3.00 5.00 7.00 9.00 15.0 25.0 350 50.0

Frequency

change (Hz) 74.6 120 159 205 327 543 789 1089
Thiourea

found 2

(10" "mol 171) 3.10 5.17 6.91 9.00 14.5 24.3 35.4 49.0
Recovery

(%) 103 103 98.5 100 96.5 97.5 101 98.0

* Averages of three measurements.
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where AF is measured in Hz. The regression
coefficient is 0.998. The standard deviation was 2
Hz (1.4%) for six determinations of 6 X 10~7 mol
17! (46 ng ml~!) thiourea. For lower thiourea
concentrations, a longer adsorption time is sug-
gested, e.g., 10 min for 1078 mol 17,

To test the method, sample solutions contain-
ing thiourea at 1 X 1077-5 X 107% mol 1! (7.6-
380 ng ml~') were analysed using the proposed
procedure. The results are given in Table 1.

Adsorption mechanism

Cyclic voltammetry and x-ray photoelectron
spectroscopy (XPS) have been used to elucidate
the adsorption mechanism of iodine on the gold-
plated crystal. For all the electrodes, with differ-
ent amounts of adsorbed iodine species, the peak
potentials on the voltammograms approximate to
that of the iodine-iodide couple. The binding
energies on their XPS spectra are nearly the
same as those for free iodine, 618.3 eV (3d;
level) and 629.7 eV (3d; , level). Hence it can be
concluded that the iodine species absorbed on
the gold-plated electrodes of the piezoelectric
crystal is simply I,. Further evidence for this is
the phenomenon that the surface of the crystal
electrode is red (when a small amount of iodine is
adsorbed) or dark red (when a large amount of
iodine is absorbed), which implies the existence
of free iodine on the electrode surface.
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Modified electrical heating system for hydride generation
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of a digestion method for the determination
of arsenic and selenium in biological materials
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Abstract

A modified electrical heating system for hydride generation atomic absorption spectrometry has been designed.
The heating block permits a rapid and convenient change of the quartz tube in order to clean and condition its
surface. Frequent conditioning guarantees high and constant measurement sensitivity. Further, an inexpensive and
simple microwave digestion procedure has been developed. The methods were tested by analysing reference materials
and proved to be appropriate for trace concentrations of arsenic and selenium.

Keywords: Atomic absorption spectrometry; Arsenic; Hydride generation; Microwave digestion; Selenium

The important trace elements arsenic and sele-
nium act in different biological cycles. Selenium
is essential for the human organism. It is an
integral part of the enzyme glutathione peroxi-
dase, which protects cell membranes from lipid
peroxidation and radicals [1,2] and, in conse-
quence of this function, plays an important role
in immune defence [3]. Additionally, selenium is
utilized for therapeutic purposes in numerous
diseases, e.g., acute pancreatitis [4], and has
demonstrated anticarcinogenic effects in numer-
ous cases [5-10). Arsenic is known for its interac-
tions with selenium [11]. Moreover, it catalyses

Correspondence to: W. Kosmus, Institute for Analytical Chem-
istry, Karl Franzens University, Universititsplatz 1, 8010 Graz
(Austria).

glutathione biosynthesis [12] and may be impor-
tant for arginine, membrane phospholipid and
zinc metabolism [13]. Hence, although arsenic has
not been identified as an essential trace element
in man, it seems to have some biological impor-
tance, and interest in and research on its func-
tions are increasing.

Selenium and arsenic concentrations in human
tissues are very low. Analytical methods reaching
detection limits of 1 ng absolute or even below
are necessary to establish ‘“normal values” for the
human organism or to define arsenic and sele-
nium deficiency or intoxication. Further, the de-
termination of arsenic and selenium, especially
when present in trace concentrations, has become
very important in many fields such as metallurgy,
toxicology and environmental control. One of the

0003-2670/92 /$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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most suitable methods meeting highest require-
ments is hydride generation atomic absorption
spectrometry (AAS).

The hydride generation technique is based on
the volatilization of the element as a gaseous,
covalent hydride by adding a reducing agent
(sodium tetrahydroborate) to an acidified sample
solution. The element hydride is transported to
an electrically or flame-heated quartz tube placed
in the optical axis of the AAS apparatus, where
atomization occurs and the atomic absorption is
measured. The main advantages of the hydride
generation technique are low detection limits ele-
ment separation from the bulk matrix and, for
very low concentrations, the enrichment of the
analyte element, e.g.,, in a cold trap or in a
graphite furnace [14,15]. The separation of the
hydrides leads to a substantial decrease in inter-
ferences compared with flame or graphite fur-
nace AAS. As only the analyte and almost no
interfering elements or substances reach the mea-
suring cell, usually no background correction is
required {16-18].

A comparison between the two atomization
methods reveals that electrical heating is prefer-
able to the flame method not only because of its
operating almost free from interferences, but also
because the electrothermal hydride technique is
clean and the temperature inside the measuring
chamber is constant and exactly adjustable for
different elements, resulting in well defined and
therefore reproducible conditions inside the at-
omization chamber. Another advantage of low-
voltage electrical heating systems is their cheap
and safe operation. Finally, they are much easier
to handle as for instance, no change of gas supply
is necessary.

THEORETICAL

Sensitivity-determining parameters

The sensitivity of the hydride technique de-
pends on the following factors: cell temperature
[19]; purge time [19]; gas flow [18,20,21]; concen-
tration of the reducing agent [18]; speed of the
reduction step [17]; sample volume [17]; acidity of
the sample solution [18,22,23]; valence state of

D. Mayer et al. / Anal. Chim. Acta 268 (1992) 315-321

the analyte element [17,18,24,25]; interferences
[23,26-28]; and condition of the cell surface
[19,29].

Atomization of the hydrides

The atomization of the free element hydrides
in a heated quartz tube must be due to their
collisions with free hydrogen radicals and the
following reaction mechanism seems to be the
most likely [19]:

MH, + H' - MH,_, +H,

MH+ H'-M'+H,

The hydrogen radicals are generated according to
the reaction suggested by Dédina and Rubeska
[30] for the fuel-rich hydrogen—oxygen flame. As
shown by Welz and Melcher [28], this mechanism
should also be valid for electrically heated sys-
tems:

H'+0,-0H+0
O+H,»OH+H’
OH'+H, - H,0 +H’

In addition, this reaction mechanism explains the
influence of the purge time and of the oxygen
concentration in the quartz tube on the measur-
ing sensitivity. As the concentration of oxygen
and, in consequence, the H' radical concentra-
tion in the cuvette decrease with increasing purge
time, the atomization of the element hydride
does not occur completely when the purge time is
too long.

Influence of the quartz surface on hydride atom-
ization

Whereas most of the parameters mentioned
above may be optimized without difficulty, one
problem remains. It is evident and well docu-
mented that frequently used quartz cells are con-
taminated with sample components or excess
sample concentrations of hydride-forming ele-
ments may form a layer on the cuvette surface
even after only one measurement, Contamina-
tions cause signal depressions and peak broaden-
ing, leading to a decrease in sensitivity. This
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effect has been mentioned and explained by nu-
merous investigators {19,29]. The contaminants
are burnt into the surface, forming a kind of
catalytic film which accelerates radical recombi-
nation and therefore reduces the concentration
of H' radicals within the cuvette. Therefore, as
the equilibrium concentration of the H' radicals
which is required for the atomization of the
gaseous hydrides is disturbed, a significant signal
dépression and lower sensitivity, respectively, are
the consequence. In order to maintain the highest
sensitivity, it is necessary frequently to remove
contaminants from the quartz tube. Different cu-
vette treatments have been suggested [19,29,31].
Cleaning and conditioning procedures may in-
clude acid treatments or sandblasting to increase
the surface area. Rinsing in 40% hydrofluoric
acid for ca. 15 min has proved to be the most
effective cuvette treatment procedure resulting in
optimum sensitivity.

Further, the vitreous silica phase can be con-
sidered for the active surface catalysing the hy-
dride atomization [32]. Heating quartz at high
temperatures leads to the formation of the high-
temperature phase B-cristobalite, which hinders
hydride atomization. This sensitivity-reducing
phase may be present even on new quartz cu-
vettes and can also be removed with the HF
cuvette treatment [33,34]). Another conditioning
procedure is to keep the temperature of the cell
at about 1000°C for a few hours in order to
anneal the quartz tube (the annealing tempera-
ture of clear fused quartz is 1080°C) after having
exposed it to a dilute hydrofluoric acid solution.
The annealing process removes any kind of resid-
ual mechanical stresses and prevents the forma-
tion of B-cristobalite [34].

EXPERIMENTAL

The measuring cells of commercially available
hydride systems are usually heated with the AAS
burner flame. Only very few electrically heated
systems are offered. Mostly they consist of a
closed block, equipped with a T-shaped quartz
tube. Laboratory-constructed hydride systems are
normally made by winding a heating-wire around
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the quartz tube and isolating it twice with as-
bestos or quartz tape and an outer jacket, e.g.,
made of ceramic [34,35].

All cleaning and conditioning procedures men-
tioned above require a heating system that per-
mits a rapid convenient cuvette change without
the use of special tools or the necessity to call for
a service engineer. Further, a heating device
reaching temperatures up to 1100°C is desirable
to allow the annealing of the quartz tube without
time-consuming dismantling procedures. With
one exception, none of the hydride systems con-
structed so far offers the possibility of keeping a
high sensitivity by replacing, cleaning or condi-
tioning the quartz tubes, as they cannot be re-
moved from the heating block. Moreover, the
thin and fragile wire of laboratory-constructed
heating units easily breaks or burns out when
heated too long at high temperatures.

These difficulties motivated us to develop an
electric heating system that is not affected by any
of the problems mentioned above. Our specially
designed heating block, equipped with a T-shaped
quartz tube, with both ends open, can easily be
opened and closed and is convenient to handle
and to work with. The heating is supplied by a
continuously variable low-voltage transformer
guaranteeing optimum atomization temperatures
for each element being determined. For hydride
generation we adapted a mercury cold vapour
device. The heating block is mounted on the
burner head of the AAS instrument and can be
adjusted exactly in the optical axis.

Apparatus

The system was developed by using a Hitachi
Model Z-6100 atomic absorption spectrometer
under the manufacturer’s recommended condi-
tions. Cathodeon hollow-cathode lamps were
used. Cell surface temperatures were determined
with Technotherm 9400 detector. The entire hy-
dride system was constructed in the laboratory
and allowed the free selection of time and tem-
perature parameters. A schematic diagram of the
system is shown in Fig. 1.

Chemicals
Analytical-reagent grade reagents (Merck
Suprapur) were used through. Argon (Air Lig-
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Fig. 1. Schematic diagram of the hydride generation system.

uide, quality N 50) was 99.999% pure. Sodium
tetrahydroborate solution was prepared by disso-
lution of sodium tetrahydroborate powder
(Merck) in 1% NaOH solution to a final concen-
tration of 3% (w/v). The solution was filtered
through a folded filter-paper and could be used
for 4 days when stored at 4°C. Arsenic and sele-
nium working solutions (1 mg 1~!) were prepared
immediately before use by dilution of Merck
Titrisol stock solutions (1 g 1™!) in 1.5% HCL.

Cleaning

PTFE digestion tubes and glass flasks were
filled with 1 M HCI and soaked for 10 h, then 2
ml of sodium tetrahydroborate solution were
added while purging with argon to remove the
generated hydrides. All laboratory ware was
cleaned by rinsing three times with 1.5% HCI
followed by washing three times with deionized
water and drying.

Digestion procedure

In order to check the hydride system for proper
working and reproducibility, the arsenic and sele-
nium concentrations of organic reference materi-
als were determined. Arsenic and selenium are
prone to volatility losses during wet digestion,
particularly of difficult matrices, hence the elabo-
ration of dependable ashing methods presents a
permanent challenge. Even the results of highly
qualified laboratories participating in a certifica-
tion programme presented in a recent paper [35]
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showed a remarkable diversity only for these two
elements, and microwave digestion proved to pro-
vide the most dependable and reproducible re-
sults.

Microwave digestion is the method of choice
for the mineralization of organic and biological
matrices without the use of hazardous perchloric
acid. It reduces the sample preparation time sig-
nificantly, resulting in a high sample throughput.
Commercially available digestion devices are very
expensive but, apart from their safety arrange-
ments, their functioning is similar to that of
household microwave ovens. Although our labo-
ratory is equipped with a modern microwave di-
gestion system, an inexpensive and vyet efficient
method to decompose organic matrices for ar-
senic and selenium determination was developed.
A household microwave oven (maximum power
650 W) was adapted with the following alter-
ations: a plastic turntable that accepted 12 diges-
tion vessels and rotated at 6 rpm was installed;
the oven was evacuated by an exhaust, directing
to a fume-hood; and 50-ml PTFE centrifuge tubes
(Oak Ridge No. 3114) were prepared by heating
them at a constant temperature of 200°C for 96 h.
This “annealing” of the PTFE [36] resulted in an
improved pressure resistance of the vessels, mak-
ing them more suitable for closed digestion pro-
cedures, which are necessary to avoid loss of
volatile arsenic and selenium.

Samples of 5x 1 ml of serum (Seronorm™,
Batch No. 116) and 5 X ca. 200 mg of NIST SRM
1577a Bovine Liver were digested using the fol-
lowing procedure. For predigestion, 7.5 ml of
HNO; (sub-boiled distilled) and 2.5 ml of H,SO,
(Merck Suprapur, 96%) were added to the sam-
ples, which were allowed to react at room tem-
perature (RT) until vigorous starting reactions
ceased (ca. 1 h). The tubes were placed into a
water-bath and heated at 90°C for 30 min, closed
tightly and heated at 90°C for 30 minutes, then
cooled to RT, opened to release the pressure and
closed again. For microwave digestion, the tubes
were placed into the microwave oven and each
heating step was followed by cooling to RT, pres-
sure release and careful capping before the next
heating as follows. The tubes were heated for 4
min at 100 W, cooled to RT and the pressure was
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released, followed by heating for 6 min at 325 W,
cooling, pressure release, adding 100 w1 of H,0,,
heating for 6 min at 325 W, cooling, pressure
release, heating for 6 min at 455 W, cooling,
pressure release, heating for 6 min at 650 W,
cooling, adding 200 ul of H,O,, placing the
opened tubes in a water-bath and heating for 1 h
at 90°C.

Finally, the clear digestion solutions (ca. 5 ml)
were transferred into glass flasks and made up to
a final volume of 10 ml. With this digestion
procedure no loss of volatile arsenic and sele-
nium occurred and although it needed more at-
tention and manual operations compared with
automated microwave digestion devices, the sim-
ple and inexpensive equipment made it a suitable
method for organic sample preparation.

Determination of arsenic and selenium

Aliguots of 1 ml were used for analysis. The
sample solution was transferred into the reaction
vessel and 10 ml of deionized water and 4 ml of
32% HCI were added before measurement. The
reaction vessel was connected to the hydride sys-
tem and purged for 45 s, then the reducing agent
was added by means of a peristaltic pump and,
after passing a drying tube filled with CaCl,, the
generated element hydride was purged into the
atomization and measuring cell. The atomic ab-
sorption signal was measured and recorded. To
obtain maximum peak heights, the optimum tem-
perature for both elements first had to be deter-
mined, as it may vary with the measuring condi-
tions. Some workers have observed that mixing
small amounts of oxygen or air with the purge gas
stream reduced the influence of the cell tempera-
ture on the measurement sensitivity, especially
for arsenic [19,29]. With the present heating sys-
tem, the optimum atomization temperatures for
both elements were determined without the pres-
ence of oxygen or air. It was found that 1100°C
for arsenic and 750°C for selenium produced the
highest sensitivity.

The temperature dependence of the atomiza-
tion signal for both arsenic(III) and selenium(IV)
in aqueous solutions is shown in Fig. 2. The
results clearly demonstrate that the sensitivity of
the arsenic determination reaches a maximum at
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Fig. 2. Relative sensitivity of the absorbance for Se(IV) and
As(III) as different temperatures.

1100°C and perhaps could even be increased
slightly at higher temperatures, whereas the maxi-
mum sensitivity for selenium determination ap-
pears between 750 and 850°C. This again empha-
sizes the importance of adjusting the correct and
optimized temperature for each element. Only
electrically heated atomization cells offer this
possibility; the temperature of a gaseous flame
cannot be regulated properly.

The calibration graphs established with aque-
ous solutions were linear within the range 0.5-100
ng absolute for both arsenic and selenium.

The standard measuring conditions for the
AAS instrument were as follows: source, hollow-
cathode lamp; lamp current, As 13 mA, Se 8 mA;
lines, As 193.7 nm, Se 196.0 nm; measurement
mode, AAS (conc.); signal mode, sample; calcula-
tion mode, peak height; calculation time 20 s;
delay time, 5 s; and time constant 0.05 s. Those
for the hydride system were as follows: purge gas,
argon; purge time, 43 s; flow-rate, 400 ml min~';
NaBH, addition, 30 s; total volume of added
NaBH,, 3.0 ml; total volume, 15 ml; and temper-
ature, As 1100°C, Se 750°C.

RESULTS AND DISCUSSION

The sensitivity of arsenic and selenium deter-
minations could be increased considerably by



320

rinsing the quartz cell with 40% hydrofluoric acid
for about 15 min. Figure 3 shows the peaks of the
atomization signals for 5 ng of arsenic (A) before
and (B) after cuvette conditioning. A clearly im-
proved performance, with an increased peak
height and a narrower shape, can be observed.
The cuvette treatment had to be repeated after
ca. 100 measurements in order to maintain the
high sensitivity. The same cuvette has been used
for 2 years without any decrease in sensitivity.
Additionally, it was possible to demonstrate the
importance of optimum atomization tempera-
tures for different elements to obtain the maxi-
mum atomization signals without the necessity for
mixing oxygen or air with the purge gas stream.
In further studies it is intended to define proper
decomposition temperatures for all hydride-for-
ming elements.

The accuracy of the method was evaluated by
analysing standard reference materials, five sam-
ples of NIST SRM 1577a Bovine Liver for arsenic
and five samples of Seronorm Trace FElement
Serum (batch No. 116) for selenium. Three deter-
minations were performed for each sample.
Reagent blanks were processed with the samples.
The detection limit of the method for both ele-
ments (three times the standard deviation of the
blank) was 0.3 ng absolute in a 15-ml sample
volume or 0.02 pg 171, The results are summa-
rized in Table 1. These results, obtained by calcu-
lation of blank-corrected data, and recovery stud-
ies (Table 2) performed simultaneously, illustrate
the high precision and reproducibility of the pro-
posed digestion and analysis method. The appli-
cation of recommended reduction procedures
prior to hydride generation for As(V) and Se(VI)
[37,38] showed no differences in the results com-
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Fig. 3. Absorption peaks for 5 ng of As (A) before and (B)
after cuvette conditioning.
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TABLE 1

Analysis of NIST SRM 1577a Bovine Liver for As and
Seronorm Trace Element Serum (batch No. 116) for Se, based
on generation of hydrides from 1-ml sample volumes

As in bovine liver Se in blood serum

(ngg™"?® (ngmi~1)®
435+2.1 100.4+5.2
46.1+2.4 94.2+3.6
47.3+32 103.143.1
50.3+2.8 95.7+4.4
489+23 105.5+5.0

2 Certified content 4746 ng g~ '. ® Certified content 100+ 6
ngml~L

pared with untreated samples. As no interference
effects could be observed, the standard addition
method was not required.

The measuring sensitivity of the hydride gener-
ation technique depends strongly on the atomiza-
tion temperature and the state of the cuvette
surface, where atomization of the element hy-
dride occurs. In order to maintain the quartz
surface in an optimum state, it is essential to use
a system that permits periodic cuvette treatment.
Neither laboratory-made heating blocks nor com-
mercially available electrically heated hydride sys-
tems offer this possibility and once the tube is
covered with contaminants the entire heating unit
has to be disassembled in order to clean the
cuvette. With the present heating block, however,
this problem has been solved and cleaning or
conditioning procedures can be done easily and
quickly, guaranteeing precise analytical results for
long periods of time. Optimum decomposition
temperatures for different element hydrides can

TABLE 2
As(I11) and Se(IV) recoveries

As(1ID) Se(IV)
Added Found Recovery Added Found Recovery
(ng) (ng) (%) (ng) (ng) (%)
5 52 104 10 9.7 97.0
5 54 108 10 9.5 95.0
5 4.8 96 30 33.0 110.0
10 9.1 91 30 28.4 94.7
10 10.5 105 50 49.6 99.2
10 9.7 97 50 483 96.6
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be adjusted exactly with the continuously variable
low-voltage transformer. Another advantage of
this system is its inexpensive and safe operation.
It is easy to combine with any available classical
hydride generation system, especially the recently
developed flow injection—hydride generation sys-
tems. As it can be heated to 1100°C, periodic
annealing of the quartz tube is possible, even
during the operation of an autosampler. Other
determination methods such as the mercury cold
vapour technique can be performed without
changing the equipment. Finally, the simple fit-
ting of the block on the burner head also permits
an easy change to flame measurement.

Further, it has been demonstrated that mi-
crowave digestion of organic samples can be per-
formed quickly and reliably without the use of
expensive microwave dissolution systems. Only a
few modifications turned a simple household mi-
crowave oven into a proper working digestion
system. It may be applied for routine application
to digest any kind of biological sample. With
these improvements in the hydride generation
technique and microwave digestion, simple and
cheap analytical tools to determine essential trace
elements at very low concentrations have been
developed.

More detailed information and technical de-
scriptions are available on request from the au-
thors.

The authors thank Siegfried Schwab for help-
ful suggestions and technical assistance.
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Abstract

A macroporous poly(vinylthiopropionamide) chelating resin was synthesized from spherical poly(vinyl chloride)
resin particles and used for the enrichment and separation of trace noble metal ions. Trace Au(III), Pt(IV) and Pd(I)
in sample solutions can be enriched quantitatively in the range 5 M HCl-pH 9 with recoveries > 96%, and the
recovery of trace Ir(IV) at pH 1-9 was > 93%; however, the adsorption of Rh(III) and Ru(III) at pH 3-6 was
< 16%. When Au, Pt, Pd and Ir ions were adsorbed by the resin at a flow-rate of 4 ml min ™', the recoveries of Au,
Pt, Pd eluted with 6% thiourea—1 M HCI and Ir with 6 M HCl were > 96%. The adsorption capacity of the resin was
978 mg g~ for Au, 288 mg g~ ' for Pt, 455 mg g~ ! for Pd and 10 mg g~ " for Ir. When the resin was reused ten
times, the recoveries of the above ions on enrichment were still > 92% and a 100-fold excess of other ions caused
little interference in the determination of the ions. The eluted ions were determined by inductively coupled plasma
atomic emission spectrometry (ICP-AES). The lowest concentrations determined were 0.040 pg ml~! for Au, Pt and
Pd and 0.020 wg ml~' for Ir. The contents of Au and Ir in non-ferrous metals determined by preconcentration
followed by Zeeman-effect atomic absorption spectrometry or ICP-AES were in good agreement with the certified
values. The structures of the resin, investigated by Fourier transform IR spectrometry and electron spectroscopy
revealed that Au, Pt and Pd ions were chelated mainly with the thioketo form of the thiopropionamide group in the
resin, forming a quadridentate chelate.

Keywords: Atomic emission spectrometry; Inductively coupled plasma spectrometry; Sample preparation; Chelating
resins; Gold; Iridium; Palladium; Platinum; Preconcentration
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polylvinylthiopropionamide) chelating resin for adsorbing

The preconcentration and separation of noble
metal ions by ion-exchange [1-6] and reversed-
phase extraction chromatography [7-15] have
been reported. However, the selectivity of the
former for noble metal ion adsorption was not
good and showed a low adsorption capacity and
the latter procedure was time consuming and
inconvenient. A series of spherical macroporous

Correspondence to: Xijun Chang, Department of Chemistry,
Lanzhou University, Lanzhou 730000, Gansu (China).

polystyrene chelating resins can selectively adsorb
noble metal ions [16—23], but their synthesis gen-
erally requires chloromethylation, which is prob-
lematic. We have synthesized macroporous
poly(vinylethylenediamine), poly(vinyldiethylene-
triamine), poly(vinylpropionamide oxime) and
poly(vinylamidine thiocyanatothiourea) chelating
resins by using spherical poly(vinyl chloride) resin
(PVC), and used them succesfully for adsorbing
and separating trace elements from various ma-
trices [24-28].

0003-2670,/92 /$05.00 © 1992 — Elsevier Science Publishers B.V. All rights reserved
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In this paper, after a poly(vinylcyanoethyl) resin
had been synthesized from PVC [27], a macro-
porous poly(vinylthiopropionamide) chelating
resin (PVTPA) was synthesized there from and
used to enrich and separate noble metal ions
from non-ferrous matrices. Inductively coupled
plasma atomic emission spectrometry (ICP-AES)
was used to investigate the efficiency of the resin
for noble metal ion adsorption, e.g., the acidity,
the flow-rate, the regeneration, the capacity, the
precision, the interference of other ions and the
conditions of desorbing these ions from the col-
lector were studied. Zeeman-effect atomic ab-
sorption spectrometry (Z-AAS) was used to de-
tect the ions separated by the resin from real
samples containing non-ferrous matrices with re-
liable results. Fourier transform (FT) IR spec-
trometry and electron spectroscopy were used to
study the structures of the resin and a chelating
mechanism was elucidated.

EXPERIMENTAL

Instruments and apparatus

An ICP/6500 inductively coupled plasma
spectrometer (Perkin-Elmer), a Z 180-80 polar-
ized Zeeman-effect atomic absorption spectrome-
ter (Hitachi), a Model 170-SX FT-IR spectrome-
ter (Nicolet), a Model PHI-550 multi-functional
electron spectrometer (Perkin-Elmer), a Model
1106 elemental analyzer (Carlo Erba) and a
four-necked flask for synthesizing the chelating
resin were used. The adsorption column was a
glass tube (12 cm X 0.5 ¢cm i.d.; 0.15 cm i.d. at the
lower end) containing 0.2 g of chelating resin,
immersed in high-purity water overnight, and into
which a small pad of absorbent cotton-wool was
introduced beforehand.

Reagents and standards

High-purity reagents were used in all experi-
ments. Stock solutions of 1 mg ml~! Au, Pt, Pd
and Ir were prepared by dissolving spectroscopi-
cally pure HAuCl, - 4H,0, (NH,),PtCl, PdCl,
and (NH,),IrCl in dilute HCl. They were di-
luted and mixed to give stock standard solutions
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of 8-40 ug ml~! of Au, Pt and Pd and 4-40 pug
ml~! of Ir (1 M HCD.

Synthesis of chelating resin
According to previous work [27], a poly(vinyl-
cyanoethyl) resin (PVCE) containing 16.03% N
was synthesized by the reaction of spherical PVC
resin particles with ethylenediamine and cya-
noethylene. PVCE (10 g), thioacetamide (25 g)
and dimethylformamide (DMF) (30 ml) were
mixed in a four-necked flask. Dry hydrogen chlo-
ride gas was passed into the flask and refluxed for
4 h at 118°C. The resin was then washed with 0.2
M NaOH, distilled water and 5% HCI in that
order until S2~ was no longer detected. Finally,
the resin was extracted for 4 h with acetone and
high-purity water and dried under IR radiation.
Thus, a macroporous PVTPA chelating resin was
obtained with the possible structure shown:
~CH:CHCH2CH~ DMF, 118°C, 4h
CH,CSNH, + HCI
TT(CHZ)ZCN
(?Hz)2

HN(CH,),CN

- CH,CHCH,CH ~
s
SH  N(CH,),cZ
! N
(CHy),

S
HN(CH,),CZ
N 2

The contents of sulphur and nitrogen in the
PVTPA resin measured with the elemental anal-
yser were 15.2% and 12.6%, respectively. The
average pore diameter and pore volume of the
PVTPA resin determined by the mercury intru-
sion method [29] were 6.5 um and 0.514 cm? g™},
respectively, and the specific suface area mea-
sured by the BET method [29] was 5.9 m? g™
The experiments showed that the PVTPA chelat-
ing resin was not dissolved in general organic
solvents, its functional-analytical group was not
destroyed at 140°C and the sulphur contents of
the resin kept unused for 1 year or reused ten
times were 15.01% and 14.8%, respectively.
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Analytical procedure

Standard solution of Au, Pt, Pd and Ir or real
sample solutions of non-ferrous matrices were
prepared in clean vessels (200-500-ml samples).
Subsequently, the samples were adjusted to the
appropriate acidity or pH with HCl or Clark—Lubs
buffer solution and were passed through the
columns at controlled flow-rates (e.g., 3—-4 ml
min~'). After elution of Au, Pt and Pd from the
columns with 10 ml of mixed 6% thiourea-1 M
HCl, and of Ir with 6 M HCI, Au, Pt, Pd and Ir in
the eluates were determined by use of the ICP
6500 instrument (forward power 1100 W; viewing
height 17 mm; argon plasma gas flow-rate 14 |
min~!, argon auxiliary gas flow-rate 0.4 | min ",
argon nebulizer gas flow-rate 1.0 [ min~!; wave-
lengths, Au 201.200, Pt 214.423, Pd 229.651 and
Ir 224.268 nm).

Procedure for mineral sample analysis

A 0.5-g amount of mineral sample was placed
in a PTFE autoclave and 6 ml of concentrated
HNO; and 2 ml of concentrated HF were added.
The sealed sample was heated for 4 h in a ther-
mostat at 270°C and was transferred on to a
sand-bath. After the remainder of the HF had
volatilized at a lower temperature, the sample
was dissolved in 2 M HCI in a clean vessel.
According to the above analytical procedure, the
sample solution with non-ferrous matrices was
enriched by the PVTPA resin and eluted from
the column, and the noble metal ions in the
eluate were detected by use of the Model 180-80
Z-AAS instrument (lamp current, Au 10.0, Pt
12.5, Pd 10.0 and Ir 12.5 mA; wavelengths, Au
242.795, Pt 265.945, Pd 247.642 and Ir 254.397
nm).

RESULTS

Influence of acidity on adsorption

Figure 1 shows the effects of pH and acidity
for adsorption of Au, Pt and Pd (0.040 g ml~1!)
and Ir (0.020 wg ml™') ions. The recoveries of
trace Au, Pt and Pd in the range of 5 M HCl-pH
9 were > 96% and the recovery of trace Ir be-
tween pH 1 and 9 was > 93%. However, the
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Fig. 1. Effect of acidity and pH on Au, Pt, Pd and Ir
adsorption by the PVTPA resin. e = Au; X =Pt; 0 =Pd;
a =1Ir.

recoveries for Rh(I11), Ru(11I) (0.20 pg ml~!) at
pH 3-6 were only 16%. Other ions [Cu(II), Zn(II),
Cd(D, Ni(I), Co(I), Fe(ID), AIIID, Ca(Il),
Mg(ID, V(V), Cr(II1), Mo(VI), Mn(I), Ga(IIl),
In(III), Sb(III) and Pb(I)] were not adsorbed at
pH < 3. Therefore, Au, Pt, Pd and Ir ions can be
separated quantitatively from such ions by means
of PVTPA resin by adsorption at PH < 3.

Influence of flow-rate
Figure 2 shows the recoveries of Au, Pt and Pd
(in 1-2 M HCI medium) and Ir (at pH 2-3) at

X 100
5
2 90
2
S 80
2
e 70
o]
g 60
=

1 3 5 7 9 11 13

(ml min?)
Fig. 2. Effect of flow-rate on Au, Pt, Pd and Ir enrichment.
Symbols as in Fig. 1.
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TABLE 1
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Interference of other ions (10 wg ml~') on Au, Pt, Pd and Ir enrichment (recovery, %)

Ions ® Cu(ID Zn(IT) Ni(ID Co(ID Fe(11I) AKTIT) Ca(1D Mg(IT)
Au 98.0 100 100 96.0 97.0 99.0 100 100

Pt 90.0 91.0 93.0 90.0 93.0 94.0 92.0 95.0
Pd 94.0 96.0 95.0 96.0 97.0 97.0 94.0 96.0
Ir 93.0 95.0 94.0 92.0 93.0 96.0 95.0 98.0

2 The concentrations of Au, Pt and Pd ions were 80 ng ml~! and Ir ion 40 ng ml~ .

different flow-rates. Obviously, trace Au, Pt and
Pd (0.080 g ml~!) and Ir (0.040 wg ml~ ') ions
can be enriched quantitatively at flow-rates <5
ml min~! with the recoveries > 96%.

Desorption conditions

Figure 3 shows the recoveries of Au, Pt and Pd
ions (0.20 wg mi™') desorbed with 10 ml of
different concentrations of thiourea in 1 M HCI
from the columns and that of Ir ion (0.20 ug
ml ') eluted with 10 ml of HCI of various con-
centrations from the resin (desorbing velocity 3
ml min~"). Evidently, Au, Pt and Pd can be
desorbed quantitatively by 10 ml of 6% thiourea—
1 M HCI and Ir was eluted easily with 10 ml of
6 M HCI from the columns with recoveries >
96%.

Interference of other ions

Table 1 shows the effects of other ions on the
adsorption of Au, Pt and Pd (0.080 ng ml~!) and
Ir (0.040 g mi~!) by PVTPA resin. It is clear
that a 100-fold excess of foreign ions caused
virtually no interference with the analytes.

Adsorption capacity and regeneration
A 0.1-g portion of PVTPA resin was placed in

each of four conical flasks. A stock solution of

TABLE 2

Analytical results for real samples of non-ferrous smelter samples

Au, Pt, Pd and Ir was added to each flask and
diluted to an equal volume, e.g., 100 ml (Au 1, Pt
0.3, Pd 0.5 and Ir 0.02 mg ml™!). Their acidity
was adjusted to 1-2 M HCI for Au, Pt and Pd
and to pH 2-3 for Ir, shaking the mixtures on a
vibrator. The concentrations of the above ions in
the solution were measured by ICP-AES until
equilibrium was reached. Thus, a statistically sat-
urated adsorption capacity of the resin could be
calculated to be 978 mg g~! for Au, 288 mg g~!
for Pt, 455 mg g~ ! for Pd and 10 mg g~ ! for Ir.
When Au, Pt and Pd (0.040 ug ml™!) and Ir
(0.020 wg ml ') ions in solutions containing other
cations at the concentrations given in Table 1
were enriched repeatedly ten times with PVTPA
resin according to the analytical procedure, the
recoveries of these ions still were > 92%.

Precision and accuracy

Applying the above-selected conditions, trace
Au, Pt and Pd (0.040 g ml~') and Ir (0.020 ug
ml~!) ions added to each of seven portions of
solutions of other ions as described in Table 1
were enriched simultaneously with PVTPA resin
and were desorbed and determined. Their recov-
eries were > 97% and the relative standard devi-
ations (R.S.D) were 2.5% for Au, 3.4% for Pt,

Element Sample 1 2 Sample 2 ©
Found + S.D. Given R.S.D. Found + S.D. Given R.S.D.
(ngml~1) (ngml~Y) (%) (ngg™1) (ngg™ Y (%)
Au - - - 869+ 1.6 86.7 1.9
Ir 24.1+ 0.3 24.4 1.3 - - ~

4 Solution sample from a non-ferrous smelter was measured five times by ICP-AES in combination with a column procedure.
b Mineral sample from a smelter was measured five times by Z-AAS in combination with a column procedure.
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Fig. 3. Recovery of Au, Pt and Pd desorbed by thiourea and Ir
eluted with HCI from a PVTPA column. Symbols as in Fig. 1.

2.8% for Pd and 4.2% for Ir, as measured by
ICP-AES. The analytical results for a real sample
solution and a mineral sample from a non-ferrous
smelter based on a column procedure, given in
Table 2, showed that the concentrations of Au
and Ir in the real samples measured by the pro-
posed procedure agreed closely with the data
given by the smelter operator.

DISCUSSION

Figure 4 shows the IR spectra of PVTPA resin
alone and saturated with Au, Pt and Pd ions.
According to other workers [30,31], the peaks in
Figure 4 (1) can be analysed as follows: 3383
cem ™!, »(N=-H); 2924 cm ™!, »(C-H); 2590 cm ™!,
»(S-H); 1629 cm™', 8(NH,) and »(C=C); 1429
cm” !, 8(C-H); 1372 cm™', »(C-N) of CSNH,;
1295 cm !, »(C-N) and &(NH); 1224 cm™',
(C=S); 1038 cm~!, ¥(C-N); 772 cm ™!, 8(N-H)
and v(C-Cl) (remaining 1% of Cl). On compar-
ing traces 2, 3 and 4 with 1 in Fig. 4, it can be
seen that the peak at 1224 cm™! of »(C=S) was
displaced 15-17 cm™! towards lower wavenum-
bers after Au, Pt and Pd ions had been adsorbed
by PVTPA resin. This was because of coordina-
tion of the lone-pair electron of the sulphur in
C=S with the vacant orbital of Au, Pt or Pd ion
[32]. However, the peak at 3383 cm ™! of »(N-H)
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was displaced 20-29 cm™! towards higher fre-
quency, which was due to the coordination of the
lone-pair electron of the nitrogen in N-H with
each ion [30]. The appearance of the peak at 876
cm ™! of ¥»(C=S) [32] resulted from the coordina-
tion of sulphur with Pt and Pd, transforming the
imine-thiol (HN=CSH) form to the thioketo form
(H,NC=S) [33). The new peak near 320 cm™'
also resulted from the combination of Au, Pt and
Pd with sulphur, nitrogen and chlorine [34,35].
Accordingly, the chelate structure formed from
PVTPA resin with Au, Pt or Pd (M) ions may be

written as
n+

NH,
s=c__
M CH,
N—CH,
/
R

Figures 5 and 6 show parts of the electron
spectra of PVTPA resin saturated with Au, Pt

TRANSMITTANCE (relative) (%)

L

WAVENUMBER (cm”

Fig. 4. IR spectra: (1) chelating resin; (2) with adsorbed Au;
(3) with adsorbed Pt; (4) with adsorbed Pd.
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Fig. 5. Parts of ESCA scanning pattern of (a) S and (b) N: (1)
chelating resin; (2) with adsorbed Au; (3) with adsorbed Pt;
(4) with adsorbed Pd.

3ds/2
3dy/2

(3>

345 343 341 339 337 334

4172
4fs)2
7

~ !
A} (2)
~
~.
P S

80 7'8 76 74 72 70

f
T Af7/2

¢y

92 88 84 80 78
Eb (eV)

Fig. 6. Parts of ESCA scanning pattern of PVTPA resin after
adsorbing (1) Au, (2) Pt and (3) Pd.

Z. Suet al. / Anal. Chim. Acta 268 (1992) 323-329

and Pd and the chemical displacement values
(changed values of inner electronic binding en-
ergy, E,) are given in Table 3. The results can be
discussed as follows.

After Au, Pt and Pd ions had been adsorbed
by the PVTPA resin, the E, values of the S(2p)
orbit of the sulphur atom were increased by 1.6—
3.4 eV, the M-S bond formation weakening the
shielding effect of the S(2p) orbit, resulting in a
decrease in the electronic cloud density around
the sulphur nucleus. Moreover, the E, values of
the N(1Is) orbit of the nitrogen atom were in-
creased by 1.6-2.3 eV as a result of the coordina-
tion of the nitrogen atom in N-H with Au, Pt
and Pd ions.

The two sharp peaks that correspond with the
4f5 , and 4f, , energy states after Au ion adsorp-
tion on the PVTPA resin arise from partial re-
duction of Au(IIl) to Au(0) [36,37] by the thiol
form of the resin.

After P(IV) ion had been adsorbed by the
PVTPA resin, the E, value (73.4 eV) of one of
the two overlapping peaks that corresponds to
the 4f, , state was in good agreement with the
E, value (72.0-74.0 eV) of the Pt(II) complex
given in [38). The result revealed also that the
thiol function reduced some Pt(IV) to Pt(II) prior
to chelate formation [39]. Similarly, two peaks
were separated by 4.9 eV (correlated with 3d, ,
and 3d;,, energy states) after Pd(II) adsorption

" and chelation [39].

On the basis of the above discussion, the struc-
ture of the chelates of Pt(II) and Pd(II) with
PVTPA resin can be expressed as follows (where
M = Pt or Pd):

Cl S=—C_NH,
\M(n)/ >CH2
a1~ R—NH—CH,

The mechanism of chelation of Au(III) and Pt(IV)
with PVTPA resin requires further study because
of the complicated structures.

Conclusion

A macroporous PVTPA chelating resin was
synthesized in a simple manner and shows good
chemical and mechanical stability. Separation of
Au, Pt, Pd and Ir ions from other ions can be
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TABLE 3

Inner electronic binding energy (E,) of the elements in
PVTPA resin before and after adsorbing Au, Pt and Pd

Atom E(eV)
(electronic  pyTPA~ PVTPA PVTPA  PVTPA
orbit) —Au Pt —Pd
C(1sorbit) 2846 284.6 284.6 284.6
N(1sorbit)  397.9 399.5 399.7 400.2
S porbit) 1618 163.4 165.2 163.8
Metal ion - 84.2 73.4 3379
(bonding

orbital) - 87.9 76.7 343.0

achieved by applying a reliable column proce-
dure. The proposed procedure reveals consider-
able advantages in convenient operation, low in-
terferences, large adsorption capacity, high selec-
tivity and good precision and accuracy for Au, Pt,
Pd and Ir. Pt(II) and Pd(II) chelate via the sul-
phur and nitrogen atoms of the thioketo form of
the PVTPA functional groups.

The authors express appreciation to Miss Min
Sun and Mr. Xi-bai Zhao for their help with the
experimental work.

REFERENCES

1 W.M. Macnevin and E.S. Mckay, Anal. Chem., 29 (1957)
1220.

2 E. Blasius and D. Rexin, Fresenius’ Z. Anal. Chem., 179
(1961) 105.

3 J.G. Sen Gupta and F.E. Beamish, Am. Mineral., 18
(1963) 379.

4 L.N. Moskvin and B.K. Preobrazhenskii, Radiokhimiya, 6
(1964) 237.

5 J. Korkisch and H. Klakl, Talanta, 15 (1968) 339.

6 K. Brajter, K. Kileyny and Z. Vorbrodt, Talanta, 27 (1980)
433,

7 C. Pohlanadt and T.W. Steele, Talanta, 19 (1972) 839.

8 T. Braun and A.B. Farag, Anal. Chim. Acta, 65 (1973) 115.

9 G.A. Kanert and A. Chow, Anal. Chim. Acta, 69 (1974)
355.

10 K. Brajter and K. Slonawska, Talanta, 30 (1983) 471.

11 G.-M. Bao and W.-T. Gan, Fenxi Huaxue, 6 (1978) 428.

12 X.-E. Yu and S.-F. Li, Fenxi Huaxue, 9 (1981) 432.

13
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

329

L.-Y. Li and X.-W. Xu, Huaxue Shiji, 5 (1983) 205.

L.-Y. Li, X.-W. Xu and Y.-M. Sun, Huaxue Shiji, 5 (1983)
367.

1. Markova, Fresenius’ Z. Anal. Chem., 332 (1988) 11.

G. Koster and G. Schmuckler, Anal. Chim. Acta, 38 (1967)
179.

G.V. Myasoedova, 1.I. Antokol, L.I. Bolshakova, F.I.
Danilova, I.A. Fedotova, E.B. Varshl, E.E. Rakovskii and
S.B. Sawvin, Zh. Anal. Khim., 37 (1982) 1837.

G.V. Myasoedova, 1.I. Antokolskaya and S.B. Sawvin, Ta-
lanta, 32 (1985) 1105.

S. Siddhanta and H.R. Das, Talanta, 32 (1985) 457.

X. Lin, W.-Z. Chen, G.-J. Hao, Y.-Z. Yang and B.-L. He,
lon Exchange Adsorption, 2 (1986) 1.

S.-T. Wang, W.-Z. Chen and B.-L. He, Chem. J. Chin.
Univ., 8 (1987) 81.

L.-Y. Li, Y.-Q. Zhou, Z. Yin and S.-T. Wang, Fenxi
Huaxue, 15 (1987) 297.

N.M. Kuz’'min and V.Z. Krasil’shchick, Zh. Anal. Khim.,
43 (1988) 1349.

X.-J. Chang, Z.-X. Su, G.-Y. Zhan and X.-Y. Luo, Acta
Chim. Sin., 48 (1990) 157.

X.-J. Chang, Y.-F. Li, X.-Y. Luo, G.-Y. Zhan and Z.-X.
Su, Anal. Chim. Acta, 245 (1991) 13.

X.-J. Chang, X.-Y. Luo and Z.-X. Su, Chem. J. Chin.
Univ., 9 (1988) 574.

Z.-X. Su, D.-R. Cao and Z.-C. Zhang, Ion Exchange
Adsorption, 4 (1988) 454.

Z.-X. Su, X.-J. Chang, G.-Y. Zhang and X.-Y. Luo, Mi-
crochem. J., 44 (1991) 78.

B.-L. He and Z.-Q. Shi, Ion Exchange Adsorption, 3
(1987) 44.

Q.-N. Dong, IR Spectral Methods, Publishing House of
Chemical Industry, Beijing, 1979, pp. 104-196.

M. Hironori and E. Hiroaki, Anal. Chim. Acta, 162 (1984)
339,

H.G.R. Burns, Inorg. Chem., 7 (1968) 278.

S.K. Sengupta, S.K. Sahni and R.N. Kapoor, Acta Chim.
Acad. Sci. Hung., 104 (1980) 89.

J.R. Allkins and P.J. Hendra, J. Chem. Soc. A, 8 (1967)
1325.

K. Nakmoto, IR and Raman Spectroscopy of Inorganic
and Coordination Compounds, translated by D.-R. Huang
and R.-Q. Wang, Publishing House of Chemical Industry,
Beijing, 1986, pp. 350-361.

G. Johansson, J. Hedman, A. Berndtsson, M. Klasson and
R. Nidlsson, J. Electron Spectrosc., 2 (1973) 295.

J.C. Fuggle, E. Kallne, L.M. Watson and D.J. Fabian,
Phys. Rev. B, 16 (1977) 750.

J. Escard, B. Pontvianne and J.P. Contour, J. Electron
Spectrosc., 6 (1975) 17.

V.I. Nefedov, I.A. Zakharova, 1.I. Mioseev, M.A. Po-
raikoshits, M.N. Vorgaftik and A.P. Belov, Zh. Neorg.
Khim., 18 (1973) 3264.



Analytica Chimica Acta, 268 (1992) 331-345
Elsevier Science Publishers B.V., Amsterdam

Effects of pH, temperature and reaction products
on the performance of an immobilized

for creatinine determination

Henning Sakslund and Ole Hammerich

Department of Chemistry, The H.C. Qrsted Institute, University of Copenhagen, Universitetsparken 5,
DK-2100 Copenhagen ) (Denmark)

(Received 18th March 1992)

Abstract

The effects of pH, temperature (¢) and reaction products on the performance of enzyme reactors containing
immobilized creatininase (CA), creatinase (CI) and sarcosine oxidase (SO) for the determination of creatinine were
studied by flow-injection analysis with amperometric detection of the resulting hydrogen peroxide. The optimum
performance of the coupled enzyme system was found at pH 7.7 and 25°C. Some of the CI and SO activity was lost
irreversibly at ¢ > 30°C. In contrast, the activity of CA increased reversibly with ¢ up to at least 40°C. The effects of
the reaction products on the enzyme activities were examined. Glycine caused the CA activity to increase and the SO
activity to decrease, whereas the CI activity was unaffected by this compound. Sarcosine caused a decrease in the CI
activity. The activities of all three enzymes were insensitive towards the presence of formaldehyde and urea and so
was the activity of SO in the presence of creatine and hydrogen peroxide. The fraction, «, of the injected creatinine
(or creatine) equilibrated by the CA reactor is introduced as a quantitative measure of the CA activity, and was
between 10 and 72% depending on the enzyme loading. The unused immobilized enzymes were found to maintain
their activity for at least 6 months. When in heavy daily use, CA and SO lost ca. 25% of the activity over a period of
20-30 days, whereas the activity of CI was found to be essentially unchanged.

Keywords: Enzymatic methods; Flow injection; Creatinine

331

creatininase—creatinase—sarcosine oxidase enzyme system

Creatinine is the final product of creatine
metabolism in mammals {1,2]. The daily creati-
nine production rate, which amounts to ca. 2% of
the whole body creatine, is only slightly affected
by factors such as sepsis, trauma, fever, the state
of hydration or dietary changes, and for this
reason the creatinine clearance has become of
clinical importance as a valuable index of the
renal glomerular filtration rate [1,2]. The refer-
ence ranges for serum/plasma creatinine and

Correspondence to: O. Hammerich, Department of Chemistry,
H.C. Orsted Institute, University of Copenhagen, Univer-
sitetsparken 5, DK-2100 Copenhagen @ (Denmark).

urine creatinine are 35-140 uM and 71-265 pmol
d~' kg~!, respectively [3,4], but during kidney
dysfunction or muscle disorder the creatinine
concentration in serum/plasma may rise to val-
ues higher than 1000 uM [5].

The creatinine concentration is still often de-
termined by the Jaffe reaction [6,7], in which
creatinine by virtue of the active methylene group
reacts with alkaline sodium picrate to give a
red—yellow complex. However, the Jaffe reaction
possesses a number of analytical shortcomings
resulting in inaccurate determination of creati-
nine, a major problem being that alkaline picrate
is not specific towards creatinine but reacts with a

0003-2670 /92 /$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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variety of other substrates having active methy-
lene groups [1,8]. In addition, the interference
from numerous compounds present or potentially
present in serum/plasma and urine has been
reported [1,9]. This has stimulated attempts to
convert creatinine enzymatically to products that
may be detected either spectrophotometrically or
electrochemically [1,10,11].

One promising strategy involves the applica-
tion of the three-enzyme system creatininase
(CA)—creatinase (CI)-sarcosine oxidase (SO) by
which creatinine is converted into hydrogen per-
oxide as shown in Fig. 1.

The serum/plasma concentration of creatine,
the product of the first enzymatic conversion, is
usually in the range 26-100 M [4], but may, as
creatinine, rise to more than 1000 uM under
pathological conditions [5]. For this reason it is
necessary either to remove creatine before the
measurements are made or simultaneously to de-
termine the creatine concentration in the sample.
The detection of the resulting hydrogen peroxide
is typically carried out by linking the enzyme
system to a mixture of 4-aminophenazone and
2,4,6-tribromo-3-hydroxybenzoic acid, which in

the presence of a fourth enzyme, peroxidase,
results in the formation of a benzoquinone imine
dye that may be detected spectrophotometrically
[12-17]. Although a detection system based on
these principles is commercially available (Boeh-
ringer), it appears to be too expensive and im-
practical for routine use because of the many
reagents and the long time required [1]. A useful
alternative may be a detection system in which
the enzymes are immobilized and incorporated in
a flow system.

There are only a few reports concerning the
detection of creatinine by an immobilized CA-
CI-SO enzyme system [18-21]. Successful at-
tempts have been made to use the CA-CI-SO
system in membrane electrodes with amperomet-
ric detection of either oxygen [18] or hydrogen
peroxide [19,20]. In a different approach, the
enzyme system was immobilized on controlled-
pore glass (CPG) for the application in a flow-in-
jection analysis (FIA) system [21]. The hydrogen
peroxide concentration was determined by chemi-
luminescence resulting from the reaction with an
alkaline reagent containing luminol and hexa-
cyanoferrate(III). The creatinine detection limit

> i s

HN=Ce=NHy, Creatinine amidohydrolase,
C=0 + H20
CH3—N—CH; %reatinlnase) EC35.2.10
Creatinine
Ha

Creatine amidinohydrolase

HoN— C = N —CH,= COOH

Creatine

|
HoN— C—N=CH,= COOH + Hy0

Creatine

Sarcosine Oxidase

(Creatinase) EC 3.5.3.3

]
»  HN—C=NH, + CHz=NH= CH=—COOH

Urea Sarcosine

CH3—NH—CH2—-COOH + 0, + HO

Sarcosine

EC 1.5.3.1

) HCHO + HyN— CH2—COOH + H202

Formaldehyde Glycine

Fig. 1. Reaction scheme for the enzymatic determination of creatinine and creatine.
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was reported to be 300 wM, which is above the
clinical reference range (see above).

In order to develop further an immobilized
CA-CI-SO system with amperometric detection
of hydrogen peroxide, a study was initiated aimed
at the evaluation of the effects of different pa-
rameters such as pH, temperature and reaction
products on the performance of the enzyme sys-
tem. This part of the experimental work was done
using FIA with three successive reactors contain-
ing the enzymes separately. With this set-up it
was possible to collect data for the single en-
zymes and to investigate the response of the
overall enzyme system. Another FIA system ca-
pable of monitoring creatinine in the clinical use-
ful concentration range was made by coimmobi-
lization of the enzymes. This may be a useful
alternative to the FIA systems using the tradi-
tional Jaffe reaction [22-24] or the four-enzyme
method based on the conversion of creatinine to
creatine phosphate with the consumption of re-
duced nicotinamide adenine dinucleotide, the de-
crease of which may be monitored spectrophoto-
metrically [25].

EXPERIMENTAL

Enzymes and chemicals

The following enzymes and reagents were pur-
chased from Sigma and were used as received:
creatinine amidohydrolase (creatininase, E.C.
3.5.2.10, Cat. No. C-7399, lot 20H0349, from
Flavobacterium sp.), creatine amidinohydrolase
(creatinase, E.C. 3.5.3.3, Cat. No. C-7024, lot
64F06401, from Flavobacterium sp.), sarcosine
oxidase (E.C. 1.5.3.1, Cat. No. S-7759, lot
89F1059, from Corynebacterium sp.), creatinine
(C-4255), creatine (C-0780), sarcosine (S-9881),
urea (U-5128), formalin (F-1635) (37% aqueous
solution containing 10-15% methanol as a stabi-
lizing reagent), glycine (G-7126), FAD (F-6625)
and sodium phosphate (S-0876). Hydrogen perox-
ide was obtained from Merck (Perhydrol) as a
30% aqueous solution the actual concentration of
which was determined regularly by titration with
potassium permanganate solution. The concen-
tration of the latter was determined by titration

with sodium oxalate. All other chemicals were of
analytical reagent grade. Redistilled water was
used throughout.

Solutions of creatinine or creatine equilibrate
slowly on standing. Therefore, fresh standard so-
lutions of creatinine and creatine were prepared
every second day.

Immobilization of enzymes

The enzymes were immobilized on controlleg-
pore glass, CPG-10 (average pore size 700 A,
particle size 75-125 pum; Serva, Cat. No. 44771)
by modification of a method described by Weetall
[26]. The glass was cleaned by covering the parti-
cles with concentrated nitric acid for 2 h, then
washed thoroughly with water on a G3 glass filter
and finally dried at 95°C for 45 min and at 200°C
for 6 h. The cleaned glass (1 g) was silanized by
adding 50 ml of 10% (v/v) 3-aminopro-
pyltriethoxysilane in toluene followed by heating
at 100°C for 50 min. After washing on a G3 glass
filter with 100 ml of toluene and 250 ml of 99.5%
ethanol, the silanized glass was air dried at room
temperature for 15 min and then dried at 120°C
overnight. A small amount of the glass was treated
with 3 drops of 3% 2,4,6-trinitrobenzene-
sulphonic acid in 1 ml of borax buffer, which gave
rise to an orange colour indicating successful
silanization. The silanized glass (1 g) was acti-
vated by adding 10 g of 2.5% (v/v) glutaralde-
hyde—0.1 M phosphate buffer (pH 7.0). The reac-
tion was allowed to take place for 105 min, the
first 35 min under reduced pressure in order to
remove air from the glass pores. The pink glass so
obtained was washed with 500 ml of water on a
G3 glass filter. The enzymes to be immobilized
were dissolved in 3.0 ml of 0.1 M phosphate
buffer (pH 7.0) and added to the activated glass.
The ratio of the weight of enzyme to weight of
activated glass was 1:10, except for the CA reac-
tor (see below). The mixture was allowed to react
under reduced pressure for 60 min at room tem-
perature and then stored overnight in a refrigera-
tor. During this process the colour changed to
pale violet. Amounts of 200 U (0.7143 mg) of CA,
200 U (23.81 mg) of CI and 100 U (22.73 mg) of
SO were used during the experiment in which the
enzymes were immobilized separately. For the
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CA reactor, a ratio of weight of enzyme to weight
of activated glass of 1:10 would result in only 7
mg of activated glass. This was found to be an
uncomfortably small amount and instead 200 mg
were used. The immobilization yields were 52%,
52% and 72%, respectively, as estimated from the
absorbances at 280 nm of the enzyme solutions
before and after immobilization. For the trien-
zyme reactor 300 U (1.0714 mg) of CA, 300 U
(23.81 mg) of CI, and 100 U (22.73 mg) of SO
were coimmobilized, and for the CI-SO bien-
zyme reactor the same amounts of CI and SO as
for the trienzyme reactor were used. The total
immobilization yields were 88% and 78%, respec-
tively. Glutaraldehyde of grade 2 was used when
the enzymes were immobilized separately and
glutaraldehyde of grade 1 was used during the
coimmobilization.

The immobilized enzymes were packed in sep-
arate pumping tubes (1.42 mm id., 100 wl vol-
ume). When not in use, the enzyme preparations
were stored in phosphate buffer (pH 7.7) at 4°C.

Flow-injection system
The flow-injection manifold shown in Fig. 2A
was used during the work with the separately

immobilized enzymes and that in Fig. 2B for work
with the coimmobilized enzyme systems. In both
instances the manifold included a peristaltic pump
(Ismatec, Type MS-REGLO), a six-port injection
valve (Omnifit, Cat. No. 1106) with a 50 ul injec-
tion loop, two-shift valves (Omnifit, Cat. No. 1109)
and a laboratory-made electrochemical cell con-
nected to a potentiostat (Tacussel, Type PRG-
DEL) equipped with a potentiometric recorder
(Radiometer, REC 62 Servograph). The electro-
chemical cell was of the wall-jet type constructed
after a design used by Moges and Johansson [27].
The working electrode was made from platinum
and had a surface area of 0.79 mm?. The auxiliary
electrode was a platinum wire and a saturated
calomel electrode (SCE) (Radiometer K401)
served as the reference electrode. The working
potential was +650 mV vs. SCE. The distance
between the working electrode and the inlet
channel was 0.5 mm. The components of the
manifolds were connected by Microline tubing
(0.51 mm i.d.) (Cole-Parmer) and the distances
between the injection port and the first enzyme
reactor and between the enzyme reactors were
kept as short as possible in order to minimize
sample dispersion. For the single-enzyme reac-
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Fig. 2. FIA manifolds used during the work with (A) separately immobilized enzymes and (B) coimmobilized enzymes. T, shift
valve; D, electrochemical wall-jet detector; P, three-electrode potentiostat; R, recorder; E1-ES5, enzyme reactors containing
immobilized CA (E1), CI (E2), SO (E3), coimmobilized CA, CI and SO (E4) and coimmobilized CI and SO (ES).
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tors the dispersion coefficients [28] in the pres-
ence of three, two, one and no reactors in the
flow stream were 7.0, 5.3, 3.6 and 1.8, respec-
tively. For the bienzyme and trienzyme reactors
the dispersion coefficients were 3.6 and 3.7, re-
spectively. The carrier stream was a 0.1 M sodium
phosphate buffer (pH 7.7). Deaeration was car-
ried out by subjecting the buffer solution to aspi-
rator vacuum. The samples to be injected were
diluted to the desired concentration with this
carrier in all instances. All measurements were
made at room temperature if not stated other-
wise.

When temperatures different from room tem-
perature were needed, a mixing coil (1 m) was
inserted in front of the enzyme reactors and the
mixing coil and the reactors were then placed in a
thermostated water-bath. The mixing coil en-
sured that the temperature of the carrier had
acquired the temperature of the water-bath when
reaching the enzymes. Another mixing coil (1 m)
was inserted behind the reactors and placed in a
separate water-bath held at room temperature to
ensure that the temperature of the carrier was
always the same when reaching the detector.

Detector current

The rate of the electrochemical oxidation of
hydrogen peroxide, and hence the detector cur-
rent, depend on the cell voltage, pH and temper-
ature and may also be affected by the composi-
tion of the solution flowing through the cell.
Except for the cell voltage, which was kept con-
stant during the experiments, the pH, tempera-
ture and solution composition varied, and this
had to be taken into account when the effects of
these parameters on the performance of the en-
zyme reactors were examined.

In the experiments in which the temperature
of the enzyme reactors was varied, the problem
was easily solved by maintaining the detector at
constant temperature (see above). In all other
instances the effect of the reaction conditions on
the efficiency of the hydrogen peroxide oxidation
was monitored in separate experiments with stan-
dard solutions of hydrogen peroxide added to the
substrate solutions. In these experiments the so-
lutions bypassed the enzyme reactors. The hydro-

gen peroxide signal was found to be affected only
by pH and the presence of formaldehyde. In
those two instances the detector current observed
for the substrate in question was normalized by
the peak currents observed for the hydrogen per-
oxide solutions.

As discussed in detail later, the reactors were
not operated under equilibrium conditions (CA)
or with complete substrate conversion (CI and
SO) and the detector current therefore depended
also on the conversion efficiencies for the single
enzymes. These were monitored throughout the
experiments under steady-state conditions by in-
jecting equivalent amounts of the corresponding
substrates and, in separate experiments, hydro-
gen peroxide bypassing the enzyme reactors. The
volume of the injection loop during these mea-
surements was 2 ml in all instances. The results
are given in the captions to the figures.

RESULTS AND DISCUSSION

Introductory studies

Initially the specificity of the immobilized en-
zymes towards non-complementary substrates was
investigated. The experiments showed that the
reaction products urea, formaldehyde, glycine and
hydrogen peroxide did not act as substrates for
any of the enzymes and that the conversion of
creatinine, creatine and sarcosine were catalysed
only by the enzymes expected from the reaction
scheme in Fig. 1. In addition, it was found that
hydrogen peroxide was the only species in the
reaction scheme that was electroactive at the
applied working potential (+ 650 mV vs. SCE).

The effect of pH on the enzyme activity was
studied in the range 6.8-8.8. Each time the pH of
the carrier solution was changed the enzyme re-
actors were exposed to the new conditions for 30
min before any measurements were made. The
results are summarized in Fig. 3.

It is seen that the activity of SO varies only
slightly with pH in the range 7.6-8.2 with a
maximum located at pH 7.8. This is similar to
results reported for the same enzyme in solution,
both SO isolated from Corynebacterium sp. [29]
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and from other bacterial sources [30-32]. The
two-reactor CI-SO enzyme system had its maxi-
mum rate at pH 8.0 and for the three-reactor
CA-CI-SO system at pH 7.7, located in a pH
range, 7.6-8.1, in which the activity hardly
changed. We are not aware of solution studies of
CA and CI isolated from Flavobacterium sp., but
our results agree well with those reported for CA
[33-36] and CI [37-39] of different origins. For
both enzymes an activity maximum close to pH
8.0 and a pH range of 7.5-8.5 with nearly un-
changed enzyme activity were found. It is con-
cluded that the immobilization had only a minor
effect, if any, on the pH-activity profiles for the
enzymes involved in this study.

Previously, Petersson et al. [21] reported an
activity maximum at pH 8.5 for a CA-CI-SO
system in which the enzymes were immobilized
individually, but contained in the same reactor.
The enzyme activity was found to be notably
reduced at both sides of the maximum with rela-
tive activities close to 60% and pH 8.2 and 8.8,
respectively. The reason for this behaviour was
not discussed.

All further experiments were done at pH 7.7.

Relative Activity / %
3

6.8 7.2 76 8.0 8.4 8.8
pH

Fig. 3. Effect of pH on the relative enzymatic activity of (+)
SO, (O) CI-SO and (m) CA-CI-SO. For SO: 100 uM
sarcosine injected; detector current calibrated with 10 and 20
uM hydrogen peroxide; flow-rate, 1.0 ml min~'. For CI-SO:
1 mM creatine injected; detector current calibrated with 10
and 15 uM hydrogen peroxide; flow-rate, 0.66 ml min~!. For
CA-CI-SO: 1 mM creatinine injected; detector current cali-
brated with 15 uM hydrogen peroxide; flow-rate, 0.40 ml

min %

TABLE 1

Creatinine calibration data for a three-reactor CA-CI-SO
enzyme system with a lightly loaded CA reactor °

Creatinine Creatine Detector current (nA)
(uM) (uM)
0 0 0

25 0 0.24 Slope 0.00892
50 0 0.45 Intercept 0.0080
75 0 0.69 r 0.9996

100 0 0.89

150 0 1.32

200 0 1.71

300 0 242

400 0 3.26

0 5 0.69

25 5 0.91 Slope 0.00816
50 5 1.11 Intercept 0.698
75 5 1.31 r 0.9998

100 5 1.51

150 5 1.91

200 5 2.34

300 5 3.16

400 5 4.04

# The steady-state conversion efficiencies were 9% (CA), 49%
(CI) and 70% (SOY); flow-rate, 0.40 ml min~'.

Interconversion of creatinine and creatine catal-
ysed by CA

Two typical sets of calibration data for the
three-reactor system are given in Tables 1 and 2.
The creatinine calibration graph (Table 1) is al-
most linear up to 400 uM, both for injection of
creatinine alone and for creatinine coinjected with
5 uM creatine.

The data in Table 1, which refer to a lightly
loaded CA reactor, show that the detector cur-
rent observed for injection of a 25 uM creatinine
solution was 0.24 nA, corresponding to 0.0096 nA
| umol™!, whereas that for a S uM creatine
solution was 0.69 nA, corresponding to 0.138 nA |
wmol !, For a more heavily loaded CA reactor
(Table 2) the sensitivities were 0.0205 nA |
pmol ! (creatinine) and 0.0455 nA | pmol !
(creatine). Hence it appears that the sensitivity is
much smaller for creatinine than for creatine,
indicating, as discussed in more detail below, that
the CA reactors did not work under equilibrium
conditions in the two sets of experiments.
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TABLE 2

Creatine calibration data for a three-reactor CA-CI-SO en-
zyme system with a moderately loaded CA reactor #

Creatinine Creatine Detector current (nA)
(uM) (uM)
0 0 0
0 200 9.1 Slope 0.0435
0 400 18.5 Intercept 0.380
0 600 26.5 r 0.9995
0 800 34.8
0 1000 425
100 0 2.05
100 200 114 Slope 0.0433
100 400 20.7 Intercept 2.57
100 600 28.5 r 0.9993
100 800 36.8
100 1000 45.0

2 The steady-state conversion efficiencies were 49% (CA),
36% (CI) and 68% (SO); flow-rate, 0.40 ml min 1.

For a CA reactor operated under equilibrium
conditions the system is described by Eqns. 1 and
2 from which an expression, Eqn. 3, for the
detector current is easily derived:

K = [creatine].q/[creatinine]eq (1)

CL atinine T C eatine = [creatinine]eq + [creatine]cq
(2)

i = constant[ K/(1 + K)](Coeatinine + Cereatine )
(3)

In Eqns. 1-3, K is the equilibrium constant (ca.
1.3 at pH > 7 [34]) and [creatinine],, and [crea-
tine]., are the equilibrium concentrations of the
two substrates; C2. . inine 2nd C2...... are the con-
centrations of the creatinine and creatine solu-
tions injected (one of which may be zero corre-
sponding to a solution of only creatinine or crea-
tine), i is the detector current and the constant is
a sensitivity factor depending on experimental
parameters such as the conversion efficiencies of
the CI and SO reactors, the flow-rate, the disper-
sion coefficient and the flow pattern in the elec-
trochemical detector.

From Eqn. 3, it is seen that under equilibrium
conditions the same sensitivity is expected for
creatinine (C2,....=0), creatine (C2..iinine =0
or a mixture of both and that a plot of i vs.

C? e tinine + CO eaiine defines a straight line with a
slope of constant X K /(1 + K). Although the data
in Tables 1 and 2 were not originally recorded for
testing whether equilibrium prevails in the CA
reactor, the different sensitivitics observed are
sufficient, however, to allow for the conclusion
that the outlets of the CA reactors are not equi-
librium mixtures of creatinine and creatine under
the experimental conditions. In addition, it is
noticed that the ratio of the creatine to creatinine
sensitivity for the lightly loaded reactor, approxi-
mately 14, is much higher than the corresponding
ratio, 2.2, for the more heavily loaded reactor
indicating, as expected, that a much higher frac-
tion of the substrate was equilibrated by the more
heavily loaded reactor.

Further insight into this problem was gained
by introduction of a parameter, a, representing
the fraction of the injected substrate that has
been equilibrated by passing through the CA
reactor. Thus, @ = 0 corresponds to the no-reac-
tion case and a =1 to the situation in which the
reactor outlet is an equilibrium mixture. This
leads to Eqns. 4-6, which together with Eqn. 1
result in Eqn. 7 for the detector current.

CL atinine + Ceatine = [creatinine] + [creatine]
(4)
Cgreatinine - a(cc(:)reatinine - [Creatinine]€Q)
= [creatinine] (5)

Cgreatine - a(Cgreatine - [Creatine]GQ) = [creatine]

(6)
aK
i = constant|| —— Cgreatinine
1+K
1-a+K 0
+ (ﬁ' Ccreatinc (7)

In Eqgns. 4-6, [creatinine] and [creatine] repre-
sent the creatinine and creatine concentrations at
the outlet of the CA reactor, which in this case
are different from [creatinine],, and [creatine],,.

From Eqn. 7, it is seen that a plot of i vs.
CQ.tinine @t constant CJ... . defines a straight
line with a slope of constant X aK/(1 + K) and
an intercept of constant[(l1 — a + K)/(1 +
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K)ICY.ine- With K = 1.3 [34], the data given in

Table 1 for CO ., ine =5 wM resulted in @ = 0.10
and constant = 0.147 nA | uwmol ™!, showing that
only 10% of the substrate passing the CA reactor
was equilibrated. Analogously, a plot of i vs.
C0 eatine at constant CO_ . . = defines a straight
line with a slope of constant{(1 ~ a + K) /(1 + K)]
and an intercept of constant X aK/ (1 +
K)C2. stinine» Which for the data in Table 2 at
C2 stinine = 100 uM results in @ = 0.72 and con-
stant = 0.063 nA | umol™!. The corresponding
conversion efficiencies are easily obtained from «
as a K /(1 + K), resulting in the values 0.056 (« =
0.10) and 0.41 (a =0.72). These are both signifi-
cantly smaller than the steady-state values of 0.09
and 0.49, respectively (Tables 1 and 2). The lower
values observed for the single-injection experi-
ments are probably caused by the dispersion asso-
ciated with this mode of operation. However, a
more complete interpretation of these figures re-
quires a detailed analysis of the interplay be-
tween the enzyme activities and the mass trans-
port patterns in the reactors, which is beyond the
scope of this paper.

Even for the more heavily loaded reactor (Ta-
ble 2) the conversion is smaller than that ob-
served by Moges and Johansson [25], who re-
ported that a CA reactor similar to that used in
this study could be operated under equilibrium
conditions corresponding to a = 1. However, ex-
amination of the experimental details shows that
in addition to a lower flow-rate, these authors
used a reactor with a higher CA loading than we
did, which appears to be the major factor respon-
sible for the observed difference in behaviour.
However, as FIA was only used in this work
owing to its convenience in systematic studies of
the performance of enzyme reactors, further ef-
forts to attempt equilibrium conditions in the CA
reactor were not made.

Activities of single-enzyme reactors

In order to separate the effects of different
experimental factors, such as temperature or the
reaction products formed during the conversion
of creatinine to hydrogen peroxide, the activities
of the single-enzyme reactors were determined as
follows. For the effect of temperature, the activity

of the SO reactor was first investigated by injec-
tion of solutions of sarcosine (100 xM). With this
result at hand, the activity of the CI reactor could
be obtained from the results obtained by injection
of creatine solutions (100 ©M) into the coupled
CI-SO reactor system, which again provided for
the determination of the CA reactor activity from
results obtained by injection of creatinine solu-
tions (100 wM) into the three-reactor CA—CI-SO
system. When the effects of reaction product
were tested, solutions with different concentra-
tions of the compound in question were coin-
jected with either sarcosine, creatine or creati-
nine (100 uM in each instance). The highest
concentration was chosen expecting the worst
possible case, that is, a blood sample containing a
pathological level of the particular compound.
The dispersion coefficients were taken into ac-
count in the estimates of the maximum concen-
trations.

Effect of the temperature on CA, CI and SO

The dependence of the enzyme activity on the
temperature for the enzyme reactors in series and
for the single reactors is shown in Fig. 4. Both of
the coupled enzyme systems show the maximum
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Fig. 4. Effect of temperature on the relative enzymatic activity
of (A) the coupled enzyme systems (O) CI-SO and (®)
CA-CI-SO and (B) the single enzymes (+) SO, (O) CI and
(m) CA. 100 uM substrate injected; flow-rate, 0.40 ml min~!;
conversion efficiencies determined at the end of the experi-
ment, CA 32%, CI 17% and SO 15%.
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activity close to 25°C, with only a small tempera-
ture dependence in the range 21-27°C (Fig. 4A).
At temperatures higher than ca. 27°C the activity
was observed to decrease with increasing temper-
ature and was reduced to ca. 30% of the original
activity at 40°C.

Essentially the same temperature dependence
was observed for the activity of immobilized CI
(Fig. 4B). This parallels the behaviour of CI in
solution for which the maximum activity was
found [38] at a slightly higher temperature, 30°C,
followed by a significant decrease in activity in
passing from 30 to 40°C [38,40]. It should be
mentioned, however, that the solution data refer
to CI isolated from other bacteria than Flavobac-
terium sp. For SO we found that the activity was
essentially independent of the temperature in the
range 21-35°C with the maximum located be-
tween 26 and 30°C. This is slightly lower than the
maximum at 37°C reported for the soluble en-
zyme [29]. The decrease in activity at higher tem-
peratures followed also in this instance the be-
haviour of the enzyme in solution [29,31,32). Our
results for the immobilized enzymes show that
the loss of activity at higher temperatures is irre-
versible for both CI and SO.

In contrast to CI and SO, CA exhibited in-
creasing activity with increasing temperature, the
highest activity being found at the maximum tem-
perature used, 40°C. This behaviour parallels that
for solution CA (from bacterial species other
than Flavobacterium sp.), which has been re-
ported to be stable even at temperatures close to
60°C [34,35]. The changes in the CA activity with
temperature were found to be reversible.

Overall it appears that the temperature—activ-
ity relationship of the immobilized enzymes is
very similar to that observed for the enzymes in
solution.

Effect of glycine on CA, CI and SO

The overall activity of the three-reactor system
was increased significantly by the presence of
glycine, in particular at low concentrations, as
shown in Fig. SA. The reference range in plasma
is 100-600 pM [3], but it was observed that a
glycine concentration as small as 10 M caused a
measurable increase in activity.

110 -

i A0

Relative Activity / %

0 1000 2000 3000
uM Glycine

Fig. 5. Effect of glycine on the relative enzymatic activity of
(A) the coupled enzyme systems (O) CI-SO and (m) CA-
CI-SO and (B) the single enzymes (+) SO, (0) CI and (m)
CA. Coinjection of glycine and 100 xM substrate; flow-rate,
0.40 ml min " !; conversion efficiencies determined at the end
of the experiment, CA 55%, CI 30% and SO 12%.

The results in Fig. SB show that the overall
effect of increasing the glycine concentrations is
the result of an increasing activity of CA accom-
panied by a decreasing activity of SO. The activity
of CI was found to be essentially independent of
the presence of glycine. The observation that
conversion of sarcosine by SO is inhibited by the
presence of glycine may at first not seem surpris-
ing, as glycine is a product of this conversion (see
Fig. 1). However, the result of a solution study
[41] of SO, also from Corynebacterium sp., indi-
cated that glycine at concentrations up to 200
mM did not show any significant inhibitory effect
on the enzyme activity. We are not able to ex-
plain this difference. Moreover, the loss of activ-
ity we found was irreversible, which seems to
indicate that the effect of glycine under our ex-
perimental conditions cannot be explained solely
as the result of an increasing rate of the back
reaction for the SO-catalysed process. The in-
hibitory effect of glycine is not expected to cause
serious problems in the clinical use of the system,
as the normal levels of creatinine and creatine
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will result in glycine concentrations much below
1000 M.

The increased activity of CA in the presence of
glycine was found to be reversible.

Effect of formaldehyde (and methanol) on CA,
CI and SO

Commercial aqueous formalin solutions con-
tain up to 10-15% of methanol as a stabilizer.
For the solution used in this work the methanol
content was determined by gas chromatography
to be 10.5%. Therefore, in order to separate the
possible effects of formaldehyde and methanol,
measurements were made with both the formalin
solution and, in a separate experiment, methanol.

The results for the formalin solution are pre-
sented in Fig. 6 and it is seen that the overall
reduction observed for the activity of the coupled
enzyme systems (Fig. 6A) is related to both CA
and CI, whereas the SO activity was essentially
unaffected by the formalin solution (Fig. 6B).

Essentially the same results were obtained with
pure methanol (Fig. 7A and B), which is not a
substrate for any of the enzymes.

In both instances the loss in activity for CI was
reversible whereas that for CA was irreversible.

3 N

Relative Activity / %
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0 142 284 426 568 710 M Methanol

Fig. 6. Effect of a formalin solution stabilized by methanol on
the relative enzymatic activity of (A) the coupled enzyme
systems () CI-SO and (@) CA-CI-SO and (B) the single
enzymes (+) SO, () CI and (m) CA. Coinjection of forma-
lin and 100 uM substrate; detector current normalized by 25
and 50 pM hydrogen peroxide solutions; flow-rate, 0.40 ml
min~!; conversion efficiencies determined at the end of the
experiment, CA 52%, CI 30% and SO 43%.
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Fig. 7. Effect of methanol on the relative enzymatic activity of
(A) the coupled enzyme systems (00) CI-SO and (m) CA-
CI-SO and (B) the single enzymes (+) SO, (0O) CI and (®)
CA. Coinjection of methanol and 100 uM substrate; flow-rate,
0.40 ml min~'; conversion efficiencies determined at the end
of the experiment, CA 40%, CI 30% and SO 43%.

Overall the results suggest that the effect ob-
served for the formalin solution may be caused
solely by the presence of methanol in the forma-
lin solutions. Hence it appears that formaldehyde
in itself has only a small effect, if any, on the
activity of the enzymes.

The concentration of methanol in whole blood
is below 50 uM [4] and, accordingly, the in-
hibitory effect of this compound is expected to be
of only minor importance in practical applications
of the detection system.

Effect of urea on CA, CI and SO

The reference range for urea in serum/plasma
is 2.2-9.8 mM [3] and no effect on the enzyme
activities was observed at concentrations up to 12

mM. This is in agreement with results reported
for CI and SO in solution [42].

Effect of creatine on SO

Creatine up to 1.0 mM did not show any
measurable effect on SO, in agreement with solu-
tion studies [30,43] of the same enzyme, although
from a different bacterium.

Effect of sarcosine on CA and CI
As sarcosine is a reaction product from the CI
reactor, the possible effect of this compound has
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to be determined by difference measurements.
However, the detector current resulting from in-
jection of 100 uM creatinine solutions was usu-
ally much smaller than that related to the injec-
tion of sarcosine solutions, and for this reason the
effect of sarcosine on CA could not be investi-
gated. When sarcosine was coinjected with crea-
tine, reliable measurements could only be ob-
tained for sarcosine concentrations up to 200
puM. The results showed that the presence of
sarcosine caused a reversible decrease in the ac-
tivity of the CI reactor, in agreement with solu-
tion studies of CI (not from Flavobacterium sp.)
[37]. The effect of sarcosine is not expected to
cause problems in a clinical application of the
three-enzyme system as its plasma concentration
differs appreciably from zero only in rare in-
stances (e.g., hypersarcosinaemia) [44].

Effect of hydrogen peroxide on SO

For the same reasons as given above for sarco-
sine, the effect of hydrogen peroxide could only
be studied for the SO reactor and the results
demonstrated that hydrogen peroxide does not
affect the activity of SO. The concentration of
hydrogen peroxide in plasma is generally believed
to be close to zero, but recently an average plasma
concentration of 34 + 18 uM was reported [45].
As a consequence of this, the creatine values
determined by techniques based on the detection
of hydrogen peroxide may be slightly overesti-
mated. However, as creatinine in real samples
has to be determined by a difference measure-
ment, the effect of hydrogen peroxide cancels.

Coimmobilized enzyme reactors

The work presented so far demonstrates that
the effects of the reaction products inevitably
formed during the enzymatic conversion of creati-
nine to hydrogen peroxide are indeed small.
However, the separation of the three enzymes in
separate reactors, or membranes, is inconvenient
in practical work and for this reason a series of
additional experiments were carried out with re-
actors containing coimmobilized enzyme systems.

One way of applying the three-enzyme system
as a part of a FIA system would be to include a
separate CA reactor in series with a reactor con-

taining coimmobilized CI and SO. The total con-
centration of creatinine and creatine could then
be determined by passing the test solution through
both reactors and creatine alone by excluding the
CA reactor. The creatinine level would then re-
sult as the difference between these two measure-
ments. However, this strategy would not be appli-
cable to enzyme electrodes and for this reason it
was decided instead to use one reactor containing
coimmobilized CA, CI and SO for the determina-
tion of the total concentration of creatinine and
creatine and another reactor containing only
coimmobilized CI and SO for the determination
of the creatine concentration.

Common to both methods is that it must be
assumed that the interconversion of creatinine
and creatine is sufficiently slow that this process
does not effect the concentrations in the absence
of CA. This is indeed the case. The uncatalysed
equilibration in water has been reported to take
more than 1000 h [46] and even in urine the
hydrolysis of creatinine is sufficiently slow to be
without importance in practical work [47].

The two reactors were introduced into the FIA
system as shown in Fig. 2B.

Calibration for creatine and creatinine
The calibration graphs for creatinine and crea-
tine obtained by using the CA—-CI-SO and CI-SO
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Fig. 8. Creatinine calibration graph. Flow-rate, 0.35 m} min~};

conversion efficiencies, CA 21%, CI 51% and SO 70%. The
calibration graph may be approximated as i= —5.92x107°
(C8 eatinine)* +0.0456C2 o —0.232; r=0.9999. The inset

shows the linear range of the graph for which i=(0.0431+
0.0003)C2 . ptinine — (0.140 £ 0.064); n =9, r = 0.9999.
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Fig. 9. Creatine calibration graph. Flow-rate, 0.35 ml min~";
conversion efficiencies, CI 47% and SO 72%. The calibration
graph may be approximated as i = —6.80%x 1073 (C2 )2+

creatine

0.200C%, . ine +0.372; r =0.9999. The inset shows the linear
range of the graph, for which i=(0.195+0.002)CS aine +
(0.311+£0.155); n=>5, r = 0.9999.

enzyme reactors, respectively, are shown in Figs.
8 and 9. The creatinine calibration graph is linear
(r=0.9999) in the concentration range 25-700
uM and that for creatine is linear in the range
25-150 M (the linear ranges are shown in Figs.
8 and 9 as insets and the relationships between i
and CQ, .. valid within these ranges are given
in the captions). The linear ranges cover fully the
reference ranges of creatinine (35-140 uM) and
creatine (26-100 uM) in serum or plasma [3,4]
and for creatinine also most of the range for
abnormal levels. The detection limits are 9.0 uM
for creatinine and 2.8 uM for creatine, deter-
mined from the calibration graph as the sum of a
blank signal and 3.28 standard deviations of the
blank corresponding to the 95% confidence inter-
val.

It is of interest that the upper limit of the
linear range for creatinine is nearly five times
that for creatine, in spite of the fact that the
steady-state conversion efficiencies for CI and SO
are virtually identical for the two- and three-en-
zyme reactors. In addition, it is seen that the
calibration slope for creatinine, that is, the sensi-
tivity, is only one fifth of that for creatine. These
observations are probably connected with the
moderate steady-state conversion efficiency (21%)
for CA in the three-enzyme reactor. A conse-
quence of this is that the CI-SO system of the

three-enzyme reactor on injection of a creatinine
solution will experience a creatine concentration
that is only one fifth of that experienced by the
two-enzyme reactor on injection of the same vol-
ume of an equimolar creatine solution. Hence, it
appears that the narrower linear range observed
for creatine is the result of saturation of the
CI-SO system. This again means that the upper
limit of the linear range for creatinine may be
pushed to even higher concentrations than 700
1M by application of a three-enzyme reactor with
an even smaller steady-state conversion efficiency
than 21%. However, this improvement of the
linear response range will be paid for by a lower
sensitivity of the system.

Concentrations above the two upper limits may
still be determined with high precision by incor-
porating the non-linear part of the calibration
graphs. Equations that approximate the entire
curves are given in the captions of the figures.

Effect of flow-rate

The conversion efficiencies as determined by
the steady-state method varied qualitatively with
the flow-rate, as expected. The results are shown
in Fig. 10, from which it is seen that the conver-
sion efficiencies increase with decreasing flow-

w ®
R
~ 40
&
c
3 =
[+]
] \\‘\‘_‘
[T}
&
® =]
5 60
g
=4
8 «
20

(4] 0.2 0.4 0.6 0.8 1
ml / min

Fig. 10. Conversion efficiency of the single enzymes (+) SO,
(O) CI and (m) CA for (A) the CA-CI-SO reactor and (B)
the CI-SO reactor as function of flow-rate. 100 uM substrate
injected.
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Fig. 11. Standard additions of creatinine to 50 uM creatine
(m), for solution passing the CA-CI-SO reactor, i =(0.0212
+0.0003) C2,.inine +(7.68+0.08), n=11, r =0.9993, and (O)
for solution passing the CI-SO reactor. Flow-rate, 0.35 ml
min~!; conversion efficiencies for the CA-CI-SO reactor,
CA 16%, CI 52% and SO 63%, and for the CI-SO reactor,
CI 43% and SO 59%.

rate, but 100% conversion was not observed for
any of the enzymes, even at the lowest flow-rates
applied.

Standard addition graphs and standard devia-
tions

Graphs for standard addition of creatinine to
creatine and for creatine to creatinine are shown
in Figs. 11 and 12, respectively. For the two-en-

30

25

20

I/nA

0 50 100 150 200

Creatine / uM

Fig. 12. Standard additions of creatine to 100 uM creatinine
for (M) solution passing the CA-CI-SO reactor, i =(0.131+
0.002)C8 ine +(2.64£0.25), n=7, r=0.9992, and (O) for
solution passing the CI-SO reactor, i = (0.121+ 0.003)C2 ;e
+(0.559+0.317), n =17, r = 0.9985. Flow rate, 0.35 ml min~;
conversion efficiencies for the CA-CI-SO reactor, CA 16%,
CI 52% and SO 63%, and for the CI-SO reactor, CI 43% and

SO 59%.

zyme CI-SO reactor the graph for addition of
creatinine (Fig. 11, O) is completely flat, confirm-
ing that creatinine is not converted into creatine
to any significant extent in the absence of CA.

The two lines in Fig. 12 are almost parallel.
The difference in intercepts is 2.08 nA, corre-
sponding to a creatinine sensitivity of 0.0208 nA 1
wmol ~'. This compares favourably with the value
of 0.0212 nA 1 umol~! obtained as the slope of
the standard addition graph for creatinine (Fig.
11, m).

The standard deviation for 25 injections of 100
uM creatinine was 0.6% and that for 100 uM
creatine was 0.9%, with a sample throughput of
24h 1

Stability of immobilized enzymes

Unused CPG-immobilized enzymes were
stored in 0.1 M phosphate buffer (pH 7.7) at 4°C,
protected by Parafilm. After 6 months the activity
of each enzyme was essentially the same as for
the freshly made enzyme preparations.

When in use, the stabilities of the coimmobi-
lized enzymes were still found to be satisfactory.
The data given in Fig. 13 show that the activity of
CI was essentially unchanged after a period of 66
days, whereas the activities of CA and SO de-
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Fig. 13. Stability of the single enzymes (+) SO, (0O) CI and
(m) CA for (A) the CA-CI-SO reactor and (B) the CI-SO
reactor as measured by the conversion efficiency as a function
of time. 100 wM substrate injected; flow-rate, 0.40 ml min L.
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creased slowly during the first 20-30 days, after
which they remained essentially constant. The
enzyme reactors were used frequently for the first
2 weeks and thereafter only occasionally. The
reduced activity of CA and SO was attributed to
denaturation and/or irreversible chemical trans-
formation.

Effect of FAD on SO

Sarcosine oxidase differs from most other
flavoproteins by having two differently bound
flavin adenine dinucleotide (FAD) units [48], one
covalently and the other non-covalently bound
[29]. It has been suggested [49,50] that sarcosine
is oxidized at the site of the non-covalently bound
FAD, which then serves to transport the elec-
trons to the site of the covalently bound FAD
where oxygen is being reduced. Hence it might be
envisaged that the decrease in activity with time
of immobilized SO (Fig. 13) is related to the loss
of non-covalently bound FAD and if so that the
SO activity may be fully or partly regained by
exposing the reactor to FAD. In order to test this
hypothesis, a heavily used SO reactor, the conver-
sion efficiency of which had eventually dropped
to 14%, was allowed to stand for 24 h at 6°C in
the presence of a solution containing 60 mM
FAD. However, no effect could be detected as
the result of the treatment. Treatment for longer
times was not attempted. Even if an appreciable
improvement in the reactor conditions were to
have been observed, the regeneration times would
probably be too long to be of practical impor-
tance.

We express our gratitude to Professor Gillis
Johansson (University of Lund) for many helpful
discussions, for preprints of Refs. 25 and 27 and
for his kind hospitality during the stay of H.S. in
Lund. Parts of the instrumentation were gener-
ously provided by Radiometer A /S.

REFERENCES

1 K. Spencer, Ann. Clin. Biochem., 23 (1986) 1.
2 S. Narayanan and H.D. Appleton, Clin. Chem., 26 (1980)
1119,

3 H. Olesen, K. Kjeldsen and I. Ibsen, Klinisk-Kemisk Kom-
pendium, F.A.D.L.s Forlag, Copenhagen, 1979.

4 N.W. Tietz (Ed.), Textbook of Clinical Chemistry, Saun-
ders, Philadelphia, 1st edn., 1986, pp. 1810-1857.

5 S.F. Sena, D. Syed and R.B. McComb, Clin. Chem., 34
(1988) 594.

6 M. Jaffe, Z. Physiol. Chem., 10 (1886) 391.

7 R.L. Murray, in L.A. Kaplan and A.J. Pesce (Eds.), Clini-
cal Chemistry: Theory, Analysis and Correlation, Mosby,
St. Louis, MO, 1984, pp. 1247-1253.

8 N. Tryding and K.-A. Roos, Drug Interferences and Drug
Effects in Clinical Chemistry, Apoteksbolaget, Stockholm,
Sth edn., 1989.

9 1. Rogulski and A. Pacanis, Dev. Clin. Biochem. 2 (1980)
134,

10 H. Wisser and E. Knoll, Internist, 28 (1987) 123.

11 A.W. Wahlefeld and J. Siedel, in H.U. Bergmeyer (Ed.),
Methods of Enzymatic Analysis, VCH, Weinheim, 3rd
edn., 1985, pp. 488-507.

12 B.L. Bacon and H.L. Pardue, Clin. Chem., 37 (1991) 1338.

13 V.K. Nguyen, C.-M. Wolff, J.L. Seris and J.-P. Schwing,
Analysis, 18 (1990) 582.

14 B. Lindback and A. Bergman, Clin. Chem., 35 (1989) 835.

15 M.P Goren, S. Osborne and R.K. Wright, Clin. Chem., 32
(1986) 548.

16 W.G. Guder, G.E. Hoffmann, A. Hubbuch, W.A. Poppe,
J. Siedel and C.P. Price, J. Clin. Chem. Clin. Biochem., 24
(1986) 889.

17 P. Fossati, L. Prencipe and G. Berti, Clin. Chem., 29
(1983) 1494,

18 V.K. Nguyen, C.-M. Wolff, J.L. Seris and J.-P. Schwing,
Anal. Chem., 63 (1991) 611.

19 J. Motonaka, H. Takabayashi, S. Ikeda and N. Tanaka,
Anal. Lett., 23 (1990) 1981.

20 T. Tsuchida and K. Yoda, Clin. Chem., 29 (1983) 51.

21 B.A. Petersson, E.H. Hansen and J. RiZi¢ka, Anal. Lett.,
19 (1986) 649.

22 M.C. Gutierrez, A. Gomez-Hens and D. Perez-Bendito,
Fresenius’ Z. Anal. Chem., 335 (1989) 576.

23 B. Xia and S. Liu, Fenxi Huaxue, 16 (1988) 1116; Chem.
Abstr., 110 (1991) 208746v.

24 J.F. van Staden, Fresenius’ Z. Anal. Chem., 315 (1983)
141.

25 G. Moges and G. Johansson, Talanta, submitted for publi-
cation.

26 H.H. Weetall, Methods Enzymol. 44 (1976) 140.

27 G. Moges and G. Johansson, Anal. Chim. Acta, in press.

28 J. RuZicka and E.H. Hansen, Flow Injection Analysis,
Wiley, New York, 2nd edn., 1988, pp. 23-26.

29 M. Suzuki, J. Biochem., 89 (1981) 599.

30 Y. Inouye, M. Nishimura, Y. Matsuda, H. Hoshika, H.
Iwasaki, K. Hujimura, K. Asano and S. Nakamura, Chem.
Pharm. Bull,, 35 (1987) 4194.

31 S. Ogushi, K. Nagao, S. Emi, M. Ando and D. Tsuru,
Chem. Pharm. Bull., 36 (1988) 1445.

32 N. Mori, M. Sano, Y. Tani and H. Yamada, Agric. Biol.
Chem., 44 (1980) 1391.



H. Sakslund and O. Hammerich / Anal. Chim. Acta 268 (1992) 331-345 345

33 M. Suzuki, Jpn. Kokai, 7834983; Chem. Abstr., 89 (1978)
40883;j.

34 K. Rikitake, I. Oka, M. Ando, T. Yoshimoto and D.
Tsuru, J. Biochem., 86 (1979) 1109.

35 W.J. Donnelly and D.B. Johnson, Int. J. Biochem, 8 (1977)
11.

36 Y. Inouye, Y. Matsuda, T. Naid, S. Arai, Y. Hashimoto, K.
Asano, M. Ozaki and S. Nakamura, Chem. Pharm. Bull.,
34 (1986) 269.

37 M. Coll, S.H. Knof, Y. Ohga, A. Messerschmidt, R, Hu-
ber, H. Moellering, L. Riissmann and G. Schumacher, J.
Mol. Biol., 214 (1990) 597.

38 T. Yoshimoto, I. Oka and D. Tsuru, Arch. Biochem.
Biophys., 177 (1976) 508.

39 Y. Matsuda, N. Wakamatsu, Y. Inouye, S. Uede, Y.
Hashimoto, K. Asano and S. Nakamura, Chem. Pharm.
Bull., 34 (1986) 2155.

40 A. Kaplan and D. Naugler, Mol. Cell. Biochem., 3 (1974)
9.

41 S. Hayashi, M. Suzuki and S. Nakamura, Biochim. Bio-
phys. Acta, 742 (1983) 630.

42 AM. Buysse, J.R. Delanghe, M.L.D. Buyzere, AM.D.
Moll, K.D. Scheerder and L. Noens, Clin. Chim. Acta, 187
(1990) 155.

43 Y. Matsuda, H. Hoshika, Y. Inouye, S. Ikuta, K. Matsuura
and S. Nakamura, Chem. Pharm. Bull., 35 (1987) 711.

44 T. Gerritsen and H.A. Waisman, N. Engl. J. Med., 275
(1966) 66.

45 S.D. Varma and P.S. Devamanoharan, Free Radical Res.
Commun., 14 (1991) 125.

46 G. Edgar and H.E. Shiver, I. Am. Chem. Soc., 47 (1925)
1179.

47 T.J. Miller, Anal. Lett., 24 (1991) 1779.

48 H.-D. Zeller, R. Hille and M.S. Jorns, Biochemistry, 28
(1989) 5145.

49 K. Kvalnes-Krick and M.S. Jorns, Biochemistry, 25 (1986)
6061.

50 M.S. Jorns, Biochemistry, 24 (1985) 3189.



Analytica Chimica Acta, 268 (1992) 347-350
Elsevier Science Publishers B.V., Amsterdam

347

Acetylcholine biosensor involving entrapment
of two enzymes. Optimization of operational
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Abstract

A bi-enzymatic sensor for the determination of acetylcholine was prepared by co-entrapment of acetyl-
cholinesterase and choline oxidase in poly(vinyl alcohol) bearing styrylpyridinium groups. The measurements were
based on the detection of enzymatically liberated hydrogen peroxide. The best conditions of use are pH 8, 30°C and a
buffer concentration higher than 0.05 M. The storage stability in a dry state is excellent.

Keywords: Biosensors; Enzymatic methods; Acetylcholine

The determination of acetylcholine is of inter-
est for analytical and clinical purposes. An enzy-
matic sensor, based on an immobilized enzyme in
close proximity to an amperometric transducer,
can be an excellent tool for this objective. The
detection of acetylcholine is based on the follow-
ing reactions:

acetylcholine
esterase

acetylcholine + H,O
choline + acetic acid (1)
choline + 202 + HZO choline oxidase
betaine + 2H,0, (2)
Different possibilities have been explored:

acetylcholinesterase and choline oxidase packed
separately [1,2), both enzymes co-immobilized

Correspondence to: J.-L.. Marty, Groupe d’Etudes et de
Recherches Appliquées Pluridisciplinaires, UA CNRS 461,
Université de Perpignan, Centre de Phytopharmacie, 52 Av-
enue de Villeneuve, 66860 Perpignan (France).

[3,4] or free acetylcholinesterase added to the
buffer with immobilized choline oxidase [5]. A
great deal of information is available on immobi-
lization techniques [6] and techniques for the
detection of acetylcholine have been reviewed
[3,71.

This laboratory is investigating physical en-
trapment of enzymes using poly(vinyl alcohol)
bearing styrylpyridinium groups (PVA-SbQ), de-
veloped by Ichimura [8] in order to achieve an
easily handled, cheap and disposable membrane
with high activity and stability. The objective of
this work was to investigate the optimum condi-
tions for the detection of acetylcholine using co-
entrapment of choline oxidase and acetyl-
cholinesterase.

EXPERIMENTAL

Reagents
Choline oxidase (E.C. 1.1.3.17, 10 U mg™!
from Alcaligenes sp.), acetylcholine esterase (E.C.

0003-2670,/92 /$05.00 © 1992 — Elsevier Science Publishers B.V. All rights reserved
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3.1.1.7, 1000 U mg~! from electric eel), acetyl-
choline chloride and cellulose nitrate membranes
were purchased from Sigma. Poly(vinyl alcohol)
with styrylpyridinium groups (PVA-SbQ: degree
of polymerization 1700, degree of saponification
88, SbQ content 1.3 mol%, solid content 11%,
pH 7) was kindly provided by Toyo Gosei (Tokyo).
All others chemicals were of analytical-reagent
grade. All solutions were prepared in distilled
water.

Preparation of enzyme membrane

50 U of choline oxidase, 10 U of acetyl-
cholinesterase or 50 U of choline oxidase and 10
U of acetylcholinesterase dissolved in 0.2 ml of
distilled water were added to 1 g of an 11%
solution of PVA-SbQ. The mixture was spread on
a cellulose nitrate membrane (diameter 3 mm,
thickness 20 um, pore diameter 0.2 um). Before
polymerization, the gel was homogenized on a
mechanical shaker for 30 min at room tempera-
ture in the dark. The air-dried membrane was
exposed to UV radiation for 3 h and stored at
4°C.

Instrumentation and procedure

The amperometric transducer Glu 1 (Solea-
Tacussel, Villeurbanne, France) consisted of a
platinum anode at a potential fixed at + 650 mV
with respect to an Ag/AgCl reference electrode
and was plugged into a PRGE polarograph
(Solea-Tacussel). The enzymatic membrane was
maintained in contact with the platinum tip by a
screw-cap on the 180 c¢cm X 12 mm o.d. plastic
tube containing the electrodes. The amperomet-
ric measurement of H,0, was performed accord-
ing to the following reaction:

H,0, 22%°% o 4 2H*+ 2e

The sensor was immersed in 10 ml of phos-
phate buffer. The temperature was maintained
with a thermostated water circulation bath. When
the current of the sensor became constant, an
appropriate volume of choline or acetylcholine
solution was injected into the jacketed vessel. The
current increased rapidly and reached a steady
state.

R. Rouillon et al. / Anal. Chim. Acta 268 (1992) 347-350

RESULTS AND DISCUSSION

The assay of acetylcholine depends on the
activities of choline oxidase and acetyl-
cholinesterase (reactions 1 and 2). The perfor-
mance of the choline oxidase is the limiting factor
because its specific activity is very much lower
than the activity of commercially available acetyl-
cholinesterase.

Effect of pH

Immobilized choline oxidase showed a broad
pH optimum between 7 and 9 (Fig. 1a). Acetyl-
cholinesterase immobilized using Ellman’s tech-
nique [9] had an optimum pH at 8-8.5 (Fig. 1b).
Using co-immobilized acetylcholinesterase and
choline oxidase with hydrogen peroxide detec-
tion, the enzyme electrode sensitivity increased
from 9 mA 1 mol ! at pH 6.5 to 67 mA 1 mol ! at
pH 8.5, then decreased slightly (Fig. 1c). As pH 8
is at pH 6.5 to 67 mA 1 mol™! at pH 8.5, then
decreased slightly (Fig. 1c). As pH 8 is the best
operating pH for choline oxidation [7], further
experiments were carried out at this pH.

Effect of temperature

The response of the sensor increased with
increasing temperature in the range 20-30°C, was
nearly constant between 30 and 40°C and de-

a
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2
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Fig. 1. Effect of pH on the sensitivity of immobilized enzymes.
(a) Immobilized choline oxidase, amperometric detection; (b)
immobilized acetylcholinesterase, activity detected with a
spectrophotometric technique; (¢) acetylcholinesterase and
choline oxidase co-entrapped, amperometric detection. Sensi-
tivity is given relative to the value at pH 8.0. Conditions of
amperometric detection: S mM acetylcholine or choline as
substrate; temperature, 30°C; 0.05 M phosphate buffer be-
tween pH 6.0 and 8.5 and 0.2 M carbonate buffer for pH 9.0.
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Fig. 2. Effect of temperature on the sensitivity of the acetyl-
choline biosensor. 5 mM acetylcholine as substrate in 0.05 M
phosphate buffer (pH 8.0). Sensitivity is given relative to the
value at 30°C.

creased considerably at 45°C (Fig. 2). The activity
of the membrane enzyme after incubation in
working buffer for 6 h was also studied. The
sensitivity increased between 20 and 30°C and
decreased above 30°C. The temperature selected
for further experiments was 30°C.

Effect of buffer concentration

Figure 3 shows the effect of buffer concentra-
tion on the response in phosphate buffer (pH 8).
The variation of pH due to the liberation of H*
was too high in weakly buffered solutions (0.01
M). It is necessary to use buffer concentrations
higher than 0.05 M.

Dynamic range
A linear calibration graph was obtained up to
5% 1073 M in 0.05 M phosphate buffer (pH 8).

g

Sensitivitz (%)
s

8

0

0,01 0,05 0,1 0,2 0,3 0,4 0,5
buffer concentration (M)

Fig. 3. Effect of buffer concentration on the sensitivity of the
acetylcholine biosensor. 5 mM acetylcholine as substrate in
phosphate buffer (pH 8.0); temperature, 30°C. Sensitivity is
given relative to the value with 0.05 M buffer.
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Fig. 4. Effect of storage conditions on the stability of the
biosensor. Measurements were carried out with 5 mM acetyl-
choline as substrate in 0.05 M phosphate buffer (pH 8.0).
Sensitivity is given relative to the value at day one.

The detection limit (2 X background noise) for
acetylcholine was 1 X 107> M.

Operational stability

In a typical experiment, the operational stabil-
ity was tested over a 6-h period under the opti-
mum conditions defined above. After five assays,
the loss of activity was 11% and after ten assays
the membrane had retained 75% of its initial
sensitivity.

Storage stability

The long-term stability of the acetylcholine
electrode was examined. The biosensor was stored
in a dry state or in 0.05 M phosphate buffer pH 8
at 4 or 30°C. The results are shown in Fig. 4. The
decrease in sensitivity was considerable if the
enzyme membranes were placed in the working
buffer. When the enzymes membranes were
stored in a dry state at 4°C, the sensitivity in-
creased during the first week and was stable for
more than 3 months.

Conclusion

Several papers have been published on the
co-immobilization of choline oxidase and acetyl-
cholinesterase for the detection of acetylcholine.
The immobilization procedure used here with
co-entrapment of the two enzymes is easy and
needs mild conditions. The results are as good as
those obtained by other workers [4,5] using the
same type of detection (hydrogen peroxide) and
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better than those obtained by groups using oxy-
gen detection [9] or potentiometric detection with
only acetylcholinesterase [10]. Many enzyme
membranes have been produced for the determi-
nation of various substrates. The advantages of
the present system are the ease of preparing the
membrane and its very good storage stability in a
dry state.
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Abstract

A sensitive and simple spectrophotometric method for the determination of traces of iron using a poly(vinyl
chloride) (PVC) membrane containing 4,7-diphenyl-1,10-phenanthroline (bathophenanthroline) and o-nitrophenyl
octyl ether (0-NPOE) was developed. To a 5-ml water sample containing iron, 0.5 ml of 6.5 X 10~% M hydroxylammo-
nium sulphate, 1.3 X 1072 M potassium iodide, and acetic acid—sodium acetate buffer solution (pH 5.0) were added.
A sheet of PVC membrane consisting of 1.0 wt.% bathophenanthroline and 64.8 wt.% o-NPOE was then placed in
the sample solution and stirred with a magnetic stirrer at 60°C. After stirring for a fixed time, the absorbance of the
red membrane was measured at 538 nm using a spectrophotometer. The iron concentration in the sample solution
was calculated using a calibration graph. The detectable concentration of iron was in the range 6.80 X 1077-4.29 X
1073 M. Seven repeated measurements with 2.15 X 10> M iron under the same conditions gave an average, relative
standard deviation and repeatability for the absorbances of the membranes of 0.180, 4.3% and 0.0215, respectively.

Keywords: UV-Visible spectrophotometry; Bathophenanthroline; Iron; Poly(vinyl chloride) membrane

Some years ago a spectrophotometric method
for the determination of trace components in an
aqueous solution using a polymer membrane
(film) was described [1]. A method using a solid
phase such as a membrane as the extraction
medium possesses many advantages over conven-
tional liquid-liquid extraction in spectrophotom-
etry: trace components at the ug 17! level can be
determined with high sensitivity because the tar-
geted component is concentrated in a small mem-
brane sheet; by using a membrane incorporating
a ligand exhibiting a high reactivity to the tar-
geted component, selective detection of the com-
ponent can be accomplished; solid-phase extrac-

Correspondence to: T. Saito, Department of Chemical Tech-
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tion is an economical method using only a small
amount of extraction solvent and ligand; if the
complex formed in the membrane possesses ab-
sorption in the visible region, the visible determi-
nation of the targeted component can be carried
out directly; and the coloured membrane can be
stored for a long period of time.

Regarding the application of solid-phase ex-
traction spectrophotometry, methods for the de-
termination of alkylbenzene sulphonates have
been reported using a polyurethane foam [2] and
poly(vinyl chloride) (PVC) [3] as adsorbents.
Spectrophotometric methods for iron(I) {4] and
aluminium(IIT) [5] have also been investigated
using a PVC membrane.

For these studies, the spectrophotometric
measurement of analyte species is based on the
colour of the solid phase formed as a result of

0003-2670,/92 /305.00 © 1992 — Elsevier Science Publishers B.V. All rights reserved
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ion-pair adsorption of an anionic metal chelate
with the crystal violet cation. However, none of
the solid phases already mentioned possesses se-
lectivity for the targeted component. By using a
polymer membrane which incorporates a chelat-
ing reagent with a high reactivity towards the
analyte species, these species can be determined
with high selectivity. Therefore, no preparative
procedures for the separation from other coexist-
ing substances are required. As an example, a
spectrophotometric method for traces of
copper(II) with a concentration of the order of
10~7-1073 M has been developed using a PVC
membrane containing 4,7-diphenyl-2,9-dimethyl-
1,10-phenanthroline (bathocuproine) [6].

In this study, a method for determining total
iron, i.e., iron(II) and (III), was investigated using
a PVC membrane that included a chelate reagent,
4,7-diphenyl-1,10-phenanthroline (bathophenan-
throline), and was found to possess high selectiv-
ity and sensitivity towards iron(II).

PRINCIPLE: MECHANISM OF COLOURING OF THE
MEMBRANE

The colouring mechanism of the PVC mem-
brane shown in Fig. 1 was assumed. Iron(II) in
the sample solution, which possesses a coordina-
tion number of six, is trapped by the bathophen-
anthroline (B), which is a bidentate ligand, at the
PVC membrane surface, and forms a positively
charged complex ion ([Fe-B;J**) with a molar
ratio of 1:3. The iron(II) complex ion consists of
a regular octahedral structure. Further, the com-
plex ion forms an ion pair with two iodide ions to

Fe(NO3)3
K1 2+
(NH30H)250,, W
Buffer solution
N Y
Fel* === ~Fe-3, - 20
(Fe3* &.Fe2t e
2 —
\ -
\Somple solution \Hembrane

Fig. 1. Extraction mechanism of iron(I) into the PVC mem-
brane containing bathophenanthroline.
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produce a neutral complex [Fe2* 3B - 217] at the
above membrane surface, which diffuses into
the membrane. The molar ratio of iron(Il),
bathophenanthroline and iodide ion for the
iron(IT) coordinate complex is 1:3:2. The forma-
tion of its complex is expressed by ’

Fe2*+ 3B + 21~ = [FeB,1,

The colour of the PVC membrane changed
from colourless to red when the iron(IT) complex
was formed at the membrane surface. The colour
intensity of the membrane depends on the con-
centration of the iron(II)-bathophenanthroline
complex, i.e., iron(Il). Accordingly, by measuring
the absorbance of the red membrane at 538 nm,
which is the maximum absorption wavelength of
the complex, using a spectrophotometer, the iron
in a sample solution can be determined from a
calibration graph.

EXPERIMENTAL

Reagents and instruments

Bathophenanthroline, used as a chelate
reagent, was of analytical-reagent grade from Do-
jindo Labs. PVC (n =1100), iron(IIlI) nitrate,
potassium iodide, hydroxylammonium sulphate,
acetic acid, sodium acetate and tetrahydrofuran
(THF) were supplied by Wako. o-Nitrophenyl
octyl ether (o-NPOE) was supplied by Dojindo
Labs.

The absorbance of the PVC membrane was
measured using a Shimadzu Model UV-150-02
spectrophotometer with a minimum absorbance
of 0.0001. For atomic absorption spectrometry, a
Shimadzu Model AA-680 instrument was used.

Preparation of PVC membrane

A 0.0242-g amount of bathophenanthroline,
1.622 g of o-NPOE as a plasticizer and 0.8561 g
of PVC were placed in a 100-ml beaker. The
contents of the bathophenanthroline, o-NPOE
and PVC were 1.0, 64.8 and 34.2 wt%, respec-
tively. THF (25 ml) was then slowly added to the
membrane sample with stirring. After the solid
had dissolved, the solution was cast in a flat Petri
dish with a diameter of 147 mm and stored until
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the THF had completely evaporated. The PVC
membrane obtained was flexible and had a light
yellow colour due to the colour of o-NPOE. The
PVC membrane was cut into pieces of 5 X 30
mm. The thickness of the membrane was 0.150
mm. The volumes of the membranes which were
applied in the experiments were (2.25 + 0.056) X
1072 cm?,

Procedure

A 5-ml volume of an aqueous solution contain-
ing iron was placed in a 30-ml glass sample tube
with a PTFE stirring rod (20 mm X 7 mm diame-
ter) and then 0.5 ml of 6.5 X 10~2 M hydroxylam-
monium sulphate, 1.3 X 1072 M potassium iodide
and acetic acid-sodium acetate buffer solution
(pH 5.0) were added.

A sheet of PVC membrane was placed in the
sample solution and stirred with a magnetic stir-
rer (150 rpm) at 60°C. After stirring for a fixed
time (normally 50 min), the membrane was re-
moved from the solution and rinsed with a small
amount of water, then wiped to remove any water
droplets. The membrane was then put on a glass
plate and set in the spectrophotometer holder.
The absorbance of the coloured membrane was
measured at 538 nm. The same procedure was
also carried out with 5 ml of distilled, deionized
water in place of the sample solution as a blank
test for the reagents used. The iron concentration
was calculated from a calibration graph.

RESULTS AND DISCUSSION

Effect of temperature

Figure 2 shows the change in membrane ab-
sorbance as a function of time at different tem-
peratures with an iron concentration of 1.07 X
1075 M. The membrane absorbance increased
with time and temperature. Although the colour-
ing of membrane took place near room tempera-
ture, the absorbance was low and it is not possi-
ble to determine traces of iron. Accordingly, a
higher temperature is required for a rapid and
sensitive analysis. When the temperature was in-
creased to more than 70°C, however, membrane
absorbance increased continuously with time. It is
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Fig. 2. Effect of temperature on the colouring of the mem-
brane: (0) 30; (O) 40; (a) 50; () 60; (v) 70°C.

suggested that the increasing membrane ab-
sorbance is due to the shrinkage of the mem-
brane with time because of the elution of the
extracting solvent, o-NPOE, from the PVC mem-
brane. A temperature of 60°C was adopted in
subsequent experiments.

Effect of counter anion species

The effect of anion species that form ion pairs
with the positively charged iron(II)-bathophen-
anthroline complex ions was tested, and the re-
sults are shown in Fig. 3. C1~, Br—, I, ClO,; and
picrate ions were compared at a concentration of
13X 1072 M.

The colour intensity of the membrane was
found to decrease in the order 17> ClO, >
picrate > Br~, C1~. When Cl~ or Br~ was added
as a counter ion, the colouring rate of the mem-
brane was lower than that for the system without
a counter ion. For this reason, it was assumed

015 |

[=3
=
=3

Absorbance

[
o
wn

0

Time / h

Fig. 3. Effect of counter-ion species on the colouring of the
membrane: (v) C17; (<) Br~; (0) I 75 (O) ClO; ; (&) picrate
ion; (O) no counter ion.
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Fig. 4. Effect of pH on the colouring of the membrane. (0O)
pH 3.5; (a) pH 4.1; (0) pH 5.0; (&) pH 5.9; (v) pH 7.0.

that the trapping of iron(II) in the membrane by
bathophenanthroline is prevented because of the
formation of a halogen-iron(II) complex ion with
high hydrophilicity in the aqueous solution. On
the other hand, the use of 1™ or CIO, , which
have a higher lipophilicity than ClI~ and Br-,
gave a high colour intensity for the membrane. It
is suggested that their lipophilic anions act as the
driving force for the formation of iron(II)-
bathophenanthroline—anion complexes in the
membrane.

Effect of pH

The most suitable pH value for the formation
of the iron(II)-bathophenanthroline chelate com-
pound is in the range 4-6 [7-11]. The effect of
pH on the colour changes of the membrane was
examined (Fig. 4). At lower pH values the ab-
sorbance of the membrane increased. However,
at pH 4.1, the colour of the sample solution
became red when the solution was stirred for 45
min after starting the experiment. Further, at pH
3.5, red precipitates were generated in the sam-
ple solution, which increased with time. Because
the solubility of the ligand in water increased
with increasing acidity of the sample solution, it is
assumed that the iron(II) in the aqueous solution
and the bathophenanthroline, which eluted into
the aqueous solution from the PVC membrane,
formed complexes. In this study, a buffer solution
of pH 5.0 was adopted.

Relationship between iron(Il) concentration and
membrane absorbance

The time course of membrane absorbance ver-
sus iron(IT) concentration is shown in Fig. 5, with
initial concentrations of I~ of 1 X 107> M and
iron(ID from 2.1 X 107% t0 43 X 1073 M.
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Fig. 5. Relationship between the iron(lI) concentration and
membrane absorbance. Iron concentration: (0) 2.1x107¢;
(v)43%x1075%(2)8.6X107% () 1.1x107% (<) 1.7% 1075
(0)21x107% () 43X1075 M.

When the iron(IT) solution containing a mem-
brane was stirred for 50-60 min, the absorbance
of the membrane, i.e., the amount of iron(Il)
complex in the membrane, became constant. It is
assumed that all the iron(II) in the solution was
trapped in the membrane because no iron(IT) was
detected by atomic absorption spectrometry in
the solution after stirring for 60 min. However,
the colour intensity of the membrane increased
with increase of iron(II) concentration. The mem-
brane absorbance after stirring for 50 min was
proportional to the initial concentration of
iron(I). The calibration graph can be expressed
by

A =8.60 X 103[Fe?*]

o

Absorbance
o
>

=
g/ A/o/
0.05 °/6/° °
“49/
0 10 20 30
Time / min

Fig. 6. Effect of 5.0 X 10~® M copper(I) coexisting in 1.0x 107>
M iron(II) solution. (0) Iron(ID) sample; (O) Iron(I1) sample
containing copper(D); ( o) Iron(I1) sample containing copper(l)
and 5x 107 M bathocuproine disulphonic acid disodium salt.
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Fig. 7. Correlation of iron(II) concentrations measured by
spectrophotometry using a PVC membrane as described here
and by atomic absorption spectrometry.

where A is the absorbance of the membrane, and
[Fe?*]is the concentration of iron(II) (M). In the
range of the already given concentrations, it is
expected that the diffusion rate of iron(II) to the
membrane interface from the solution was rate
determining. '

The expected upper limit for the concentration
of iron to be measured with the PVC membrane
used in this study was 4.29 X 107> M when 5 ml
of sample solution were analysed. This was calcu-
lated from the amount of bathophenanthroline
(6.43x 1077 mol) contained in the membrane,
assuming that 3 mol of the ligand reacted with 1
mol of iron(II). The limit of detection for iron,
expressed as the concentration equivalent to three
times the standard deviation of the blank value of
membrane absorbance, is 6.80 X 10~7 M. Fur-
ther, the average, the relative standard deviation
and the repeatability, r, for the absorbances of
the membranes were 0.180 + 0.0077, 4.3% and
0.0215, respectively, from seven repeated mea-
surements with 2.15X 107> M iron under the
same conditions.

Interference by metal ions

Zinc(I), cadmium(II), cobalt(II), nickel(ID),
aluminium(IT) and lead(I) did not interfere in
the determination of iron. However, when cop-
per(I) was added at an equimolar concentration
to an aqueous solution containing 1.07 X 1075 M
iron, a ca. 1.8-fold increase in the absorbance of
the membrane occurred, as shown in Fig. 6. Be-
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cause the colour of the membrane was light
brown, it is assumed that a copper(I)-bathophen-
anthroline chelate compound was formed in the
membrane. To eliminate this positive interfer-
ence by copper(I), bathocuproine sulphonic acid
disodium salt was added to the solution as a
masking agent. When it was added in greater
than a tenfold molar excess over copper(l) the
interference of copper(I) was effectively masked.

Correlation of iron concentrations

The correlation between the values of iron(11)
determined by spectrophotometry using a PVC
membrane as proposed here and those obtained
by atomic absorption spectrometry was investi-
gated. Four samples containing iron(II) were ana-
lyzed by both methods. The results are shown in
Fig. 7; the slope of the line is 1.10 and the
correlation coefficient is 0.9952.

Application

The proposed method was applied to the de-
termination of iron in two water samples, the
results being 4.9 X 107% and 1.4 X 107> M. The
iron in the former sample could not be deter-
mined directly using atomic absorption spectrom-
etry without preconcentration of the sample be-
cause its concentration was below the detection
limit.

REFERENCES

—_

Z. Adam and W.E. Hornby, Talanta, 31 (1984) 863.

T. Tanaka, K. Hiiro and A. Kawahara, Bunseki Kagaku,

22 (1973) 523.

3 T. Tanaka, K. Hiiro and A. Kawahara, Bunseki Kagaku,
23 (1974) 650.

4 E. Kaneko, H. Tanno and T. Yotsuyanagi, Mikrochim.
Acta, I (1991) 37.

5 E. Kaneko, H. Tanno and T. Yotsuyanagi, Mikrochim.
Acta, 11T (1988) 333.

6 T. Saito, Bunseki Kagaku, 40 (1991) 227,

7 M. Miyamoto, Bunseki Kagaku, 9 (1960) 753.

8 A.R. Gahler, RM. Hamner and R.C. Shubert, Anal.
Chem., 33 (1961) 1937.

9 R.E. Peterson, Anal. Chem. 25 (1953) 1337.

10 R.P. Hair and E.J. Newman, Analyst, 89 (1964) 42.

11 D.J.B. Galliford and E.J. Newman, Analyst, 87 (1961) 68.

[ 8]



Analytica Chimica Acta, 268 (1992) 357-359
Elsevier Science Publishers B.V., Amsterdam

357

Acid decomposition procedure for the spectrophotometric
determination of silica in rocks and minerals
at room temperature

C.R.M. Rao, G.S. Reddi and T.A.S. Rao
Chemical Laboratory, Geological Survey of India, Madras 600 032 (India)
(Received 20th March 1992; revised manuscript received 19th May 1992)

Abstract

An acid decomposition procedure at room temperature for the spectrophotometric determination of silica in
rocks and minerals is described. The sample solution is prepared by treatment with hydrofluoric acid and aqua regia
at room temperature. Unreacted fluoride ions are complexed with boric acid and the silica is determined by the
molybdenum blue method. Accurate values were obtained for a number of international reference standards. The
entire procedure is carried out at room temperature. Only plastic ware is used for the decomposition of the samples.

The method is thus ideal for large batch analyses.

Keywords: Sample preparation; UV-Visible spectrophotometry; Acid decomposition; Geological materials; Minerals;

Rocks; Silica

Most spectrophotometric methods for the de-
termination of silica in rocks and minerals utilize
fusion with alkali metal carbonates or peroxides
for the sample decomposition. Some methods
also involve decomposition with hydrofluoric acid
in closed vessels at elevated temperature to bring
the silica into a soluble form [1,2]. The different
stages of these procedures need considerable care
to prevent loss of analyte. In this work studies
were made of the suitability of a solution of a
rock sample obtained by hydrofluoric acid and
aqua regia decomposition at room temperature,
as described previously [3,4], for the spectropho-
tometric determination of silica by the molybde-
num blue method. It was observed that the excess
of hydrofluoric acid after complexation with boric
acid does not interfere in the colour development

Correspondence to: C.R.M. Rao, Chemical Laboratory, Geo-
logical Survey of India, Madras 600 032 (India).

and accurate results for silica were obtained. The
spectrophotometric measurements were made at
650 nm [5].

The accuracy of the method was established by
analysing international standards. The repro-
ducibility of the SiO, values obtained by the
suggested method was determined by taking two
samples containing 49.1 and 78.7% of SiO,. Plas-
tic ware was used for the decomposition stage.
This method involves fewer stages in sample de-
composition than other methods and is consid-
ered ideal for batch analyses of large numbers of
rock samples.

EXPERIMENTAL

Apparatus and reagents

Polyethylene bottles of 100-ml capacity with
screw-caps were used. Analytical-reagent grade
chemicals were used throughout.

0003-2670,/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved
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Ammonium molybdate reagent was prepared
by dissolving 10 g of ammonium molybdate in 100
ml of 1 M ammonia solution and adding 20 ml of
HCI (1 + 1) with stirring. The reducing solution
was prepared by dissolving 0.7 g of anhydrous
sodium sulphite and 0.15 g of 1-amino-2-naph-
thol-4-sulphonic acid in 10 ml of water. Sepa-
rately, 9 g of sodium or potassium metabisulphite
were dissolved in 90 ml of water and the two
solutions were mixed. Other reagents were 10%
aqueous oxalic acid, 40% hydrofluoric acid, boric
acid and aqua regia.

Procedure

A 0.1-g amount of each of the powdered rock
test samples ( < 250 mesh) and two in-house stan-
dard rock samples of known silica content
(AMDEL 24412, basalt, 45.05% SiO,; AMDEL
24415, rhyolite, 72.10% SiO,) were weighed into
polyethylene bottles. A blank was also run simul-
taneously. A 2-ml volume of aqua regia and 6 ml
of hydrofluoric acid were added and the capped
bottles were allowed to stand at room tempera-
ture for 24 h. The contents of the bottles were
diluted with 20 ml of demineralized water, then
5.6 g of boric acid were added and the contents
of the bottles were transferred quantitatively into
100-ml volumetric flasks, diluted to volume with
water and shaken thoroughly until a clear solu-
tion was obtained.

A 1-ml volume of the sample solution was
pipetted into a 100-ml volumetric flask (for sam-
ples containing less Si0O,, e.g., limestone, bauxite,
large aliquots of sample solution were taken with
corresponding addition of blank solution to the
in-house standards to maintain the same pH and
salt content) and 15 ml of demineralized water
and 2 ml of ammonium molybdate solution were
added and mixed and the flask was left aside for
10 min. To the mixture 5 ml of 10% oxalic acid
solution and 2 ml of the reducing solution were
added and the solution was diluted to 100 ml with
demineralized water. After 1 h the absorbance
values of the test samples were determined at 650
nm and compared with those of the in-house
standard rock samples and the SiO, values for
the test samples were calculated.

A typical analysis of a sample containing
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TABLE 1

Comparison of results obtained with the proposed method
and with the conventional gravimetric method [6]

Test sample  SiO, (%) *
Proposed method  Conventional method
Ultrabasic
rock 40.25 3991
Basalt 51.37 51.64
Granite 67.52 67.88
Granite 75.66 75.23

2 Each value is an average of three determinations.

50.04% of SiO, gave, for the suggested amount
of sample and solution, an absorbance reading of
0.58. The test samples were also analysed for
their SiO, contents using the conventional gravi-
metric method [6].

RESULTS AND DISCUSSION

The results obtained by the proposed acid
decomposition method and conventional gravi-
metric methods are in good agreement (Table 1).
Following the suggested method, eight indepen-
dent determinations were made on two samples
containing 49.1 and 78.7% of SiO,. The precision
was good (Table 2). Further, a number of interna-
tional standards were analysed by the proposed
method and the results obtained compared

TABLE 2

Reproducibility of results for silica obtained by the proposed
method

Determination Si0, (%)

No. Basalt sample Granite sample
1 48.15 77.97
2 49.00 78.85
3 48.58 77.97
4 50.28 79.74
5 49.86 79.74
6 4943 78.85
7 48.75 78.41
8 49.34 78.15
S.D. 0.697 0.723
R.S.D. (%) 1.417 0.918
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TABLE 3

Silica contents of standard reference samples determined by
the proposed method

Sample Type Si0, (%)
Proposed Certified
method value

NBS 143 Argillaceous

limestone 6.71 6.84

NBS 104C Bauxite 6.58 6.81

FeR 1 Irone ore 16.59 16.90

MRG 1 Ultrabasic rock  39.61 39.32

BCS 315 Clay 51.60 51.24

Wi Basalt 52.58 52.72

GH Granite 75.37 75.85

In-house

standard

(AMDEL

24413) Granite 65.42 65.75
In-house

standard

(AMDEL

24419) Basalt 51.37 51.00

favourably with the certified values (Table 3),
demonstrating the efficacy of the method for the
determination of silica. The decomposition
method described was also found to be suitable
for the determination of silica in iron ore, bauxite
limestone and related materials.
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The use of plastic ware and the avoidance of
heating at any stage render the method rapid and
adaptable for large batch analyses. An advantage
of the method is the limited personal attention
required at the decomposition stage, which de-
creases the likelihood of errors.

The authors thank Sri C.R. Narayanan, Direc-
tor, Geological Survey of India, for helpful sug-
gestions and the Australian Mineral Develop-
ment Laboratories (AMDEL), Adelaide, for pro-
viding the standards.
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BOOK REVIEWS

Satinder Ahuja, Trace and Ultratrace Analysis by
HPLC, Wiley-Interscience, New York, 1992
(ISBN 0-471-51419-5). xi + 419 pp. Price £59.00.

This text seeks to provide a discussion of
high-performance liquid chromatography (HPLC)
in terms of its application to analyses at the trace
(ng g™1) and ultratrace (< ug g~ ') levels. Some
introductory comments on the problems of these
analyses, together with some typical examples are
provided in Ch. 1. Chapter 2 addresses theoreti-
cal considerations, whilst some aspects of HPLC
instrumentation are covered in the following two
chapters. Sample preparation methods are treated
in Ch. 5 and procedures for method development
are covered in Ch. 6. Methods for optimizing
selectivity (Ch. 7) and detectability (Ch. 8) are
then discussed, with the remainder of the book
(some 110 pp.) being devoted to the use of HPLC
in the analysis of pharmaceuticals, foods, environ-
mental samples and cosmetics.

The book is written in a narrative style and
contains relatively few illustrations and diagrams
for a work of its length. I was left wondering
about the real purpose of this text. The choice of
material is fairly general and does not represent a
full treatment of those aspects of HPLC method-
ology of particular relevance to trace and ultra-
trace analysis. For example, on-line preconcen-
tration methods are covered very superficially,
despite their importance to the subject. The depth
of treatment varies considerably between topics
and there is a tendency in places for the level of
detail in both theory and discussion to become
excessive. The utility of the extensive applications
chapter is somewhat diminished by the rather
scant index (7 pp.).

I consider that this book may appeal to those
needing a general overview of HPLC, but it does
not provide a great deal of specialist information

for readers seeking guidance and methodology
for trace and ultratrace analysis.

Paul R. Haddad

E. Smolkova-Keulemansova and L. Feltl, Analy-
sis of Substances in the Gaseous Phase (Wilson &
Wilson’s Comprehensive Analytical Chemistry, Vol.
XXVIII, Series Editor G. Svehla), Elsevier, Am-
sterdam, 1991 (ISBN 0-444-89122-6). xiv + 480 pp.
Price US$205.00/ Df1.400.00.

As the Series Editor points out in his preface,
the subject of gas analysis is a somewhat ne-
glected field, but has experienced a considerable
revival due to interest in environmental measure-
ment of gases. Given this comment by the Series
Editor it is sad that the book does not make any
real contribution to meeting the need for books
on the analytical chemistry of atmospheric trace
gases. The book is strong on basic principles,
starting with the history of gas analysis, going
through the gas laws and dealing with the funda-
mentals of many of the traditional methods. It is,
however, very weak on up-to-date applications
and instrumentation. For example, the Orsat ap-
paratus is described in considerable detail, and
the nitric oxide plus ozone chemiluminescence
procedure is described but without discussion of
the instrumentation. However, more modern
methods like the nitrogen dioxide luminol method
for trace analysis of NO, does not receive a
mention, nor does the diffusion tube procedure
for analysis of this and other gases. Almost 50%
of the book deals with gas chromatography and
whilst this deals in detail with theory, only 14
pages are devoted to the applications of gas chro-
matography, and of these, only two are on gas
analysis. The book finishes with a bibliography
citing a rather small number of papers, many of
them from the 1960s and 70s as well as company

0003-2670/92 /305.00 © 1992 — Elsevier Science Publishers B.V. All rights reserved
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literature, much of which is at least 10 years old.
There are no references cited in the text itself.
Regrettably this is a book which could, and
should, have been written about 20 years ago.
Whilst good on theory it does not describe the
applications of the 1990s; it will be of value to
those looking for traditional methods, but not to
those seeking the most up-to-date applications
and methods.

Roy M. Harrison

RJH. Clark and R.E. Hester (Eds.), Spec-
troscopy of Advanced Materials, Wiley, Chich-
ester, 1991 (ISBN 0-471-92981-6). xv + 405 pp.
Price £115.

This book is volume 19 in the Advances in
Spectroscopy series and contains 6 chapters writ-
ten by a grand total of 16 authors. The preface is
only somewhat more than 2 pages long and is
nothing more than an introduction of the authors
of the different chapters followed by a 3 page
survey of the SI units. The topics of the present
volume deal with materials science with descrip-
tions in the different chapters devoted to infrared
and Raman spectroscopy, pulsed neutron and
photoexcitation spectroscopy for the study of ma-
terials, including organic conductors, non-linear
optical materials, semi- and superconductors and
polyconjugated systems.

The editors are professors of chemistry at Uni-
versity College, London and the University of
York. The authors are all carefully selected spe-
cialists from different countries with affiliations
at university laboratories, specialised institutes
and industrial laboratories.

Articles are well written, apparently carefully
edited and nicely produced. The articles refer to
an abundant set of up-to-date literature refer-
ences, some of them as recent as 1990. The index,
the weak point of many multi-authored works, is
well designed and useful.

The book is intended for a rather specialised
public and not at all, as is stated on the book
cover, for a public of scientists and technologists,
teachers and graduate and undergraduate stu-
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dents. Neither is it a self-contained account of
technological materials and their characteriza-
tion. It is rather a selection of both materials and
experimental techniques. Several further volumes
of this series would be needed to describe this
expanding field in some detail. With these short-
comings it is a recommendable addition to the
library of materials science laboratories.

F. Adams

Bruce Asamoto (Ed.), FT-ICR /MS: Analytical
Applications of Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry, VCH, Weinheim,
1991 (ISBN 0-895-73767-1). xii + 306 pp. Price
£47.00 / DM134.00.

The editor has brought together a collection of
in depth articles, by experts in the field, on the
implementation of the FT-ICR /MS technique in
the domain of analytical mass spectrometry. The
text is divided into ten chapters, the first two
being a wide ranging historical and theoretical
introduction to the topic and a comprehensive
description of instrumentation and design fea-
tures. Subsequent chapters describe the theory
and practical applications in detail of the external
ion source, chemical ionisation FT/MS, laser
desorption ionisation, UV laser microprobe,
HPLC interfacing and the application of FT /MS
to agricultural chemistry, biotechnology and the
structural analysis of peptides. Extensive listings
of current references are provided for each chap-
ter. The authors have made an effort to empha-
size the facets of FT /MS which provide superior
data in comparison with other mass spectrometric
techniques and also describe areas in which the
technique may be less informative.

Practising mass spectroscopists and those con-
sidering new fields of analysis or instrumentation
will welcome this comprehensive review of the
most recent addition to the established tech-
niques of mass spectrometry. Those involved in
scientific education who simply wish to keep
abreast of current developments will also find the
volume to be a reference work of great merit,
well presented and illustrated and at a price,
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which by present standards, is extremely good
value.

A.D. Roberts

TrAC—Trends in Analytical Chemistry, Reference
Edition 1991, Vol. 10, Elsevier, Amsterdam (ISBN
0-444-89503-5). viii + 372 pp. Price US$311.50/
Df1.545.00.

This volume contains all the scientific articles
originally published in the monthly editions of
TrAC in 1991, printed on high quality paper, and
bound in hard covers. It contains a wealth of
short review articles covering most of the growing
areas of analytical science, as well as the various
“computer corner” items, meeting reports and
feature articles. These “trends” provide excellent
indicators of the directions in which analytical
science is advancing, supported by extensive in-
formation on these developments. As such, it will
be of great value both to practising analytical
scientists and to students.

Irving Sunshine (Ed.), Recent Developments in
Therapeutic Drug Monitoring and Clinical Toxicol-
ogy, Marcel Dekker, New York, 1992 (ISBN 0-
8247-8586-X). xii + 791 pp. Price US$175.00 (US
and Canada), US$201.25 (all other countries).

This bulky tome is a collection of manuscripts
presented at the Second International Conference
on TDM-Toxicology, Barcelona, on an unspecified
date. There are 113 papers, grouped under Ther-
apeutic Monitoring (25 papers), Pharmacology
(17), Liquid Chromatographic Methods (16), An-
tileptics (12), Substances Subject to abuse (17),
Inorganics (6) and Miscellaneous (20). There is a
subject index.
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G.A. Webb (Ed.), Annual Reports on NMR Spec-
troscopy, Vol. 24, Academic Press, London, 1992
(ISBN 0-12-505324-X). ix + 373 pp. Price £65.00/
US$139.00.

This volume in the long running series reflects
“the protean nature of the applications of NMR”.
It includes solid state NMR, including imaging,
studies of interfaces, measurements of intercellu-
lar ions in living systems, mercury-199 NMR and
applications in coal research. As always, there is
a good subject index.

B. Jezowska-Trzebiatowska, B. Kochel, J. Stawifi-
ski and W. Strek (Eds.), Biological Luminescence,
World Scientific, Singapore, 1990 (ISBN 981-02-
0405-1). xi + 647 pp.

This book contains 44 papers in camera ready
form which were presented at an International
School on Biological Luminescence held in

‘Poland in June 1989. The aim of the meeting was

to promote interdisciplinary discussion on the
luminescence of biosystems and included lectur-
ers on physics, chemistry, biology, biocybenetics,
medicine and environmental protection.

The presentations are categorised under the
headings biophysical and biocybenetic, biological,
biochemical, physico-chemical, and medical and
other applications. The biochemical section dis-
cusses the properties of a range of luciferases,
particularly bacterial systems, but there is very
little material that is of direct analytical interest.
There is also no subject index which makes it
difficult for the interested non-specialist to obtain
information.

This book is therefore not of particular rele-
vance to an analytical chemistry readership.
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Los Alamos
opens
analytical
chemistry
lab

OS ALAMOS  National
Laboratory is building an au-
tomated analytical chemistry
laboratory to assist researchers in
tackling work in developing clean-
up technologies for nuclear and
chemical wastes. The volume and
magnitude of chemical analysis re-

quired for understanding the clean-
up requirements of dozens of con-
taminated federal sites, including
national laboratories, is considered
to be formidable. Cyberlab, the new
laboratory complex being designed
in Los Alamos, is expected to go a
long way in addressing these com-
plex analytical needs. Utilizing a
high level of robotics and automat-
ion, the system will have inter-
changeable, standard laboratory
modules that conduct (filtering,
measuring, and analytic tasks.
DOE's environmental restora-
tion program is projected to have a
workload of 10 million samples a
year by 1995. At the current cost of
$300 a sample, the expense would be
prohibitive, so DOE has embarked
on a plan to develop new technology
that will dramatically cut those
costs. If successful, Cyberlab could
set a new industrial standard for
carrying out chemical analyses.
Source: New Technology Week, 4 May 1992

Award
Symposia

HE 44th Pittsburgh Confer-

ence and Exposition will fea-

ture several technical sessions
in which awards will be presented
to distinguished scientists. The
Award Symposia currently
planned for PITTCON '93 include:
Pittsburgh Spectroscopy Award
(sponsored by the Spectroscopy
Society of Pittsburgh), Maurice F.
Hasler Award, Charles N. Reilley
Award, Dal Nogare Award,
Bomem-Michelson Award, Pitts-
burgh Analytical Chemistry Award
{sponsored by the Society for Ana-
lytical Chemists of Pittsburgh),
Keene P. Dimick Award, James L.
Waters Symposium, and the Willi-
ams-Wright Industrial Spectros-
copist Award.

Views and opinions expressed in this section do not necessarily reflect those of
the Publisher or Editors. No responsibility is assumed by the Publisher for any
injury and/or damage to persons or property as a matter of products liability,
negligence or otherwise, or from any use or operation of any methods, products,
instructions or ideas contained in the material herein.

Elsevier Science Publishers (1992), Analytica Chimica Acta, Vol. 268, No. 2.
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Announcements of

meetings

WCFIA 93, WINTER
CONFERENCE ON FLOW
INJECTION ANALYSIS,
MARATHON, FLORIDA KEYS,
FL, USA, JANUARY 3-6, 1993

Much of the progress made by FIA
over the years results from better
hardware designs and innovative
chemical applications. WCFIA 93 is
intended to meld these two impor-
tant aspects of science.

WCFIA 93 will focus on in-
dustrial FIA techniques solving real
world problems. New hardware as
well as software-driven applica-
tions will be presented.

The three-day conference will
highlight the following areas:

— Process Chemistry
— Biotechnology

— Instrument Design
— New Methods

— Atomic Spectroscopy
— Electrochemistry

The conference also offers a
unique opportunity for informal
exchange of information and ideas
among chemists and engineers in
the FIA field.

For further information, please
contact: WCFIA 93, c/o Gary D.
Christian, Department of Chemis-
try BG-10, University of Washing-
ton, Seattle, WA 98195, USA.

PITTCON ’93. THE 44th
PITTSBURGH CONFERENCE
& EXPOSITION ON
ANALYTICAL CHEMISTRY
AND APPLIED
SPECTROSCOPY, ATLANTA,
GA, USA, MARCH 8-12, 1992

The Pittsburgh Conference Com-
mittee presents PITTCON '93,
March 8 to 12 in Atlanta, Georgia.
The technical program features the
best of new technological develop-
ments and applications in Analyti-
cal Chemistry, Spectroscopy and
related sciences. Special sessions,
invited symposia, contributed
papers and short courses will be
presented. In addition, the exposi-
tion of modern laboratory instru-
mentation, equipment, supplies
and services will showcase the
latest developments from around
the world.

You are invited to submit a con-
tributed paper for consideration as
an oral presentation or as a poster.
The Program Committee will re-
view all submissions and will select
those presentations that will be in-
cluded in the 1993 technical pro-
gram. Papers are requested in the
following categories:

Methodology
~— Atomic Spectroscopy
— Chernometrics

— Computers

~— Electrochemistry

— Gas Chromatography

- Liquid Chromatography

— Magnetic Resonance

— Mass Spectroscopy

— Sample Handling/Automation

~ Scanning Probe Microscopy

—— Separation Sciences

— Supercritical Fluid Separations

— Thermal Analysis

— UV/VIS Absorbance/Lumines-
cence

— Vibrational Spectroscopy

— Other

Application
— Basic Chemical Research
— Bioanalytical
— Clinical Toxicology
— Environmental
— Food
— Forensic
— Fuels & Energy
— Industrial Hygiene
— Instrumental  Development/
Improvement
— Material Characterization
— Process Chemistry
— Other
For further information, please
contact: Mrs. Alma Johnson, Pro-
gram Secretary, The Pittsburgh
Conference, 300 Penn Center Blvd.,
Suite 332, Pittsburgh, PA 15235-
5503, USA. Tel.: 412 825-3220.

5th SYMPOSIUM ON THE
ANALYSIS OF STEROIDS,
SZOMBATHELY, HUNGARY,
MAY 3-5, 1993

The 5th Symposium on the Analy-
sis of Steroids is sponsored by the
Analytical Division of the Chemical
Section of the Hungarian Academy
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of Sciences and the Chemical
Works of Gedeon Richter Ltd.,
Budapest. Topics covered will in-
clude:

— Environment, steroids and cancer.
Analysis of steroids and related
compounds in metabolic stu-
dies.

— Determination of steroids in bio-
logical samples. Clinical steroid
analysis. Analytical methodo-
logy for studying the biosynthe-
sis, regulation, metabolism and
receptors of steroids as well as
the pharmacokinetic study of
steroid drugs. Determination of
steroids in samples of plant and
animal origin.

~— Industrial and pharmaceutical
steroid analysis. Methods for the
purity testing of steroids. Anal-
ysis of pharmaceutical dosage
forms including stability assays.
Analysis of the intermediates of
steroid syntheses. Structure
elucidation of steroids.

The scope of the symposium
covers discussion of methodologi-
cal problems as well as practical ap-
plications drawn from the fields of
all the main steroid groups (hor-
mones, sterols, vitamin D, bile
acids, cardiac glycosides, sapogen-
ins, alkaloids etc.).

The organizing and scientific
committees comprise: S. Gorog
(Budapest, Chairman), P. Horvath
(Budapest, Secretary), H. Adler-
creutz  (Helsinki), P. Aranyi
{Budapest), Gy. Falkay (Szeged), T.
Fehér (Budapest), K. Griffiths (Car-
diff), B. Herényi (Budapest), W.
Hubl (Dresden), L.G. Kovacs
(Szombathely), A. Lauké (Buda-
pest), T.L. Paal (Budapest), L.
Starka (Prague), and K.Sz. Szalay
(Budapest).

For further information, please
contact: Prof. S. Gérég, ¢/o Chemi-
cal Works of Gedeon Richter Ltd.,
P.O. Box 27, H-1475 Budapest,
Hungary. Phone: +36 1-1574-566;
Fax: +36 1-1571-578; Telex: 22-5067
right h.

EUROPEAN SEMINAR ON
INFRARED SPECTROSCOPY,
LYON, FRANCE, JUNE 7-9,
1993

The purpose of this seminar is to
provide an overview of the tech-
nology that has been developed
over the years. It will be of interest
to both future and existing users of
IR and Raman spectroscopy. Lec-
tures will cover a wide range of ap-
plications. A further aim is to as-
semble users for an exchange of
scientific ideas and for fruitful con-
tact between academia and in-
dustry.

The scientific programme will
consist of plenary lectures and con-
tributed papers (from users and
manufacturers). You are invited to
submit papers for oral presentation
(15 minutes including questions/
discussion) or poster.

Papers should concern the fol-
lowing subjects: Recent applica-
tions, process and quality control or
instrumental development of the
infra-red technology in the field of
microscopy (FTIR Raman including
optical hot stage}, near infra-red,
hyphenated systems, photoacoustic
spectroscopy and other related
techniques.

The languages of the seminar
will be French and English.

A poster prize is being offered
to encourage authors. The posters

will be judged according to their
didactic character and presentation.

For further information, please
contact: G. Lachenal, Université
Lyon I, Laboratoire des Matériaux
Plastiques et des Biomatériaux, 43
Boulevard du 11 Novembre 1918,
69622 Villeurbanne Cédex, France.
Fax: +3378 8925 83.

PREP-93, 10th
INTERNATIONAL SYMPOSIUM
ON PREPARATIVE
CHROMATOGRAPHY,
ARLINGTON, VA, USA,

JUNE 14-16, 1993

PREP-93 will be held at the Key
Bridge Marriott Hotel in Arlington,
Virginia, which is located minutes
from Washington National Airport
and Georgetown. The three-day
program will include invited and
contributed lectures, poster presen-
tations, an exhibit of software and
technical literature, and discussion
sessions.

You are invited to submit an ab-
stract for consideration for inclu-
sion in the program. Papers should
describe original research in areas
of preparative chromatography,
especially:

— Theory of Non-Linear Chroma-
tography, Overloaded Elution
and Displacement Chromato-
graphy

— Kinetics of Mass Transfer at
High Concentrations

— Stationary Phases

— Applications to Drugs and Spe-
cialty Chemicals

—— Applications to Recombinant
and Natural Proteins to Pep-
tides, Other Biopolymers, Chi-
ral Separations, etc.
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— Optimization of Experimental
Conditions

— Economics of Preparative Chro-
matography

— Instrumentation

The Scientific Committee wel-
comes suggestions for additional
topics to be covered in the Sym-
posium. The deadline for submis-
sion of abstracts is December 1,
1992. Abstracts received after this
date will be considered for poster
presentation.

For further information, please
contact: Barr Enterprises, P.O. Box
279, Walkersville, MD 21793, USA.
Tel.: 301 898-3772; Fax: 301 898-
5596.

5th EUROPEAN
CONFERENCE ON THE
SPECTROSCOPY OF
BIOLOGICAL MOLECULES,
LOUTRAKI, GREECE,
SEPTEMBER 5-10, 1993

This international conference will
focus mainly on the structure and
dynamics of biological and related
systems as determined from
Raman and IR spectroscopic
methods. However, it will also pro-
vide a critically comparative review
of recent progress in this field as
achieved through the application of
other methods, particularly NMR,
CD, optical absorption and fluores-
cence, X-ray crystallography and
neutron scattering,

Topics to be included are: pro-
teins — structure, conformation
and dynamics — drug and metal
interactions; chromophoric proteins
— haem systems, rhodopsins,
photosynthetic  systems,  etc,;

enzymes — reaction kinetics and
mechanism-substrate/inhibitor in-
teractions; nucleic acids — struc-
ture, conformation and dynamics
— drug and metal interactions;
protein—nucleic interactions; bio-
membranes — lipids, organization,
interactions with proteins; carbohy-
drates — oligo- and polysac-
charides; biochemical/biotechno-
logical applications; experimental
methods, FT-Raman techniques;
theoretical methods; supramolecu-
lar chemistry and molecular recog-
nition; other topics such as en-
vironmental applications, etc. will
also be considered.

The scientific programme will
include invited lectures and poster
sessions, with an emphasis on pro-
viding opportunities for discussion.
There will be no parallel sessions.
Submission of oral and poster
papers is invited in all the topic
areas of the conference. The or-
ganizing committee will select the
oral presentations and will issue in-
vitations in January 1993.

A major exhibition of spectro-
scopic instrumentation and equip-
ment will be held in conjunction
with the scientific programme.

For further details, please con-
tact: Professor Theo Theophanides,
Chairman of ECSBM '93, Depart-
ment of Chemical Engineering,
National Technical University of
Athens, Zografou Campus, Zogr-
afou 15780, Athens, Greece. Phone:
+30 1-7792438, 724227 or 7728114;
Fax: +30 1-7700989.

APPLICATIONS OF HPLC AND
CE IN THE BIOSCIENCES,
VERONA AND SOAVE, ITALY,
SEPTEMBER 7-10, 1993

A three-day International Sym-
posium on Applications of HPLC
and Capillary Electrophoresis in
the BioSciences, resulting from the
combined 12th Intemational Sym-
posium on Biomedical Applications
of Chromatography and Electro-
phoresis and the 2nd International
Symposium on Applications of
HPLC in Enzyme Chemistry, will
be held in Verona and Soave (Italy).
Organized by the Institute of
Forensic Medicine of the University
of Verona and the Institute of
Chemistry of the University of
Brescia, School of Medicine, the
Symposium will focus on five
areas:

— New methodological achieve-
ments in HPLC and CE applied
to the biosciences

-~ HPLC and CE analysis of drugs
and other toxic substances in bi-
ological media

— HPLC and CE in enzyme analy-
sis

— HPLC and CE in immunochem-
istry and DNA analysis

— Use of bioreactors in HPLC and
CE.

The selection of the invited
speakers will reflect this focus. In
addition to the plenary lectures, the
programme will consist of oral pre-
sentations and posters. The lan-
guage of the symposium will be
English.

The papers presented will be
published in a special issue of Jour-
nal of (hromatography: Biomedical
Applications.
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For further information, please
contact: Dr. F. Tagliaro, Scientific
Secretariat, c/o Istituto di Medicina
Legale, Policlinico Borgo Roma, I-
37134 Verona, lItaly.

HTC 3. THIRD
INTERNATIONAL SYMPOSIUM
ON HYPHENATED
TECHNIQUES IN
CHROMATOGRAPHY,
ANTWERP, BELGIUM,
FEBRUARY 22-25, 1994

The symposium will cover all
fundamental aspects, instrumental
developments and applications of
the various hyphenated chromato-
graphic techniques, e.g. GC-GC,
GC-MS, PTV-GC-MS, GC-MS-
MS, GC-FTIR, GC-AED, LC-MS,

LC-LC, LC-GC-MS, LC-LC-GC,
LC-FIA-DAD, LC-SFC, SFC-LC,
SFC-MS, SFC-FTIR, SFE-GC, SFE-
LC, CZE-MS, CCC-MS, ITP-MS,
etc. In parallel, all prominent man-
ufacturers of chromatographic in-
struments and accessories will par-

ticipate in an exhibition of their
newest equipment.

The scientific programme will
comprises both oral and poster pre-
sentations. The official language
will be English. Papers are invited
in the above and related areas.

Papers presented at the sympo-
sium will be reviewed for publica-
tion in a special volume of Journal of
Chromatography. The deadline for
the receipt of abstracts is June 30,
1993.

For further information, please
contact: Royal Flemish Chemical
Society (KVCV), Working Party on
Chromatography, c/o Dr. R. Smits,
BASF Antwerpen N.V, Central
Laboratory, Scheldelaan, B-2040
Antwerp, Belgium. Phone +32 3-
568.28.31; Fax: +32 3-568.32.50;
Telex: 31047 basant b.

Calendar of
forthcoming meetings

% indicates new or amended entry

% October 26, 1992

Ziirich, Switzerland

Workshop: Identity Testing in the Phar-
maceutical Industry. Contact: Mr. Lars
Fahrstedt, Chairman of the Section, AB
Astra, S-151 85 Sodertalje, Sweden. Fax:
+46 8 5532 8832.

% November 2-5, 1992
Amsterdam, The Netherlands
Fourier Transform Infrared (FTIR) Spec-
troscopy. A Four-Day Intensive Course.
Contact: The Center for Professional Ad-
vancement, Oudezijds Voorburgwal
316A, 1012 GM Amsterdam, The
Netherlands. Tax: +31 20-6202136.

November 3-5, 1992

Helsinki, Finland

KEMIA '92 Exhibition and Finnish
Chemical Congress. Contact: Ms. Eva
Kota-aho, Programme Secretary, The
Association of Finnish Chemical Socie-
ties, Hietaniemenkatu 2, SF-00100 Hel-
sinki, Finland. Tel.: +358 408-022; Fax:
+358 408-780.

November 4-5, 1992

Hyatt Cherry Hill Hotel, NJ, USA
CHEMICAL SPECIALITIES USA 92
(formerly known as CHEMSPEC USA)
Exhibition and Symposium. Contact (for
exhibition details): Mike Tarrant, Exhibi-

tion Sales Director, FMJ International
Publications Ltd., Queensway House, 2
Queensway, Redhill, Surrey RH1 1QS5,
UK. Tel.: +44 737-768611; Fax: +44 737-
671685; Telex 948669 topjnl g. Contact
(for symposium details): John Woolner,
Spring Innovations Ltd., 216 Moss Lane,
Bramhall, Stockport K7 1BD, UK. Tel.:
+44 61 440-0082; Fax: +44 61 440-8095.

November 4-6, 1992

Montreux, Switzerland

9th Montreux Symposium on Liquid
Chromatography-Mass  Spectrometry
(LC/MS, SFC/MS, CZE/MS, MS/MS).
Contact: M. Frei-Hiusler, IAEAC
Secretariat, Postbox 46, 4123 Allschwil 2,
Switzerland. Tel.: +41 61-632789; Fax:
+41 61-4820805. (Further details published
in Vol. 248, No. 2).

Y November 12, 1992
Manchester, UK

Recent Advances and Applications of
Hyphenated Techniques. Contact: Ana-
lytical Division, The Royal Society of
Chemistry, Burlington House, Pic-
cadilly, London W1V 0BN, UK. Tel.: +44
71-437 8656.
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November 16-17, 1992

Tiibingen, Germany

GC-MS in the Bioanalytical. Chromato-
graphic-Mass Spectrometric Methods.
Contact: Universititsbund Tubingen,
WIT - WissensTransfer, Wilhelmstrasse
5 7400 Tubingen, Germany. Tel. +49
7071 296439.

November 16-20, 1992

Somerset, NJ, USA

Eastern Analytical Symposium and
Expo. Contact: Mr. Badoux, c/o RWB
Convention Management, 4704 Bert
Drive, Monroeville, PA 15146, USA. Tel.
412 372-8965; Fax: 412 372-6748.

% November 18, 1992
Teddington, UK

Standardization and Nomenclature in
Chromatography. Contact: Dr. D. Simp-
son, Analysis for Industry, Factories
2/3, Bosworth House, High Street,
Thorpe-le-Soken, Essex CO16 OEA, UK.
Tel.: +44 255-861714; Fax: +44 255-
862111.

% November 18-21, 1992

Gosen, Germany

7th CIC Workshop: Software Develop-
ment in Chemistry. Contact: Prof. Dr.
Dieter Ziessow, 7 CIC, Iwan-N.-Stran-
ski-Institut, Technische Universitat Ber-
lin, Strasse des 17 Juni 112, W-1000
Berlin 12, Germany. Tel: +49 30-314
24958; Fax: +49 30-314 26602.

November 24-27, 1992

Milan, Italy

ATB '92. Advanced Technology for the
Clinical Laboratory and Biotechnology.
8th European Edition of the Oak Ridge
Conference. Contact: ATB '92 Confer-
ence, Via Carlo Farini 70, 20135 Milan,
Italy. Tel.: +39 2-66802323; Fax: +39 2-
6686699.

November 29-December 2, 1992
Sydney, Australia

12th International Symposium on HPLC
of Proteins, Peptides and Polynu-
cleotides. Contact: 12 ISPPP Secretariat,
GP.O Box 128, Sydney, NSW 2001,
Australia. Tel.: +61 2 262-2277; Fax: +61
2 262-2323. (Further details published in
Vol. 264, No. 2).

December 1-5, 1992

Jakarta, Indonesia

6th Chemical Instrumentation and
Laboratory Indonesia Exhibition (CIL
92). Contact: Matthew Meredith, Over-
seas [Exhibition Services Ltd., 11
Manchester Square, London W1M 5AB,
UK. Tel.: +44 71-486-1951; Fax: +44 71-
486-8773 or 413-8222; Telex: 24591
MONTEXG.

% December 2-4, 1992
Amsterdam, The Netherlands
Near Infrared Spectroscopy. A Three-
Day Intensive Course. Contact: The Cen-
ter for Professional Advancement,
Oudezijds Voorburgwal 316A, 1012 GM
Amsterdam, The Netherlands, Tel.: +31
20-6202136.

% December 9, 1992

London, UK

Key Issues in Robust Analytical Meas-
urements. Confact: Analytical Division,
The Royal Society of Chemistry,
Burlington House, Piccadilly, London
W1V 0BN, UK. Tel.: +44 71-437 8656.

% December 14-16, 1992

Budapest, Hungary
Budapest Chromatography Conference.
Contact: Intercongress Ltd., Ildikd

Benyhe, Dézsa Gyorgy ut 84/a, H-1068
Budapest, Hungary. Tel.: +36 1-1222203;
Fax: +36 1-1424118; Telex: 223955.

% December 15-18, 1992
Loughborough, UK

Statistics for Analytical Chemistry.
Short Course. Confact: Mrs. S. Maddi-
son, Department of Chemistry, Lough-
borough University of Technology,
Loughborough, Leics. LE11 3TU, UK.
Tel: +44 509-222575; Fax: +44 509-
233163.

% January 3-6, 1993

Marathon, FL, USA

WCFIA 93. Winter Conference on Flow
Injection Analysis. Contact: WCFIA 93,
¢/o Gary D. Christian, Department of
Chemistry BG-10, University of Wash-
ington, Seattle, WA 98195, USA. (See
“Announcements” for further details).

January 10-15, 1993

Granada, Spain

1993 European Winter Conference on
Plasma Spectrochemistry. Contact: Prof.

Alfredo Sanz Medel (Chairman), De-
partment of Physical and Analytical
Chemistry, Faculty of Chemistry, Uni-
versity of Oviedo, C. Julian Claveria
s/n, 33006 Oviedo, Spain. Tel. +34 85
103480 or 103474; Fax +34 85-237850.
(Further details published in Vol. 264, No.
2).

January 25-28, 1993

Orlando, FL, USA

HPCE '93. Fifth International Sym-
posium on High Performance Capillary
Electrophoresis. Contact: Shirley E.
Schlessinger, Symposium Manager,
HPCE '93, Suite 1015, 400 East Ran-
dolph Drive, Chicago, IL 60601, USA.
Tel.: 312 527-2011. (Further details pub-
lished in Vol. 260, No. 1).

% January 26-27, 1993

Houston, TX, USA

7th International Forum on Process An-
alytical Chemistry: Analytical Tech-
niques for Process Quality and Control.
Contact: InfoScience Services Inc., Con-
ference Division, Suite 313, 3000
Dundee Road, Northbrook, IL 60065,
USA. Tel. 708 291-9161; Fax: 708 291-
0097.

* January 26-27, 1993
Houston, TX, USA

Envirolab: The Analytical Environment.
Contact: InfoScience Services Inc.,, Con-
ference Division, Suite 313, 3000
Dundee Road, Northbrook, IL 60065,
USA. Tel. 708 291-9161; Fax: 708 291-
0097.

February 9-10, 1993

Tokyo, Japan

CHEMSPEC ASIA 93. Exhibition. Con-
tact: Jane Malcolm-Coe, PR & Publicity
Manager, FM] International Publica-
tions Ltd, Queensway House, 2
Queensway, Redhill, Surrey RH1 1QS,
UK. Tel.: +44 737-768611. Fax: +44 737-
761685.

March 8-12, 1993

Atlanta, GA, USA

PITTCON '93. 44th Pittsburgh Confer-
ence and Exposition on Analytical
Chemistry and Applied Spectroscopy.
Contact: Linda S. Briggs, Pittsburgh
Conference, 300 Penn Center Blvd,,
#332, Pittsburgh, PA 15235, USA. Tel.
412 825-3220; Fax: 412 825-3224. (See
“Announcements” for further details).
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% March 19, 1993

Antwerp, Belgium

Symposium on Possibilities and Limita-
tions of Chiral Separation Techniques.
Contact: Royal Flemish Chemical Society
(KVCV), Working Part on Chromato-
graphy, c/o Dr. R. Smits, BASF An-
stwerpen N.V, Central Laboratory,
Scheldelaan, B-2040 Antwerp, Belgium.
Tel.: +32 3 568 2831; Fax: +32 3 568 3250;
Telex: 31047 basant b.

* April 4-7, 1993

Clwydd, Wales, UK

Ion Exchange Processes. Contact: Haydn
Hughes, Faculty of Science, The North
East Wales Institute, Connah’s Quay,
Clwydd CH5 4BR, Wales, UK.

* April 20-21, 1993

Pontypridd, Wales, UK

The Interpretation of Vibrational Spec-
tra. The Infrared and Raman Discussion
Group and the University of Glamorgan
Residential School. Contact: Mrs.
Stephanie Williams, Faculty of Science
and Engineering, University of Glamor-
gan, Pontypridd, Mid Glamorgan CF37
1DL, Wales, UK.

% April 20-23, 1993

Brussels, Belgium

5th European Congress on Biophar-
maceutics and Pharmacokinetics. Con-
tact: Mrs. F. Rey, 3/17 Avenue de
I'Observatoire B-1180 Brussels, Belgium.
Tel.: +32 2 375 1648; Fax: +32 2 375 3299.

% May 3-5, 1993

Szombathely, Hungary

5th Symposium on the Analysis of
Steroids. Contact: Prof. S. Gordg, c/o
Chemical Works of Gedeon Richter
Ltd, P.O. Box 27, H-1475 Budapest,
Hungary. Tel.: +36 1-1574 566; Fax: +36
1-1571 578; Telex: 22-5067 richt h. (See
“Announcements” for further details).

May 9-14, 1993

Hamburg, Germany

HPLC '93. 17th International Sym-
posium on Column Liquid Chromato-
graphy. Contact: Gesellschaft Deutscher
Chemiker, Abteilung Tagungen, Var-
rentrappstr. 40-42, D-6000 Frankfurt am
Main 90, Germany. Tel.: +49 69-7917-
360; Fax: +49 69-7917-475.

* May 12-14, 1993

Paris, France

Spectral Analysis of Complex Struc-
tures. Contact: Uppsala University,
School of Engineering, P.O. Box 534, S-
75121 Uppsala, Sweden.

May 25-27, 1993

Ghent, Belgium

Vth International Symposium on Quan-
titative Luminescence Spectrometry in
Biomedical Sciences. Confact: Dr. Willy
R.G. Baeyens, Symposium Chairman,
University of Ghent, Pharmaceutical In-
stitute, Harelbekestraat 72, 9000 Ghent,
Belgium.

* June 2-4, 1993

Stockholm, Sweden

Symposium on Analysis of Peptides.
Contact: Swedish Academy of Phar-
maceutical Sciences, P.O.Box 1136, 5-111
81 Stockholm, Sweden. Tel: +46 8
245085; Fax: +46 8 205511.

% June 34, 1993

Brno, Czechoslovakia

European Conference on Analytical
Chemistry and Pharmaceuticals, Chro-
matography and Spectroscopy, and
Thermal Analysis. Contact: Dr. V.M.
Bhatnagar, Alena Chemicals of Canada,
P.O. Box 1779, Comwall, Ont., Canada
K6H 5V7. Tel.: 613 932-7702.

% June 7-9, 1993

Lyon, France

European Seminar on InfraRed Spec-
troscopy. Contact: G. Lachenal, Univer-
sité Lyon I, Laboratoire des Matériaux
Plastiques et des Biomatériaux, 69622
Villeurbanne Cédex, France. Fax: +33 78
89 25 83. (See “Announcements” for
further details).

% June 8-11, 1993

Egham, UK

Seventh International LIMS Conference.
Contact: John Boother, Programme
Chairman, JB Scientific, P.O. Box 5,
Riseley, Reading RG7 1YL, UK. Tel.: +44
734 883125; Fax: +44 734 885604.

* June 9-12, 1993

Dortmund, Germany

22nd International Roland W. Frei
Memorial Symposium on Environmen-
tal Analytical Chemistry. Contact: Mrs.
M. Frei-Hausler, P.O. Box 46, CH-4123

Allschwil 2, Switzerland. Fax: +41 61-
4820805.

June 13-17, 1993

Arhus, Denmark

3rd Scandinavian Symposium on
Chemometrics. Contact: SSC3 Secretar-
iat, Department of Chemical Tech-
nology, Danish Technological Institute,
Teknologiparken, DK-8000 Arhus C,
Denmark. Tel.: +45 86-142400; Fax: +45
86-147445.

% June 14-16, 1993

Arlington, VA, USA

PREP-93, 10th International Symposium
on Preparative Chromatography. Con-
tact: Barr Enterprises, P.O. Box 279,
Walkersville, MD 21793, USA. Tel.: 301
898-3772; Fax: 301 898-5596. (See “An-
nouncements” for further details).

June 23-24, 1993

Basle, Switzerland

CHEMSPEC EUROPE 93. Contact: Jane
Malcolm-Coe, PR & Publicity Manager,
FM] International Publications Ltd.,
Queensway House, 2 Queensway, Red-
hill, Surrey RH1 1QS, UK. Tel.: +44 737-
768611, Fax: +44 737-761685.

% June 27-30, 1993

Santa Barbara, CA, USA
Fullerenes '93. The First International
Interdisciplinary Colloquium on the
Science and Technology of the Fuller-
enes. Contact: In North America: Kim
Cavallero, Pergamon Seminars, 660
White Plains Road, Tarrytown, NY
10591-5153, USA. Tel.: 914 333-2550;
Fax: 914 333-2468. All other countries:
Gill Spear, Pergamon Seminars, c/o El-
sevier Advanced Technology, Mayfield
House, 256 Banbury Road, Oxford OX2
7DH, UK. Tel.: +44 865 512242; Fax: +44
865310981.

June 29-July 4, 1993

York, UK.

XXVIII Colloquium Spectroscopicum
Internationale. Contact: Department of
Chemistry (CSI Secretariat), Lough-
borough University of Technology,
Loughborough, Leics. LE11 3TU, UK.

July 7-9, 1993

York, UK.

Modern Ultraviolet Spectrometry. Con-
tact: Dr. Tom Frost, Wellcome Founda-
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tions Ltd., Dartford Hill, Dartford DA1
S5AH, UK. Tel: +44 322 223-488; Fax: +44
322289-285.

* July 19-21, 1993

Guildford, UK

6th Symposium on Handling of En-
vironmental and Biological Samples in
Chromatography. Contact: Mrs. M. Frei-
Hiusler, IAEAC Secretariat, Postfach
46, CH-4123 Allschwil 2, Switzerland.

August 9-11, 1993

Winnipeg, Canada

3rd Soil and Sediment Residue Analysis
Workshop. International Association of
Environmental Analytical Chemistry.
Contact: Dr. G.R. Barrie Webster, Pesti-
cide Research Laboratory, Department
of Soil Science, University of Manitoba,
Winnipeg, MB, Canada R3T 2N2. Tel.
(204) 474-6039; Fax: (204) 272-6019. Prof.
Dr. J. Tarradella, IGE-Ecole Poly-
technique, Federale de Lausanne, 1015
Lausanne, Switzerland. Tel.: +41 21
6932712; Fax: +41 21 6932727.

August 15-20, 1993

Beijing, China

3th IUPAC Congress: Chemistry for
the 21st Century. Confact: Prof. Xingi
Song, Secretary-General of 34th IUPAC
Congress, c¢/o0 Chinese Chemical
Society, P.O. Box 2709, Beijing 100080,
China.

August 23-27, 1993

Budapest, Hungary

9th Danube Symposium on Chromato-
graphy. Contact: Prof. L. Szepesy, Sym-
posium Secretariat, Department of
Chemical Technology, Technical Uni-
versity of Budapest, Budafoki ut 8, H-
1521 Budapest, Hungary. Tel. +36 1
186-9000; Fax +36 1 181-2755; Telex
225931 muegy h. (Further details publish-
ed in Vol. 264, No. 2).

% September 5-10, 1993
Loutraki, Greece

5th European Conference on the Spec-
troscopy of Biological Molecules. Con-
tact: Professor Theo Theophanides,
Chairman of ECSBM '93, Department of
Chemical Engineering, National Techni-
cal University of Athens, Zografou
Campus, Zografou 15780, Athens,
Greece. Tel.: +30 1-7792438; Fax+ +30 1-

7700989. (See
further details).

“Announcements”  for

September 5-11, 1993
Edinburgh, UK.

Euroanalysis VIII. Contact: Miss P.E.
Hutchinson, Analytical Division, The
Royal Society of Chemistry, Burlington
House, Piccadilly, London W1V 0BN,
UK. Tel: +44 71 437 8656; Fax: + 44 71
734 1227; Telex: 268001. (Further details
published in Vol. 252, No. 1-2).

% September 7-10, 1993

Verona and Soave, Italy
Applications of HPLC and CE in the
BioSciences (12th International Sym-
posium on Biomedical Applications of
Chromatography and Electrophoresis
and 2nd International Symposium on
the Applications of HPLC in Enzyme
Chemistry). Contact: Dr. F. Tagliaro,
Scientific Secretariat, c/o Istituto di
Medicina Legale, Policlinico Borgo
Roma, 1-37134 Verona, Italy. (See “An-
nouncements” for further details).

September 8-10, 1993

Prague, Czechoslovakia
International  Association of En-
vironmental Analytical Chemistry 4th
Workshop on Chemistry and Fate of
Modern Pesticides and Related Pollu-
tants. Contact: Dr. ]J. Hajslova, Institute
of Chemical Technology, Department of
Food Chemistry and  Analysis,
Suchbatarova 5, 16628 Prague 6-Dejvice,
Czechoslovakia. Fax: +42 23-114769.

% November 1-4, 1993

Oslo, Norway

LAB '93, Laboratory Exhibition. Contact:
Norges Varemesse, P.O. Box 130,
Skoyen, 0212 Oslo 2, Norway. Tel.: +47
243 90100; Fax: +47 2-431914.

% February 22-25, 1994
Antwerp, Belgium

HTC 3. Third International Symposium
on Hyphenated Techniques in Chroma-
tography. Contact: Royal Flemish
Chemical Society (KVCV), Working
Part on Chromatography, c/o Dr. R.
Smits, BASF Anstwerpen N.V,, Central
Laboratory, Scheldelaan, B-2040 An-
twerp, Belgium. Tel.: +32 3 568 2831;
Fax: +32 3 568 3250; Telex: 31047 basant
b. (See “Announcements” for further
details).

% February 28-March 4, 1994
Chicago, IL, USA

PITTCON ’'94. Pittsburgh Conference on
Analytical Chemistry and Applied
Spectroscopy. Contact: Pittsburgh Con-
ference, Suite 332, 300 Penn Center
Blvd., Pittsburgh, PA 15235-9962, USA.

* April 19-22, 1994

Munich, Germany

ANALYTICA 94. 14th International
Trade Fair for Biochemical and Instru-
mental Analysis with International Con-
ference. Contact: Bernhard Schauder,
ANALYTICA Press Office, Minchener
Messe- und Ausstellungs-Gesellschaft
mbh, Messegelénde, Postfach 12 10 09,
D-8000 Munich 12, Germany. Tel.: +49
89-51070; Fax: +49 89-5107506; Telex:
5212086 ameg d.

May 8-13, 1994

Minneapolis, MN, USA

HPLC '94. 18th International Sym-
posium on High Performance Liquid
Chromatography. Contact: Janet E.
Cunningham, Barr Enterprises, P.O. Box
279, Walkersville, MD 21793, USA. Tel.:
(301) 898-3772; Fax: (301) 898-5596.

% June 19-24, 1994
Bournemouth, UK

20th International Symposium on Chro-
matography. Contact: The Executive
Secretary, Chromatographic Society,
Suite 4, Clarendon Chambers, 32
Clarendon Street, Nottingham NG1 5JD,
UK. Tel.: +44 603-500596; Fax: +44 602-
500614.

% September 21-23, 1994
Stocikcholm, Sweden

5th International Symposium on Phar-
maceutical and Biomedical Analysis-
Contact: - Swedish  Academy  of
Pharmaceutical Sciences, P.O.Box 1136,
S-111 81 Stockholm, Sweden. Tel.: +46 8
245085; Fax: +46 8 205511.

% March 6-10, 1995

PITTCON '95. Pittsburgh Conference on
Analytical Chemistry and Applied
Spectroscopy. Contact: Pittsburgh Con-
ference, Suite 332, 300 Penn Center
Blvd., Pittsburgh, PA 15235-9962, USA.
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