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Abstract

This paper reports an investigation on optimal separation and detection for animal prostaglandins, i.e.
prostaglandin E,(PGE,) and thromboxane B,(TXB,) by capillary zone electrophoresis with indirect detection at 254
nm. It was found that the addition of 3 mmol 1~ ! phosphomolybdic acid in 5 mmol 1~! chromate buffer can lower
the detection limits of PGE, and TXB,, i.e. the calculated detection limits (k = 3) with phosphomolybdic acid is 0.05
pug ml 1, only a 1/5-fold improvement compared to that without phosphomolybdic acid. Also adding phosphomolyb-
dic acid, the mechanism for improving detection limits was explained properly. The separation and detection of PGE,
and TXB, can be completed in 4 min. The linear ranges for PGE, and TXB, were the same, i.e. 5~ 80 pg ml—!,
analytical precision (n = 8) was 1.2 ~ 1.4% and 3.5% for the measurement of migration times and determination of
peak height, respectively. The approach was demonstrated in the lung tissue of SD rats, the measurement results were
in good agreement with previous investigations. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Prostaglandins (PGs) are one type of impor-
tant bioactive material in human and animal

* Corresponding author.

bodies. Their synthesis from arachidonic acid is
mediated through the cyclooxygenase pathway
in vivo. Prostaglandins E,(PGE,) and throm-
boxane B,(TXB,) are two of the more impor-
tant kinds of metabolic products in the body.
Their physiological effects are different, but
their molecular structure is similar. There
molecular formula is as follows:
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Capillary zone electrophoresis (CZE) is a type of
separation technique characterized by high effi-
ciency and small sample volume, great progress has
been made in instrumentation and application in
the last several years. In principle, CZE has been
considered particularly suitable for bioseparation.
Most capillary electrophoretic separations are per-
formed wusing UV detection. However, many
biomolecules such as the platelet activating factor
(PAF), TXB, and PGE,, lack chromophores at
useful wavelengths and cannot be detected with UV
methods.

Indirect detection can be used as a universal
detection scheme, without the need for time-con-
suming precolumn derivatization or experimentally
complicated postcolumn derivatization procedures.
Indirect UV detection in capillary electrophoresis
(CE) has been applied to the detection of various
compounds such as organic acids [1,2] inorganic
ions [3,4] and the biomolecules PAF [5].

The goal of this work was to investigate the
separation of PGE, and TXB, in animal bodies by
CZE with indirect UV detection at 254 nm. Mod-
ification of the indirect detection sensitivity and
separation selectivity of CZE as a relation of
components in the background electrolyte was
investigated. As a result of this work, we found that
the presence of phosphomolybdic acid in chromate
system can improve the detection and separation of
PGE, and TXB,.

2. Experimental

2.1. Apparatus

All electropherograns were generated using a
Mode 1229 capillary electrophoresis system with

\_/\/\/COOH

OH

TXB,, CsoH3,0,

254 nm UV detector (New Technology Application
institute of Beijing). The uncoated fused-silica cap-
illary (Hebei Yongnian Light Fiber Factory) was 50
pm i.d. x 374 pm o.d. with an effective length of 50
cm long and the total length was 65 cm. The signals
were transmitted to a X-Y recorder (Sichuan Meter
Factory). All experiments were carried out at
ambient temperature (ca. 24-26°C). UV spectra
were measured with a Shimadzu UV-2100 scanning
spectrophotometer, using quartz cuvettes with an
optical path 0.5 cm.

2.2. Chemicals

PGE, and TXB, were obtained from Sigma. All
other reagent came from China and were analyti-
cal-reagent grade. All the solutions were prepared
by subboiling distilled water.

2.3. Disposal of SD rat lung samples

Fifteen rats were divided into three groups, five
in the normal group, five in the hypoxic group and
five in the drug group, 15 ml of methanol was added
to 0.50 g of broken SD rat lung and mixed
immediately on a vortex vibrator, then centrifuged
(4000 rpm x 15 min). The supernatant was drawn
out, the protein and other impurities were removed,
7 ml of water and 7 ml chloroform were added into
the supernatant and mixed until two layers were
seen clearly. The chloroform phase was taken out
and dried with N,, then stored at — 4°C waiting for
measurement.

2.4. Procedures

The capillary was initially washed with 1 M
KOH for 10 min, then with water for 10 min and
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running buffer for 30 min. When the buffer solu-
tion in the capillary was changed, the capillary
was purged for 3 min with the new buffer solu-
tion. In order to make sure the precision of
migration time, the capillary was purged for 1 min
with the running buffer before each injection.

Stock solutions of potassium chromate, potas-
sium hydrogen phthalate and sodium benzoate
(0.1 mol 17! each) and 0.15 mol 1-! phospho-
molybdic acid were prepared by dissolving the
chemicals in subboiling water. Lower concentra-
tion solutions were obtained by dilution and
filtered through a 0.3 um membrane before going
into the capillary separating column.

PGE, and TXB, standard solutions in
methanol (1 mg ml~! each) were adjusted to the
required pH value by 0.1 mol 1=' KOH or 0.1
mol 1=! HCI solution in order to keep the sample
pH close to the test buffer pH value, then diluted
to the desired concentration with buffer and the
indicated concentration was that after dilution
with buffer.

3. Results and discussion

3.1. Selection of the indirect absorption probe
ions

Because PGE, and TXB, lack chromophores at
254 nm, indirect absorption detection must be
employed. In indirect detection, a detectable ion is
chosen as one of the components of the back-
ground electrolyte, thus creating a large back-
ground signal. When a non-detectable sample ion
passes the detection window, there will be a de-
crease in the background signal. The detectable
ion has UV absorption properties and is called an
indirect absorption probe ion. The technique re-
sults in a negative peak as a sample component
displaces a chromophoric ion. Because indirect
UV detection relies on the displacement of a
chromophore, the probe ion should have a large
molar absorption to maximize the decrease in
signal resulting from its displacement. Addition-
ally, the matching of electrophoretic mobility of a

probe ion with a sample ion would give a high-
resolution separation.

At pH 8.0, 10 mmol 1~' potassium chromate,
20 mmol 1~ ! potassium hydrogen phthalate and
20 mmol 1-! sodium benzoate were chosen re-
spectively and each of these act both as a kind of
probe ion and as a running buffer system. Fig. 1.
shows the results of separation and detection of
PGE, and TXB, (40 pg ml~! on buffer solution
each). From Fig. 1 we can see, from sensitivity,
peak shapes, background noise and resolution,
that the chromate system is superior to potassium
hydrogen phthalate and sodium benzoate system.
However, the resolving power is not enough for
separating PGE, and TXB,, and the detected
sensitivity is very poor.

3.2. Effect of phosphomolybdic acid

3.2.1. Improving detection limits

Phosphomolybdic acid is always used as a visu-
alizing agent for the analysis of PGE, and TXB,
in chromatography [6]. The investigators found
that when 3 mmol 1~ ! of phosphomolybdic acid
was added to the chromate buffer system, the
absorption of chromate at 254 nm increased
rapidly, and the optimized concentration of chro-
mate was decreased from 10 mmol 1~! to 5 mmol
1=, in the case of hydrogen phthalate and ben-
zoate buffer system, there was no promotive ef-
fect. As can be seen in Fig. 1(a) and Fig. 3, the
detected signals of PGE, and TXB, are much
larger with phosphomolybdic acid than without.

In indirect UV detection, the key factors deter-
mining the detection limit have been reported to
be the concentration of the visualization agent,
C,; the dynamic reserve, D, (i.e. the ratio of the
background absorbance to the noise) and the
displacement ratio, R, (i.e., the number of visual-
ization agent molecules transferred by one sample
molecule). The detectable concentration Cp, can
be estimated as follows [7,8].

Cp =GCp/R D,

It can be seen that, decreasing C, or increasing D,
will reduce the detection limit.

Phosphomolybdic acid is a visualization agent
which has a stronger complex capability, and was



4 H. Jin-Lan et al. / Talanta 46 (1998) 1-7

used to complex with PGE, and TXB, at 80 ~
90°C [6]. Here, perhaps there is some complex
effect between chromate and phosphomolybdic
acid. Mixing them can form a kind of complex
compound which has stronger molar absorption
at 254 nm. The UV-absorption spectrogram (Fig.
2) confirmed our speculation. Fig. 2 presents three
UV-absorption spectrograms, Fig. 2(a) obtained
from 3 mmol 1~ ! phosphomolybdic acid (pH 8.0),
Fig. 2(b) from 10 mmol 1-! phosphomolybdic
acid (pH 8.0) and Fig. 2(c) from the mixed solu-
tion of 5 mmoll~' chromate and 3 mmoll~!
phosphomolybdic acid (pH 8.0). Obviously, the
complex compound between chromate and phos-
phomolybdic acid has been formed and it has
stronger molar absorption at 254 nm.

The indirect absorption detection limits of
PGE, and TXB, were decreased from 0.25 pg
ml~! to 0.05 pg ml—! (k =3) by adding 3 mmol
1-! phosphomolybdic acid in 5 mmol 1-! chro-

20

peak height (mn)

mate buffer system at pH 8.0. The experiments
confirmed that the detection limit would be im-
proved by lowering C, or increasing the molar
absorption of the visualization agent in the pres-
ence of phosphomolybdic acid. A phenomenon
observed in Fig. 3 is that the noise was obviously
increased. This degradation of signal-to-noise ra-
tio is amplified by the increase of noise at high
absorbency values occurring in most photometers

12].

3.2.2. Effect on the separation

In order to further investigate the effect of
phosphomolybdic acid on the separation of PGE,
from TXB,, the migration times of electroosmotic
flow (methanol), PGE, and TXB, were measured
under different phosphomolybdic acid concentra-
tions in the 5 mmol 1-! K,CrO, system (pH 8.0)
(Fig. 4). Fig. 4 suggests that the migration times
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Fig. 1. The detected sensitivity and separation for PGE, and TXB, in different probe ion systems. Peak 1, methanol; Peak 2, PGE,;
Peak 3, TXB,. Running buffer (pH 8.0 each): (a) 10 mmol 1~! potassium chromate (28 kV, 18 pA), (b) 20 mmol 1~ ! sodium
benzoate (28 kV, 15 pA), (c) 20 mmol 1~ ! potassium hydrogen phthalate (28 kV, 28 pA).
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Fig. 2. The UV-absorption spectogram, (a) 3 mmol 1~ ! phosphomolybdic acid (pH 8.0), (b) 10 mmol 1~ ! chromate (pH 8.0), (c)
3 mmol 1~ ! phosphomolybdic acid and 5 mmol 1~ ' chromate (pH 8.0).
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Fig. 3. Effect of phosphomolybdic acid on the detection
sensitivity and the separation of PGE, and TXB,. Buffer, 5
mmol 1~! potassium chromate and 3 mmol 1! phospho-
molybdic acid (pH 8.0). Applied voltage, 25 kV. Sample

concentration, 40 pg ml~—! each. Peak 1, methanol; Peak 2,
PGE,; Peak 3, TXB,.

of methanol PGE, and TXB, will be shortened
by increasing the concentration of phospho-
molybdic acid. A main cause was that the ion
strength in the buffer solution was increased,
thus leading to a higher separation current and
larger electroosmotic flow. However, the migra-
tion time of PGE, was reduced dramatically.
So the concentration of phosphomolybdic acid
did not exceed 5 mmol 1!, otherwise, the
PGE, peak would be eluted with electroosmotic
flow. The separation efficiencies for PGE, and
TXB, are the highest when the concentration of
phosphomolybdic acid is between 3 and 4
mmol 1-!'. If the concentration of phospho-
molybdic acid was below 3 mmol 17!, the re-
tention times of components are increased,
resulting in badly tailing peaks and poor reso-
lution. So, in this work, a 3 mmol 1~! concen-
tration of phosphomolybdic acid was chosen,
and the highest plate numbers, between 5 x 10°
and 6.2 x 10°, were obtained. The improvement
of resolution further confirmed that the effec-
tive mobility of PGE, and TXB, would be
closely matched to those probe ions, due to the
complex formed between phosphomolybdic acid
and chromate, resulting in sharper peak shape
and leading to higher separation efficiency.

3.2.3. Effect of pH

The pH of the running buffer solution con-
trols the mobility of weak acids. The PGE, and
TXB, are all typical weak acids. The pH of the
electrolyte solution used in our work can have
a large effect on the separation of PGE, and
TXB,. The changes in electroosmotic flow and
the retention time of the components as the pH
changes in the buffer system were described in
Fig. 5. Fig. 5 showed that as the pH value in-
creased, the electroosmotic flow enlarged, i.e.
the retention time of methanol was shorter. The
dramatic change occurred at pH 5 ~ 8. The ten-
dency of the retention times to change for
PGE, and TXB, were the same with methanol.
At lower pH, both PGE, and TXB, will be-
come easily protonated and a decrease in their
electrophoretic mobility is observed, resulting in
a tailing peak. As the pH is increased, the elec-
troosmotic flow is increased, which leads to an
increase in the effective mobility and sharpens
the separation peak of PGE, and TXB,. But, if
the pH is over 9, the separation current is in-
creased dramatically. The experiments show
that the highest efficiency separation of PGE,
from TXB, is at pH 7 ~ 8.

3.2.4. Correction curve and sample analysis

The optimum buffer solution for the separa-
tion of PGE, and TXB, contained 5 mmol 17!
potassium chromate and 3 mmol 1=' phospho-
molybdic acid at pH 8.0, which combines com-
plete resolution with a shear analyses. When
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Fig. 4. Effect of phosphomolybdic acid concentration on the
migration time of electroosmotic flow ( x ). PGE, (O), TXB,
(®@). Other conditions as in Fig. 3.
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Table 1

The characteristic parameters of the correction curve for PGE, and TXB, in CZE

Component Detection limit Linear range Linear regression coefficient R.S.D.% (n=218)
(ng ml~") (k=13) (g ml—")
tr.® hb
PGE, 0.05 5~80 0.9971 1.2 3.5
TXB, 0.05 5~80 0.9956 1.4 3.5

4 tr., retention time.
®h, peak height.

the applied voltage was 25 kV, the retention times
for PGE, and TXB, were 3 min 5 s and 3 min 32
s, respectively (Fig. 3). The correction curve was
described by the separation peak height against
component concentration. The characteristic
parameters of correction curve were shown on
Table 1.

The standard curve method was used for analy-
sis of PGE, and TXB, in the lung samples of SD
rats. First, the lung sample diluted with 25 pl
methanol was used for the determination of
PGE,, then 75 pl of methanol was added for the
determination of TXB,. In order to measure the
recovery, five normal lung samples were taken,
then every sample was divided described by the

10 §
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g ’ +\ °
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Fig. 5. Effect of pH on the electroosomtic flow time ( x ) and
the migration times of PGE, (O) and TXB, (®@). Other
conditions as in Fig. 3.

separation peak height against component con-
centration. The characteristic parameters of cor-
rection curve were shown on Table 1.

The standard curve method was used for analy-
sis of PGE, and TXB, in the lung samples of SD
rats. First, the lung sample diluted with 25 pl
methanol was used for the determination of
PGE,, then 75 pl of methanol was added for the
determination of TXB,. In order to measure the
recovery, five normal lung samples were taken,
then every sample was divided into two aequators
and 2 pg standards of PGE, and 8 pg TXB, were
added into one of the aequators. The disposal
process of the sample recovery test was the same
as mentioned previously in Section 2. The analysis
results for PGE, and TXB, of rat lung in each
group and recovery in this work were shown in
Table 2.

4. Conclusions

In this work, the analysis of components in an
organism by CZE was studied. The following
conclusions have been drawn:

1. Capillary electrophoresis is an efficient method
for analysis of trace components in a compli-
cated matrix because the matrix influence can
be easily removed.

2. For the separation of trace components, the
optimum buffer system should insure that the
separating time is as short as possible, which
would decrease peak broadening due to diffu-
sion of molecule.
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Table 2

The analysis results for PGE, and TXB, in various SD rat lungs (ug ml—")

Group n PGE, TXB, Recovery (%)
Mean value Range Mean value Range

Normal 5 0.62 0.38~0.82 11.7 9.6~14.5 85

Hypoxia 5 0.71 0.58~1.02 12.5 9.6~16.3 —

Drug 5 0.57 0.28~0.83 9.54 8.2~12.7 —

3. Since many biological compounds lack chro- References

mophores at useful wavelengths, the indirect
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probe ion, which has high molar absorption
and mobility matched to the sample ion, must
be selected so as to obtain high detection
sensitivity and resolution.
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Abstract

An extraction-spectrophotometric method for the determination of phenytoin in capsules and plasma is presented.
The method is based upon oxidation of phenytoin using alkaline potassium permanganate solubilized in chloroform/
cyclohexane (1:1) after crowning with dicyclohexano-24-crown-8 (DC-24-C-8). The formed benzophenone being
soluble in the oxidation reaction medium was directly measured at 238 nm. The optimum conditions for the reaction
were studied and the detection limit was found to equal 1.2 mg/100 ml. The developed method was applied to the
determination of the drug in capsules and plasma. The method is simple, accurate and avoids laborious multistep

extraction procedures. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Phenytoin; Extraction-spectrophotometry; Potassium permanganate; Crown ethers

1. Introduction

Phenytoin, 5,5-diphenylimidazolidine-2,4-dione,
is one of the most frequently prescribed anticon-
vulsants. It is considered as the drug of choice in
treating all forms of epilepsy except absence
seizures. It is also used to treat various psychoses,
trigeminal and related neuralgias and various car-
diac arrhythmias [1]. Phenytoin is extensively me-
tabolized in the liver to 5-(p-hydroxyphenyl)
-5-phenylhydantoin (PHPPH) and between 60
and 70% of the administered dose is excreted as
free or as a glucuronide conjugate of PHPPH.

* Corresponding author.

Minor metabolises include 5-(3-hydroxyph-
enyl)-5-phenylhydantoin, 3,4 dihydro-3,4-dihy-
droxyphenytoin, catechol and 3-O-methylcate-
chol. The plasma half-life varies considerably
within the approximate range of 7-60 h and is
dose-dependent [2].

Phenytoin is a weakly absorbing compound
(A1 =27 at 258 nm), moreover, the lack of a
well defined UV absorption spectrum makes its
determination in low concentrations by direct UV
spectrophotometry difficult, and this problem is
more aggravated if it is needed to be estimated in
biological fluids.

Phenytoin has been determined spectrophoto-
metrically by a variety of methods ranging from a

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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simple procedure based on measuring the ab-
sorbance at 235 nm [3] to more complicated ones
that involve chemical derivatization. Wallace et
al. [4] described a method for determining pheny-
toin in blood based on hydrolysis of the hydan-
toin ring in strong alkali followed by a Hofmann
degradation of the resulting amide with bromine
to yield benzophenone which was steam-distilled
and measured at 257 nm. At a later stage, Wallace
[5] published a method for the assay of phenytoin
in biological specimens consisting of hydrolysis of
the hydantoin ring in strong alkali, then perman-
ganate oxidation to benzophenone which was ex-
tracted into n-heptane after reflux for 30 min and
measured at 247 nm. A more recent method [6,7]
for the determination of phenytoin in plasma was
based on extracting the sample with 1,2-
dichloroethane, followed by back extraction from
the organic layer into alkali and oxidation by
potassium permanganate with heating on a steam
bath. The oxidation product was extracted into
2,2 4-trimethylpentane and measured at 247 nm.
Other methods for the estimation of phenytoin in
pharmaceutical preparations and/or biological
fluids include: colorimetry [8], spectrophotometry
using orthogonal functions [9], titrimetry [10],
fluorimetry [11], thin layer chromatography
(TLC) [12], gas liquid chromatography (GLC)
[13] and high performance liquid chromatography
(HPLC) [14].

The previously published spectrophotometric
methods used for the assay of phenytoin are time
consuming, laborious (they need multistep extrac-
tions and reflux) and require fairly large plasma
samples. GLC methods are often complicated for
routine clinical situations and usually demand a
time interval exceeding that required for a spec-
trophotometric scan. Additionally, hydantoins
may be liable to thermal degradation at the injec-
tion temperature [15]. HPLC methods, although
sensitive, are expensive and require sophisticated
instrumentation which might not be available in
many modest quality control laboratories.

Extraction analysis has been practiced for more
than a century, but the use of macrocyclic com-
pounds for this purpose is of recent date. Frens-
dorff and Pedersen [16,17] carried out pioneer
work on extraction with crown ethers, however

their use in chemical analysis is still limited be-
cause the stability constants between metal ions
and crown ethers are low. Potassium perman-
ganate dissolved in benzene by dicyclohexyl-18-
crown-6 was used for oxidising alkenes under
mild conditions [18]. Also, quantitative oxidations
of stilbene to adipate and of benzyl alcohol to
benzoate have been demonstrated. The scope of
these oxidations is still being developed since this
reagent could be particularly useful where water
solubility is a major limitation and where mild
conditions are necessary.

In the present work, dicyclohexano-24-crown-8
(DC-24-C-8) has been used to solubilize potas-
sium permanganate in cyclohexane/chloroform
mixture (1:1). The metal complex anion formed
could be used efficiently for the quantitative oxi-
dation of phenytoin to benzophenone which, be-
ing soluble in the reaction medium, could be
measured spectrophotometrically.

2. Experimental
2.1. Apparatus

A Perkin Elmer spectrophotometer Model 550
S and a laboratory centrifuge with maximum
speed (4000 rpm) were used.

2.2. Materials

Phenytoin and phenytoin sodium (pharmaceuti-
cal grade) were kindly provided by Alex for phar-
maceutical and chemical industries, Alexandria,
Egypt. ‘Epanutin’ capsules containing 100 mg
phenytoin sodium per capsule (Parke—Davis),
DC-24-C-8, 97% containing < 2% dibenzo-24
crown-8 (Aldrich), potassium permanganate AR,
formalin solution 40% w/v (BDH), chloroform
AR and cyclohexane AR were used.

2.3. Reagents

2.3.1. Potassium permanganate |DC-24-C-8
Weigh and transfer 0.06 g of DC-24-C-8 to a 50

ml volumetric flask using a chloroform/cyclohex-

ane mixture (1:1). Add 600 mg of potassium
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permanganate and shake the flask mechanically
for 10 min. Complete the volume to the mark
with the same solvent mixture. This solution was
always freshly prepared.

2.3.2. Sodium hydroxide | DC-24-C-8

Weigh and transfer 0.03 g of DC-24-C-8 to a 25
ml volumetric flask by means of chloroform/cy-
clohexane mixture (1:1). Add 2 g of NaOH and
shake the flask mechanically for 30 min. Complete
to the mark with the same solvent mixture and
filter the solution.

2.4. Standard phenytoin sodium solution

Accurately weigh 25 mg of phenytoin sodium
and transfer it to a 120 ml separatory funnel. Add
10 ml of 1 M sulphuric acid followed by two 25
ml portions of chloroform and shake to extract
phenytoin. Combine the extract in a 100 ml volu-
metric flask and adjust the volume.

2.5. Sample preparation

Accurately weigh and transfer an amount of the
mixed contents of 20 capsules corresponding to 25
mg of phenytoin sodium to a 120 ml separatory
funnel. Add 10 ml of 1 M sulphuric acid followed
by 50 ml of chloroform. Shake vigorously to
extract phenytoin. Combine the extract in a 100
ml volumetric flask and adjust the volume.

2.6. Procedure

2.6.1. Calibration graph

Accurately transfer volumes of 0.3-1.3 ml (in
0.2 ml steps) of standard phenytoin sodium solu-
tion to 10 ml volumetric flasks. Continue as de-
scribed under assay procedure.

2.6.2. Assay

Transfer 1 ml of each of the test and standard
solutions to 10 ml volumetric flasks. Add to each
flask 4 ml of the prepared KMnO,/DC-24-C-8
reagent and 1 ml of NaOH/DC-24-C-8 solution.
Leave the flasks for 10 min for reaction time, add
1 drop of formalin solution and shake for 1 min.
Complete the volume to the mark using chloro-

form and cyclohexane so that their final concen-
tration is 50% v/v. Centrifuge the solutions at
4000 rpm for 15 min filter (to ensure the complete
elimination of the formed MnO,) and finally mea-
sure the absorbance at 238 nm against a reagent
blank similarly prepared side by side using the
same reagents but without drug solutions.

2.7. In vitro assay of phenytoin sodium in plasma

To 10 ml plasma contained in a 60 ml separa-
tory funnel add 1 ml of phenytoin sodium stan-
dard solution prepared in distilled water (0.2 mg
ml~") and 5 ml of 1 M sulphuric acid. Extract
with three 10 ml portions of chloroform. After
separation, collect the chloroformic extracts into a
graduated measuring cylinder and evaporate in a
water bath until the volume is reduced to 2 ml.
Continue as described under assay procedure
starting from ‘add to each flask 4 ml of the
prepared KMnO,/DC-24-C-8...’. Calculate the
concentration of recovered drug from a calibra-
tion graph.

3. Results and discussion

Fig. 1(a) shows the UV absorption spectrum of
phenytoin in chloroform. It is obvious that the
lack of well defined peaks with reasonable specific
intensity renders its direct determination by UV
spectrophotometry a fairly hard task especially
when good sensitivity is a prequisite. In the
present study, alkaline potassium permanganate
oxidation was conducted in organic solvent (cy-
clohexane/chloroform 1:1) where both the drug
and its oxidation product are soluble. Solubiliza-
tion of KMnO, and NaOH in this organic mix-
ture was made possible through the use of a
macrocyclic polyether ‘DC-24-C-8” which has the
useful property of solubilizing inorganic com-
pounds in aprotic solvents including aromatic hy-
drocarbons. The formed benzophenone (Scheme
1) was consequently measured directly at 238 nm
against a blank (Fig. 1(b)). The shift of /4.,
towards a shorter wavelength (238 nm) may be
due to the high polarity of the medium con-
tributed by chloroform and the crown ether [19].
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DC-24-C-8 does not absorb significantly above
220 nm. The absorption spectrum of KMnO,/
DC-24-C-8 in chloroform/cyclohexane (1:1) is
very similar to that of aqueous permanganate ion
in 0.1 M sulphuric acid (Fig. 2(a) and (b)), thus
proving its solubilization in organic solvents by
using the crown ether as ligand.

3.1. Optimization of the reaction conditions

3.1.1. Choice of the cyclic polyether
The cyclic polyether was chosen in such a way
to give a stable complex with potassium. Thus,

DC-24-C-8 was used in the present study for the

following reasons.

1. Having a hole diameter of approximately 4 A,
it can accommodate potassium ions with ionic
diameter of 2.66 A which provides a comfort-
able fitting condition for them.

(@) ()
0.6 04}
05 03 -
E
Q0
I
0.4F 0.2 -
3
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=2
03 0.1
02 ! 1/
240 280
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[ l s !
250 270 290
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Fig. 1. (a) Absorption spectra of 18.4 mg/100 ml of phenytoin
in chloroform and (b) benzophenone in 10 ml of cyclohexane/
chloroform mixture 1:1 corresponding to 3 mg/100 ml of
phenytoin sodium after oxidation with potassium perman-
ganate/DC-24-C-8 reagent.

H H,S0 H
O = O
)\ L, Extraction )\
0% O Na with CHCly 0N 7 OH

N
Phenytoin Sodium In CHCIy

o(‘o/—\o’\o (\o/_\o ~
@[0 K* o@ MnOy + @[o Na* :@ oN’
\/o\_lo\) | 0\/0\_/0\)

In CHCl3 /
Cyciohexane

Leave for 10 min, add CH,0

Centrifuge

&

+ K0 +MnO;

Benzophenone

Scheme 1.

2. It possesses eight oxygen atoms which can
form ion dipoles with potassium ion. More-
over, these oxygen atoms are arranged in a
cylindrical symmetrical configuration which
permits the formation of stable salt complexes
[20].

0.9 (@)
0.7
§0.5 g
< &
0.3
0.1
400 480 560 400 480 560
A(nm) A(nm)

Fig. 2. (a) Absorption spectra of 3.045 mg potassium perman-
ganate in 50 ml of 0.1 M sulphuric acid and (b) 47.90 mg of
potassium permanganate in 10 ml of cyclohexane/chloroform
mixture 1:1 containing 0.0049 of DC-24-C-8.
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3. It has two cyclohexyl groups rather than two
benzo groups which firstly increases the ba-
sicity of oxygens leading to higher stability
of the formed complex, secondly, the trans-
parency in the UV region and thirdly, the
flexibility of the macrocyclic ligand to wrap
itself around the cation (i.e. steric hindrance
produced by the benzo groups results in a
weaker cation—ligand interaction).

3.1.2. Choice of the solvent

The solvent or reaction medium was chosen
on the basis of three factors: (1) the solubility of
phenytoin and benzophenone; (2) the UV cutoff
of the solvent; and (3) the extractability of
KMnO,/DC-24-C-8. In general, the common
solvents in extraction with crown ethers are
chloroform, 1,2-dichloroethane, benzene and ni-
trobenzene. In order to fulfill all the above re-
quirements, a 1:1 mixture of chloroform and
cyclohexane was found to be the most suitable.

3.1.3. Effect of KMnO,/DC-24-C-8 and
NaOH |DC24-C-8 concentrations

The effect of changes in KMnO,/DC-24-C-8
concentration was studied by measuring the ab-
sorbance of benzophenone at 238 nm, for solu-
tions containing a fixed concentration of
phenytoin and different volumes of KMnO,/DC-
24-C-8 reagent. It was found that 4-6 ml of the
reagent gave maximum absorption. On the other
hand, it was previously demonstrated that
within wide limits the molarity of NaOH is not
critical for the oxidation of phenytoin [15].

3.1.4. Effect of oxidation time

The effect of oxidation time was studied by
using a fixed concentration of phenytoin and the
optimum reagent concentration. The optimum
time was selected as 10 min.

3.1.5. Elimination of excess potassium
permanganate

An excess of KMnO, was used to oxidise
phenytoin. The remaining unconsumed oxidant
was eliminated. Several reducing agents were
tried where formalin solution was found to be
the most convenient.

3.2. Calibration graph construction

Using the previously described optimum ex-
perimental conditions, it was found that the
graph obtained by plotting the absorbance at
238 nm versus concentration of phenytoin
sodium showed a linear relationship over the
range of 0.87-3 mg/100 ml. The linear regres-
sion equation was found to be: 4 =0.008 +
0.126C, where C is the concentration in mg/100
ml. The correlation coefficient was 0.9994 and
the detection limit was found to equal 1.2 mg/
100 ml.

4. Applications

The proposed method was applied to the de-
termination of phenytoin sodium in capsules
and the results obtained are presented in Table
1. The presence of interferences in commercial
capsules can not be overlooked, therefore the
results obtained using the proposed method
were compared to those of an HPLC method
[21] (Table 1) using ¢- and F-tests. The calcu-
lated values did not exceed the corresponding
theoretical ones, thus indicating the insignificant
difference between the compared methods.

Monitoring of phenytoin plasma level is of
great importance in clinical studies because of
its non-linear elimination pharmacokinetics [21]
and the possibility of toxicity or inadequacy of
the dosage after long treatment. The ability of
the proposed method to determine phenytoin in
plasma has been appraised through spiking
plasma samples with the drug at different con-
centration levels. It was found that phenytoin
sodium could be estimated with good recoveries
(Table 2) at the levels of 16-22 um 1! in
plasma (provided that 6-10 ml specimens are
used), thus indicating that there is no interfer-
ence from endogenous constituents. Also, the
primary metabolite (PHPPH) does not interfere
[5]. The alkaline nature of the permanganate so-
lution and the polarity of the hydroxyl group
make the phenolic metabolites insoluble in the
organic phase.
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Table 1

Assay results of phenytoin sodium in capsules by the proposed spectrophotometric method and the comparative HPLC method

Exp. no. Spectrophotometry (proposed method) HPLC (comparative method)
Label claim (mg/100 ml) Found (%) Label claim (mg/100 ml) Found (%)

1 1.24 99.7 2.02 97.6
2 2.24 99.4 2.42 98.6
3 2.48 98.5 2.42 99.4
4 2.48 98.3 3.23 98.5
5 2.48 100.2 3.64 99.4
6 2.48 99.0 4.04 99.2
7 2.98 97.4 4.04 98.5
Mean 98.9 98.7
S.D. 0.9 0.6
C.V. (%) 0.9 0.6
t* 0.46

F** 2.12

* Theoretical = 2.18 at P =0.05 and 6 = 12.
** Theoretical =4.28 at P=0.05 and 0, =0, =6.

Table 2
Recovery of phenytoin sodium added to human plasma after
oxidation and extraction using potassium permanganate/DC-
24-C-8

Concentration of pheny- Recovery (pug % Recovery

toin sodium (ug ml—1") ml—!)

22.60 21.96 97.2
22.60 20.90 92.5
19.20 18.49 96.3
17.70 16.94 95.7
15.80 15.09 95.5
Mean + S.D. 954+1.8
C.V. (%) 1.9

5. Conclusion

The proposed method is suitable for the determi-
nation of phenytoin in capsules and in plasma. It
is specific, rapid and simple as no tedious extraction
steps or pH adjustments are required.

References

[11 A.G. Gilman, T.W. Rall, A.S. Nies, P. Taylor, The
Pharmacological Basis of Therapeutics, 8th ed., Pergamon,
Oxford, 1991.

[2] A.C. Moffat, J.V. Jackson, M.S. Moss, B. Widdop, E.S.

Greenfield, Clarke’s Isolation and Identification of Drugs,
2nd ed., The Pharmaceutical Press, London, 1986.
[3] V.G. Belikov, E.V. Kompantseva, A.S. Saushkina, Zavod.
Lab. 40 (1974) 265.
[4] J.E. Wallace, J.D. Biggs, E.V. Dahl, Anal. Chem. 37 (1965)
410.
[5] J.E. Wallace, Anal. Chem. 40 (1968) 978.
[6] S.N. Ahmed, B.L. Jailkhani, N.F. Jaffery, J. Indian Med.
Res. 74 (1981) 600.
[7] S.N. Ahmed, B.L. Jailkhani, N.F. Jaffery, J. Pharmacol.
Methods 9 (1983) 33.
[8] G.R. Rao, S.S.N. Murty, Indian Drugs 19 (1981) 22.
[9] M.M. Amer, A.K.S. Ahmed, S.M. Hassan, J. Pharm.
Pharmacol. 29 (1977) 291.
[10] N.A. Tret'yakov, Farmatsiya 31 (1982) 67.
[11] G.N. Meier, D.S. Kuhn, F.O. Pierart, Rev. Med. Chile 107
(1979) 583.
[12] H.Y. Aboul Enein, V. Serignese, Anal. Lett. 27 (1994) 723.
[13] L. Erdey, Y.M. Dessouky, L. Kaplar, J. Takacs, Acta
Pharm. Hung. 40 (1970) 102.
[14] M.T. Maya, A.R. Farinha, A.M. Lucas, J.A. Morais, J.
Pharm. Biomed. Anal. 10 (1992) 1001.
[15] J.E. Wallace, H.E. HamiHon, J. Pharm. Sci. 63 (1974)
1795.
[16] I.M. Kolthoff, Anal. Chem. 51 (1979) 1R.
[17] M. Yoshio, H. Noguchi, Anal. Lett. 15 (1982) 1197.
[18] D.J. Sam, H.F. Simmons, J. Am. Chem. Soc. 94 (1972)
4024.
[19] S. Walker, H. Straw, Spectroscopy, vol. 2, Science Paper-
backs, Chapman and Hall, London, 1967, p. 240.
[20] J.J. Christensen, J.D. Hill, R.M. Izatt, Science 174 (1971)
459.
[21] J.E. Slonek, G.W. Peng, W.L. Chiou, J. Pharm. Sci. 67
(1978) 1462.



Talanta

ELSEVIER

Talanta 46 (1998) 15-21

Fabrication of a multilayer film electrode containing porphyrin
and its application as a potentiometric sensor of iodide ion

Changqing Sun **, Jinghong Zhao #, Hongding Xu ?, Yipeng Sun®, Xi Zhang®,
Jiacong Shen ®

& Department of Chemistry, Jilin University, Changchun 130023, People’s Republic of China
® Key Lab of Supramolecular Spectra and Structure, Jilin University, Changchun 130023, People’s Republic of China

Received 7 April 1997; received in revised form 24 July 1997; accepted 28 July 1997

Abstract

A novel iodide ion-selective electrode has been produced based on a molecular deposition technique in which
water-soluble porphyrin was alternatively deposited with water-soluble polypyrrole on a 2-aminoethanethiol modified
silver electrode. The potentiometric response is independent of pH of the solution between pH 1 and 7, while it is
dependent on the nature of the medium. The electrode has a linear dynamic range between 1.6 x 10~ and 0.1 M with
a Nernstian slope of 59 mV/decade and a detection limit of 1.0 x 10=® M in acetate buffer (0.1 M, pH 4.6). The
electrode has the advantages of low resistance, short conditioning time and fast response. © 1998 Elsevier Science

B.V. All rights reserved.

Keywords: Multilayer films; Sensor; Potentiometry; Iodide ion; Porphyrin

1. Introduction

The fabrication of an electrode surface with
functional multilayer films has been attracting
much interest because of its potential application
[1,2]. Recently, Decher and coworkers developed
the preparation of multilayer ultrathin films by
alternating deposition of bipolar cationic and an-
ionic compounds (or polyelectrolytes) [3—5]. This
new technique is an extension of self-assembly
developed by Sagiv [6] and is a rapid and experi-
mentally very simple way to produce complex
layered structures with precise control of layer

* Corresponding author. Fax: + 86 431 9823907.

composition and thickness. We developed this
concept further and achieved molecular deposi-
tion (MD) films containing polyelectrolytes [7],
porphyrin, phthalocyanine [§8], enzyme [9], su-
perfine particles [10] and so on. In addition, as-
sembling alternate dye-polyion molecular films by
electrostatic layer-by-layer adsorption was re-
ported by Ariga et al. [11].

In this paper, this new technique was applied to
fabricate a new kind of chemically-modified elec-
trode (CME) by alternating deposition of water-
soluble porphyrin and polypyrrole on the surface
of a 2-aminoethanethiol-modified silver electrode.
The CME was shown to exhibit excellent poten-
tiometric response toward iodide ion. In this

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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work, our primary interest was focused on devis-
ing a new kind of CME which could be used as a
potentiometric sensor for iodide ion and would
also possess quite a few features, such as simple
fabrication, fast response, independence of elec-
trode size and topology, good mechanical and
chemical stability, and so on.

2. Experimental

2.1. Reagents

The molecular structures of the porphyrin and
polypyrrole used to fabricate the multilayer film
electrode are shown in Fig. 1. 2-Aminoethanethiol
and tetraphenylporphinetetrasulfonic acid (tppS,)
were obtained from Aldrich. Pyrrole obtained
from Aldrich was distilled and stored under a
nitrogen atmosphere before use. Water-soluble
polypyrrole solutions were prepared following the
literature [12]. In short, pyrrole monomer was

SOsH

HO,8 SOH
H H
1 — !
c N
-+ ~ N = =~ >
N
' — ¥ =
H
(PPy)

Fig. 1. Molecular structures of the porphyrin and polypyrrole
used to fabricate the multilayer film electrode.

added to an aqueous ferric chloride solution
whose pH had been adjusted to the desired level
using concentrated HCI (typically pH 1.0). The
solution was aged for 15 min and filtered prior to
use. Typical solutions were composed of 0.02 M
pyrrole monomer and 0.006 M FeCl,. To ensure
controlled deposition, the solutions were typically
used for only 2—3 h. All other chemicals were of
analytical grade and all the solutions were pre-
pared with doubly distilled water.

2.2. Apparatus

UV-Vis spectra were obtained using a Shi-
madzu 3100 UV-Vis-near-IR recording spec-
trophotometer. Potential measurements were
made with a Model pHx-215 Ionalyzer (Shanghai
Second Analytical Instrument Plant, China). The
electrochemical cell used can be represented by:
AgMD film | acetate buffer (0.1 M, pH 4.6)|
KCl(sat.), Hg,CL,|Hg

The electrode potential was measured in 50 ml
of a 0.1 M acetate buffer solution (pH 4.6) with
stirring at 25°C. The electrodes were precondi-
tioned in stirred water for 5—10 min until a steady
potential was obtained before use. Cyclic voltam-
metric experiments were performed on a Model
DH-2 potentiostat/galvanostat (Jilin Longjing
Analytical Instrument Plant, China). A three-elec-
trode cell was used with silver electrode modified
with MD film or bare silver electrode as the
working electrode, saturated calomel as the refer-
ence electrode and platinum wire as the auxiliary
electrode. 2:1(v/v) phosphate buffer solution (0.1
M, pH 5.0)/acetonitrile were used as cyclic
voltammetric experiments and deoxygenated for
10 min before use.

2.3. Fabrication of multilayer film electrode

Fabrication of multilayer films on quartz slides
is similar to that of tppS,/PyCsBPC¢Py system [§]
by substituting PyC,BPCPy with water-soluble
polypyrrole. Fabrication of multilayer films on a
silver electrode was as follows: a silver electrode
(1.5 mm diameter) was polished with emery paper
followed by alumina (1.0, 0.5 and 0.3 pm). The
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resulting electrode was thoroughly washed with
water, sonicated in ethanol, washed again with
water and ethanol and finally dried in air. A
clean silver electrode was first immersed for 24
h at room temperature in an cthanolic solution
that consisted of 0.01 M 2-aminoethanethiol to
give one monolayer of self-assembled film. After
rinsing with ethanol, the electrode was trans-
ferred into 0.1 M HCI to obtain a positively
charged surface followed by immersion in a so-
lution containing 1 mg tppS, in 10 ml H,O for
30 min. In this way the surface of the electrode
was covered with one layer and its surface
charge was reversed. After rinsing with water,
the electrode was transferred into the in situ
polymerized polypyrrole solution for 10 min,
thus adding a second layer and restoring the
original surface charge. A multilayer tppS, film
can be obtained by repeating these two steps in
a cyclic fashion. In the present experiments, a
silver electrode deposited with six layers of
tppS, was used throughout. Between measure-
ments, the electrode was stored in a dry state at
room temperature.

3. Results and discussion
3.1. Fabrication of the multilayer film electrode

Self-assembly of a monolayer of alkanethiols
on a silver surface has been reported [13—15]. In
this study, a clean silver electrode was first incu-
bated in an ethanolic solution of
aminoethanethiol to get a self-assembled mono-
layer film. Afterwards, the modified substrate
was dipped into 0.1 M HCI solution to obtain a
positively charged surface. The multilayer tppS,
anions can be obtained by alternating deposition
of tppS, with water-soluble polypyrrole based
on electrostatic interaction. The deposition pro-
cess was followed by UV-Vis absorption spec-
tra using a quartz slide as substrate (Fig. 2). An
obvious absorption peak was found at 422 nm,
which corresponds to the Soret band of the por-
phyrin. The linear increase in the optical density
of the films with number of layers indicates a
process of uniform deposition. The broad visible

absorption confirms the existence of highly con-
ductive polypyrrole. Fig. 3 shows cyclic voltam-
mograms of a bare silver electrode and a silver
electrode modified with six layers of porphyrin
in 2:1(v/v) phosphate buffer (0.1 M, pH 5.0)/
acetonitrile, respectively. It can be seen that no
response was obtained with the bare silver elec-
trode; however on the modified silver electrode,
one coupled redox peak appeared which is as-
signed to the contribution of the porphyrin.
These results show that multilayer films contain-
ing porphyrin can be fabricated on the surface
of the silver electrode by means of the molecu-
lar deposition technique.

3.2. The pH dependence of the multilayer film
electrode response to iodide ion

Fig. 4 shows the pH dependence of the ob-
served potentials of the electrode in different pH
values of H;PO, and NaH,PO, buffer solutions
in the presence of 1 x 10 =3 M iodide ion. From
Fig. 4 it can be seen that stable response poten-
tials were obtained in a pH range of 1-7. This
result shows that in the pH range of 1-7, the
pH value of the solutions had no effect on the
response behavior of the electrode.

3.3. Effects of media on the multilayer film
electrode response

Fig. 5 shows the effects of different buffer
media at the same concentration [0.1 M] and
different pH on the response behavior of the
electrode. As indicated in Fig. 5, the electrode
had the largest dynamic range in acetate buffer
(pH 4.6) and phosphate buffer (pH 4.0). The
response slopes were 59 and 55 mV/decade, re-
spectively. The linear ranges were between 1.6 X
107 and 0.1 M and 2.0x10=° and 0.1 M,
respectively. In pH 2.0 and 6.0 phosphate
buffer, the responses of the electrode were good,
but their linear ranges were narrow (6.3 x 10~°
and 0.1 M for pH 2.0 and 4.0 x 10=% and 0.1
M for pH 6.0). Because the acetate buffer solu-
tion is the buffer system usually used, it was
chosen for the following experiments.
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Fig. 2. UV-Vis absorption spectra of alternating film deposition of tppS, and water-soluble polypyrrole. From the lower to upper
curves, the number of tppS, layers is 2, 4, 6, 8. The insert shows the absorption at 422 nm as a function of the number of layers

deposited.

3.4. Performance of the multilayer film electrode

A typical calibration graph for the electrode is
shown in Fig. 6. The electrode has a linear re-
sponse over the range of 1.6 x 10 ~° to 0.1 M with
a Nernstian response slope of 59 mV/decade and
a detection limit (extrapolation of linear graph) of
1.0 x 10~ M. The typical dynamic response time
of the electrode (tys) was less than 15 s under
stirred conditions for 1x107% to 1x10-* M
iodide ion. The steady state potential response
after addition of iodide ion remained constant for
30-60 s, then slowly increased in the negative
direction and reached a final steady potential
value.

The potential response of the electrode towards
iodide ion has good repeatability. The relative
standard deviation (R.S.D.) is 1.7% for ten deter-
minations of 1 x 10 =3 M iodide ion at pH 4.6, 0.1
M acetate buffer.

3.5. Studies of interference

The selective coefficients of the electrode were
determined by the method involving a fixed inter-
fering ion concentration of 0.1 M, in 0.1 M
acetate buffer (pH 4.6) [16]. In the calculations,
activities were replaced by the corresponding con-
centrations. Table 1 lists the selectivity coefficients
(average of three determinations). From Table 1 it
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Fig. 3. Cyclic voltammograms of the bare silver electrode (a)
and silver electrode modified with six layers of porphyrin (b) in
2:1(v/v) phosphate buffer (0.1 M, pH 5.0)/acetonitrile. Scan
rate, 50 mV.

can be seen that for the common anions the
electrode has good selectivity compared with
poly[tetrakis(p-aminophenyl)porphyrin] film-
modified electrode [17].
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Fig. 4. pH dependence profile of the multilayer film electrode
containing tppS,. The solutions contain H;PO,—NaH,PO,
and 1 x 10 =% M iodide ion.
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Fig. 5. Effects of different buffer media on the response of the
electrode to iodide ion.

1. (a): 0.1 M H,PO,-NaH,PO, (pH 2.0)

2. (b): 0.1 M Na,HPO,-NaH,PO, (pH 4.0)

3. (¢): 0.1 M Na,HPO,-NaH,PO, (pH 6.0)

4. (d): 0.1 M HAC-NaAC (pH 4.6).

3.6. Stability of the multilayer film electrode

In the experiments, we found that the number
of tppS, layers deposited has a marked influence
on the response and stability of the multilayer film
electrode, an optimum number of layer existing
for the best response and stability. When the
electrode consisted of six layers of tppS, in our
case, the best response and stability were ob-
tained. For example, for 60 days after the sensor
has been fabricated, a calibration graph was ob-
tained every 2 days, and its slope did not change.

3.7. Analytical application

A suitable amount of dry edible seaweed was
weighed into a china crucible, 2 ml no-iodine
water and 2 ml 2 M KOH solution added and
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Fig. 6. A typical calibration graph for the electrode (acetate
buffer: 0.1 M, pH 4.6).

stirred until a paste formed. Then it was trans-
ferred into an oven for 1-2 h at 80-100°C, then
into a high temperature oven for 4-6 h at 550—
600°C. After charcoal formed, it was washed with
hot no-iodine water, filtered into a 50-ml cali-
brated flask and adjusted to pH 7 with concen-
trated H,SO, solution then diluted to the mark
with no-iodine water. An appropriate volume of
the solution was added to the cell and tested
according to the above procedure. The results
obtained were compared with a spectrophotomet-
ric method [18] and were shown to be in agree-
ment: for sample 1, 10.0 mg/kg for the proposed
method and 9.8 mg/kg for the spectrophotometric

Table 1
Selectivity coefficients for the electrode

Anion Log Kp*
Cl— —4.9
Br— -39
NO; ~5.0
SOz~ —55
SCN~ —3.7
S0%- —4.5
NO; 4.0
Clo; —-3.7

method; for sample 2, values are 12.5 and 12.0;
for sample 3, 11.5 and 11.7 mg/kg, respectively.

4. Conclusion

An iodide ion-selective electrode fabricated by
the molecular deposition technique has a stable
and selective potential response toward iodide ion
in 0.1 M acetate buffer solution with a detection
limit of 1.0 x 10-¢ M and a slope of 59 mV/
decade. The electrode has a fast response, low
resistance and good reproducibility.
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Abstract

A procedure to accurately quantitate chromium(V) in environmental and medicinal chemistry samples was
developed using electron paramagnetic resonance spectroscopy (EPRS) as the method of detection. It was found to
have an error in the order of + 10% and a detection limit of 0.010 mM (0.5 mg 1~ ') chromium(V). The method has
been used to quantitate the formation of chromium(V) in the interaction of chromium(VI) with fulvic acid and a
simple model of this acid, viz, 1.2-dihydroxybenzene. Analysis of solutions obtained from the reaction of 1,2-dihy-
droxybenzene with chromium(VI) demonstrated that even when the organic substrate was present in a 182-fold
excess, the maximum chromium(V) concentration attained represented just 1.44% of the initial chromium(VI).
Reactions between chromium(VI) and fulvic acid yielded similar results. It was therefore concluded that at
background environmental concentrations of chromium and fulvic acid, the production of chromium(V) is insignifi-
cant, however, its possible importance in contaminated systems cannot be disregarded on this basis alone. The
method for quantitative analysis reported in this paper should be an invaluable tool for investigations into the
significance of chromium(V) in the toxicological mechanism of chromium(VI) and its role as a mutagenic agent.
© 1998 Elsevier Science B.V. All rights reserved.

Keywords: Chromium(V); Quantitative analysis; Electron paramagnetic spectroscopy; Fulvic acid; Environment

1. Introduction be inorganic and in either the hexavalent or the

trivalent form [5-8]. Therefore, by obtaining the

Speciation of chromium in environmental sam-
ples has generally been a 2-fold process. Typically,
the total chromium concentration is determined
by techniques such as atomic absorption spec-
troscopy, while the hexavalent chromium is
analysed by a variety of procedures including the
diphenyl carbazide method [1-3] and ion chro-
matography [4]. The underlying assumption in
this methodology is that all chromium present will

* Corresponding author.

concentration of one species [Cr(VI)] and know-
ing the total chromium concentration, the concen-
tration of the other species [Cr(III)] can be
obtained by difference. Some researchers have
suggested that such assumptions are simplistic
and result in mis-leading conclusions because they
do not take into consideration the possibility of
organically or colloidally bound chromium being
present in the system. In an effort to overcome
such problems, these researchers have developed
methods using ion chromatography and high per-

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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Table 1

EPR parameters for the analysis of chromium(V) formed from the dihydroxybenzene/chromium reactions

Vol. Cr(VI) (ml) Vol. diol (ml)

Vol. water (ml) Mole Cr(VI) (ml)

Mole diol (ml) Molar ratio diol:Cr(VI)

10.0 10.0 0.0 0.0002
10.0 6.0 4.0 0.0002
10.0 2.0 8.0 0.0002

0.00182 9.1:1
0.00109 5.5:1
0.00036 1.8:1

formance liquid chromatography to account for
these other forms of chromium [9-12].

Most previous work has ignored the possible
presence of chromium compounds in oxidation
states other than (VI) and (III), and until the
advent of EPRS studies, the formation of
chromium(V) was an unproven hypothesis in the
chromium(VI) reduction cycle due to its high
reactivity and low kinetic stability [13]. Detec-
tion of both inorganically [14] and organically
bound chromium(V) with ligands containing
both oxygen and sulfer donor atoms such as
diols and glycols [15-17], phenols [18] and thi-
ols [19-21] has been achieved, although quanti-
tation has been unsuccessful. Chromium(V)
production has also been reported with com-
pounds of biological and biochemical interest,
including D-glucose, D-fructose and other sac-
charides and their derivatives [22,23], ascorbate
[24], L-rhamnose and D-mannose [25] and
adenosine [26].

Although chromium(I1I) is probably the ulti-
mate form of the metal bound in the cell, there
is evidence accumulating that the oxidation
states +4 and + 5 maybe important in the re-
action sequence leading to the adverse biological
behaviour of chromium [27]. For instance,
chromium(IV) and chromium(V), both exchange
ligands more readily than chromium(IIl), lead-
ing to these species being proposed to be the
active genotoxic forms of chromium [28]. In
1982, Wetterhahn [29] was the first to report a
stable intermediate chromium(V) compound
formed from the metabolism of inorganic chro-
mate by rat liver microsomes in the presence of
NADH. The chromium(V) was detected by
EPRS and persisted for approximately 80 min
after initiation of the reaction. The suggested
formation of the chromium(V) was by a one-

electron transfer by the microsomal electron
transport P-450 system to chromate [29]. Since
then there has been a vast amount of work un-
dertaken in determining what leads to the pro-
duction of chromium(V) in the cells, and
relatively long-lived chromium(V) species have
been produced by the following methods: the
action of glutathionone on chromate [21,27]; the
reaction of riboflavin (vitamin B,) with chromi-
um(VI) [30]; and chromate reactions with ri-
bonucleotides. These reactions have all been
studied in vitro due to the limitations of EPRS,
but recently the detection of chromium(V), from
chromium(VI) reduction, has been found to be
possible using low frequency EPRS [31]. Recent
studies have shown also that chromium(V) inter-
mediates are definitely capable of producing
damage to DNA [29].

It has been suggested from the results of
EPRS studies that stable, water-soluble chromi-
um(V) compounds can form from the reaction
of humic substances with hexavalent chromium
[32—34]. While the evidence for these reactions
is sound, the concentrations of reactants used in
the relevant studies were unrealistically high
with respect to likely concentrations of
chromium to be found environmentally. It was
the aim of this research to verify the production
of stable, water-soluble chromium(V) complexes
with fulvic acid and to quantify the amounts of
chromium(V) formed using eclectron paramag-
netic resonance (EPR) spectroscopy as a detec-
tion method. The method of analysis developed
was also applied to the determination of
chromium(V) produced from the interaction of
chromium(VI) with 1,2-dihydroxybenzene, which
can be considered to be a very simple model
molecule of fulvic acid.
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Fig. 1. EPR spectrum of the chromium(V) formed from the reaction of equal volumes of 0.14% (w/v) fulvic-L and 0.020 M
potassium chromate in aqueous solution at pH 4.2. EPR parameters: microwave power = 126 mW; receiver gain = 3.20 x 10%;

modulation amplitude = 1.6 G.

2. Experimental
2.1. Reagents and glassware

A stock solution of 0.020 M chromium(VI)
was prepared from potassium chromate
(K,CrO,, 99.5%, BDH Chemicals Ltd.). Fulvic
acid solutions were prepared on the day of use
from solid fulvic acid extracted from lucerne
compost by a method outlined previously [35].
Solutions of 1,2-dihydroxybenzene (CcH4O,,
99.0%, Riedel-deHaen) were prepared on the
day of use and stored away from light to min-
imise decay. Commercially available 2-ethyl-2-
hydroxybutyric acid (C4H,,0;, Aldrich Chemical
Company Inc., 99%) was used without further
purification. Anhydrous sodium dichromate was
obtained from the dihydrate (Na,Cr,O,, 99.5%,
BDH Chemicals Ltd.) by drying in vacuo at
100°C for at least 10 h to constant weight. Ace-

tone and doubly distilled hexane were dried over
molecular sieves (Ajax Chemicals, type 4A). All
other chemicals were of analytical grade and di-
lutions were performed with distilled water.

All glassware was soaked for at least 12 h in
4 M nitric acid after cleaning with distilled wa-
ter. Final rinsing was performed with milli-Q
water.

2.2. Preparation of phosphate buffers

A phosphate buffer was prepared from potas-
sium dihydrogen orthophosphate (KH,PO,,
99.5%, BDH Chemicals Ltd.) and disodium hy-
drogen orthophosphate (Na,HPO,, 99.0%, BDH
Chemicals Ltd.). A pH of 7.4 was attained by
mixing 6.54 ml of 0.02 M KH,PO, with 28.97
ml of 0.02 M Na,HPO, and adjusting the final
volume to 100 ml with distilled water.
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Fig. 2. Formation and decay of chromium(V) formed from the interaction of equal volumes of 0.14% (w/v) fulvic-L and 0.020 M

potassium chromate at pH 4.2.

2.3. Electron paramagnetic resonance
spectroscopy

Electron paramagnetic resonance analysis was
performed in the X-band region with a Bruker
ESP300E spectrometer using a 1 mm i.d. quartz
flow-through cell. The instrument was pro-
grammed to record and store spectra at pre-deter-
mined time intervals. Analysis of the spectra was
performed using WinEPR and X-EPR, computer
software packages developed by Bruker.

Simulations of experimental spectra were ob-
tained using SOPHE, a computer program devel-
oped by the Centre for Magnetic Resonance, The
University of Queensland, Australia.

2.4. Synthesis of

Table 2
Carbon and hydrogen microanalysis for
Na[CrO(HEBA),]- H,O

%C %H
Calculated 39.03 6.01
Experimental 38.42 6.00
Literature [17] 39.42 6.00

sodium(2-ethyl-2-hydroxybutyrato)

oxochromate(V) monohydrate

The synthesis and characterisation of sodium(2-
ethyl-2-hydroxybutyrato)oxochromate(V) mono-
hydrate was performed according to the method
reported by Krumpolc and Rocek in 1979 [36].

2.5. Preparation of standard solutions for EPR
analysis

Solutions  of  sodium(2-ethyl-2-hydroxybu-
tyrato)oxochromate(V) monohydrate were pre-
pared in 0.01 M 2-ethyl-2-hydroxybutyric acid.

Solutions of 2,2,6,6-tetramethylpiperidine-1-
oxyl (CoH,4NO, 98.0%, Aldrich Chemical Com-
pany, Inc.), otherwise known as TEMPO, were
prepared by dissolution in distilled water.

2.6. Fulvic acid|chromium(VI) reactions

Equal volumes of 0.020 M potassium chromate
and 0.14% (w/v) fulvic acid were mixed and the
pH adjusted to between 4 and 5 with 5 M hy-
drochloric acid.
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Fig. 3. Infrared spectrum of sodium bis(2-ethyl-2-hydroxybutyrato) oxochromate(V) monohydrate (KBr pellet).

2.7. 1,2-Dihydroxybenzene [chromium(VI)
reactions

Solutions of 0.020 M potassium dichromate
and 0.182 M 1,2-dihydroxybenzene were prepared
in a phosphate buffer (pH 7.40) and mixed as

Table 3
Infrared signals for Na[CrO(HEBA),]- H,O

Experimental Literature [17]
3508.6 (m, br) 3510 (m, br)
1676.5 (s, br) 1680 (s, br)
1314.5 (m) 1312 (m)
1258.4 (m) 1257 (m)
1176.3 (m) 1177 (m)
1047.1 (w) 1045 (w)
998.5 (m) 998 (m)
961.6 (s) 961 (s)

888 (w)
845.3 (w) 845 (w)
814.4 (w) 815 (w)
707.8 (m) 712 (m)

Abbreviations: m, medium; br, broad; s, strong; w, weak.

outlined in Table 1. The initial pH for each
reaction mixture was adjusted to 7.36 +0.03 by
addition of small amounts of 1 M hydrochloric
acid.

To achieve a molar ratio of 182:1, equal vol-
umes of 1.82 M 1,2-dihydroxybenzene and 0.010
M potassium chromate were mixed. The initial
pH of the reaction mixture was adjusted to
7.36 +0.03 with 5 M hydrochloric acid.

3. Results and discussion

Reaction of chromium(VI) with fulvic acid pro-
duced a chromium(V) complex whose EPR spec-
trum had g=1.9784 and a line width of 1.80 G
(Fig. 1). The reaction occurred in the pH range of
4-8 with increased rates of formation and decay
at lower pH values. The concentration of chromi-
um(V) increased to a maximum before slowly
decreasing. When conducted at pH 4.2, the maxi-
mum chromium(V) concentration was attained
approximately 8 h after the reaction was com-
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Fig. 4. EPR spectrum of 0.002 M sodium bis(2-ethyl-2-hydroxybutyrato) oxochromate(V) monohydrate in 0.010 M 2-ethyl-2-hy-
droxybutyric acid. EPR parameters: microwave power =2 mW; receiver gain = 1.25 x 10% modulation amplitude = 0.184 G.

menced (Fig. 2) and the signal was still detectable
1 week later. At pH values below 3.5, a precipitate
was formed, and EPR analysis of the supernatant
yielded a broad signal in the g = 2 region, which is
indicative of the presence of chromium(III).
Chromium(V) was not observed at pH > 8. These
results are consistent with the findings reported by
Boyko and Goodgame [32], although the chromi-
um(V) production was reported over a greater pH
range in their work.

As with any instrumental method of analysis,
quantitative determination by EPR spectroscopy
requires the use of a reference material for cali-
bration purposes. As a matter of convenience, it is
useful if the reference material has the same elec-
tron spin multiplicity as the unknown. Two such
materials are sodium(2-ethyl-2-hydroxybutyrato)
oxochromate(V) monohydrate and 2,2,6,6-te-
tramethylpiperidine-1-oxyl (TEMPO).

The synthesis of sodium(2-ethyl-2-hydroxybu-
tyrato)oxochromate(V) monohydrate, a chromi-
um(V) compound that is relatively stable in

aqueous solution was first reported by Krumpolc
and Rocek in 1979 [36]. It was later found that
dissolution of the complex in an excess of the
hydroxy acid ligand, resulted in the chromium(V)
being highly stable in solution for periods of
about 1 h [37].

After synthesis, the chromate(V) complex was
tested for impurities by microanalysis, iodometric
analysis and infrared spectroscopy. The experi-
mental results for carbon and hydrogen micro-
analysis agree well with both the calculated results
and those reported by Krumpolc and Rocek
(Table 2). The infrared spectrum of Na[CrO(-
HEBA),]- H,O obtained in this work is shown in
Fig. 3, together with previously reported values
(Table 3). The agreement between the experimen-
tal and literature values is excellent.

The possible presence of chromium(VI) in the
chromium(V) complex was determined spec-
trophotometrically using an iodometric method of
analysis [36]; no chromium(VI) was detected. In
addition, the iodometric procedure allowed the
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Fig. 5. Decay of 0.002 M sodium bis(2-ethyl-2-hydroxybutyrato) oxochromate(V) monohydrate in 0.010 M 2-ethyl-2-hydroxybutyric

acid with time.

calculation of the chromium concentration in so-
lution; this was 14.05%, and compared very well
with the calculated value of 14.08%. EPR spec-
troscopy of a portion of NaJ[CrO(HEBA),]-H,O
solid did not yield any indication of the presence
of chromium(III). Likewise, UV/Vis spectroscopy
of an aqueous solution of the chromium(V) com-
plex indicated that the tri- and hexavalent
chromium species are not present.

On the basis of the microanalysis and the iodo-
metric method, the sodium bis(2-ethyl-2-hydroxy-
butyrato)oxochromate(V) monohydrate is
approximately 99% pure and is suitable for use as
a standard chromium(V) material. However, the
material does not fulfil the requirements of a
primary standard and requires standardisation be-
fore use.

The EPR spectrum of an aqueous solution of
0.002 M Na[CrO(HEBA),]- H,O prepared in 0.01
M 2-ethyl-2-hydroxybutyric acid contains a signal
with g =1.9786. The hyperfine coupling constant
and line width are 17.06 and 1.30 G respectively
(Fig. 4).

The stability of the chromium(V) solution was
established by recording the EPR spectrum every

5 min for approximately 5 h (Fig. 5). At the
conclusion of the experiment, the chromium(V)
had decreased 8.15% relative to the initial concen-
tration. However, no significant decrease in con-
centration was observed for the first 30 min of the
experiment; after 40 min, the concentration had
decreased by 0.40% and at 1 h, 1.20%. Therefore,
it was concluded that if the standard solution
could be prepared and analysed within 30 min, it
would be stable enough to be used as a standard
for quantitative EPR spectroscopy.
2,2,6,6,-Tetramethylpiperidine-1-oxyl, otherwise
known as TEMPO, is a commercially available
organic radical. Its stability is well known and it
has been used extensively as a radical scavenger
and as a standard material for quantitative EPR
analysis [38-40]. Solid TEMPO is unstable at
room temperature and must be stored in a refrig-
erator; therefore, it is only useful as a reference
material if it can be standardised. Fortunately, the
extinction molar coefficients for the compound in
various organic solvents are well known, allowing
the determination of TEMPO concentration in
those solvents by UV/Vis spectroscopy [41]. How-
ever, a thorough search of the literature failed to
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Fig. 6. EPR spectrum of 0.002 M 2,2,6,6,-tetramethylpiperidine-1-oxyl. EPR parameters: microwave power =2 mW; receiver

gain = 1.25 x 10* modulation amplitude = 0.184 G.

find any molar extinction coefficient values for
TEMPO in aqueous solution. Therefore, TEMPO
was standardised by weighing two 0.03127 +
0.00002-g samples; these are identical weights
within experimental error. One sample was dis-
solved in water and used for EPR experiments,
the other was dissolved in methanol and the con-
centration of solution determined using its quoted
molar extinction coefficient and UV/Vis spec-
troscopy (6/1:450 nm, methanol = 104 M71 Cmil)
[41].

The methanol solution with a calculated con-
centration of 2.0013 mM was determined by visi-
ble spectroscopy to have an actual concentration
of 1.9471 mM. Therefore, the TEMPO solid can
be taken to be 97.3% pure; the main source of
impurity is most likely to be absorbed water. The
concentration of aqueous solutions of TEMPO
used in EPR experiments was adjusted accord-
ingly.

The EPR spectrum of an aqueous solution of
0.002 M TEMPO is centred about g =2.0051 and
exhibits a hyperfine coupling between the electron

and “N (I=1, 99.63% abundant) of 15.85 G
(Fig. 6). Weak signals can also be observed for
the hyperfine coupling between the electron and
SN (I=1/2, 0.37% abundant), and to a lesser
extent, with 'O (I =5/2, 0.037% abundant).

The double integral of an EPR spectrum yields
the number of electron spins within the sample
cavity. By comparison of an unknown sample
with a reference material, the number of spins
can be converted to a sample concentration. It is
often the case that the reference material will
have quite a different paramagnetic centre from
the unknown material, and in order to determine
the concentration of the unknown compound,
one must consider the difference in transition
probabilities for the materials [42].

The difference in transition probabilities was
first considered by Aasa and Vanngard with re-
spect to anisotropic powder spectra [43]. It was
demonstrated that the difference could be cor-
rected for if the double integral of the first
derivative EPR signal was divided by the average
g value (g*') given by the formula,
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Fig. 7. Comparison of EPR spectrum of 0.002 M Na[CrO(HEBA),]-H,O with its simulation. EPR parameters: microwave
power =2 mW; receiver gain = 1.25 x 10%; modulation amplitude = 0.184 G.
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In the isotropic system g,, g,, and g are equal and
by Eq. (1), g*¥ equals the experimental value of g.
Therefore, in the isotropic system, the differences
in transition probabilities are accounted for by
dividing the double integral by the relevant exper-
imental g value.

Another method for correction of differences in
transition probabilities relies on simulations of the
experimental spectra and the following formulae'
[44]:

I(Exp),
C,I(Sim),

CI(Sim),
I(Exp),

NOu = NOr (2)

! The normalisation constant, C’, reported in the literature
is the inverse of that described here. During the course of this
research, it was found that the formulae in the literature
contained an error. The finding was confirmed by one of the
authors of the original work, G.R. Hanson. The formulae
presented in this research paper are correct.

where

_ S(S+ 1(RG)YMA)P'”>
N T

C/

and I(Exp) = double integral of the experimental
spectrum; /(Sim) = double integral of the simulated
spectrum; C’ = normalisation constant; (RG) = re-
ceiver gain; (MA)=modulation amplitude; P =
microwave power; T = temperature; S = electron
spin, and the subscripts u and r refer to the
unknown and reference samples, respectively.

An EPR spectrum of an aqueous solution of
0.002 M Na[CrO(HEBA),]- H,O and its simulation
are presented in Fig. 7. It is evident that the
simulated and experimental spectra have different
intensities. However, the intensity difference is even
more significant for the EPR spectrum of aqueous
TEMPO and its simulation (Figs. 8 and 9).

Simulations of spectra obtained from low con-
centrations of chromium(V) are more difficult to
achieve. For instance, a 4 x 107> M Na[CrO(-
HEBA),]- H,O solution requires the use of high
microwave power and receiver gain. To increase
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Fig. 8. Comparison of EPR spectrum of 0.002 M TEMPO with its simulation. EPR parameters: microwave power = 2 mW; receiver

gain = 1.25 x 10% modulation amplitude = 0.184 G.

the signal to noise ratio, the modulation ampli-
tude is increased, leading to changes in the line
shape of the EPR signal. The resulting spectrum
cannot be accurately simulated with either Gaus-
sian or Lorentzian line shape models (Fig. 10). A
similar problem, although not as significant, exists
for the simulation of spectra obtained from solu-
tions of low TEMPO concentration. One of the
limitations of the software used for simulations
was the inability to use line shape models other
than Gaussian or Lorentzian. It is expected that
poor simulations of experimental spectra will in-
troduce significant error into the procedure.

Experimental data for standard solutions of
chromium(V) and TEMPO are presented in Table
4. The intensity of the experimental spectrum,
I(Exp), is recorded as the mean of at least five
experimental results. Parameters which effect the
spectral intensity are also presented.

Using a TEMPO solution with a standardised
concentration of 1.9968 mM, a Na[CrO(-
HEBA),]- H,O solution with a calculated concen-
tration of 1.7825 mM was determined to be

1.7616 mM by substitution of the relevant data
(Table 4) into Eq. (2). This corresponds to a
purity of greater than 98.8% for the Na[CrO(-
HEBA),]-H,O standard.

Because the simulated spectra did not fit the
experimental spectra very well for solutions with
low concentrations of NaJ[CrO(HEBA),]- H,O, the
spectral simulation method was tested by calculat-
ing concentrations of dilute TEMPO solutions
from dilute Na[CrO(HEBA),]- H,O solutions. The
examples presented (Table 5) clearly demonstrate
that poor simulation of an experimental spectrum
will lead to erroneous results.

For this particular application, the spectral sim-
ulation procedure is useful for the standardisation
of Na[CrO(HEBA),]- H,O, but not for the routine
analysis of low concentration solutions. For this
task, the average g method must be employed.

The determination of unknowns is performed
using the NaJ[CrO(HEBA),]-H,O standard solu-
tions. Similar results could also be obtained from
the TEMPO solutions, but an additional calcula-
tion step is necessary. The hyperfine coupling of
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Fig. 9. Simulated EPR spectrum for TEMPO.

the electron with *Cr (I =3/2, natural abun-
dance =9.55%) was generally not observed for
low concentration chromium(V) solutions. There-
fore, the experiments were focused on the centre
signal, attributed to the one unpaired electron.
However, the double integral of that signal repre-
sents only 90.45% of the total number of spins
within the spectrometer’s cavity. The hyperfine
coupling for TEMPO is observed in all cases. If
comparing the area of the centre signal of a
chromium(V) spectrum with the area of a
TEMPO spectrum, the resulting chromium(V)
concentration will only account for 90.45% of the
actual concentration. It is more convenient to use
Na[CrO(HEBA),]- H,O as the reference material
and compare the centre signals for both reference
and unknown.

A calibration curve is constructed by plotting
the double integrals of the EPR spectra against
concentration. However, to compensate for differ-
ences in transition probability between the refer-
ence and unknown, the areas of the spectra must
be divided by the g value. Before a concentration
can be determined from the calibration curve, the

double integral of the unknown must also be
divided by the corresponding g value.

The calibration data for chromium(V) stan-
dards within the concentration range of the un-
known materials is shown in Table 6. The blank
value was obtained from 0.01 M 2-ethyl-2-hy-
droxybutyric acid. The resulting correlation co-
efficient is 0.9998, indicating excellent linearity.

If spectra have been recorded using different
instrument parameters, the data must be nor-
malised. EPR spectra of the chromium(V)
product of the reaction between 1,2-dihydroxy-
benzene and chromium(VI) were recorded with
modulation amplitude=10.11 G, microwave
power = 126 mW, and receiver gain = 1.250 x 10
These parameters differ from those of the
Na[CrO(HEBA),]-H,O  standard  solutions.
Therefore, the double integrals must be nor-
malised to the parameters used to record the
reference solutions (Table 7).

It was found that when the 1,2-dihydroxyben-
zene and chromium(VI) were reacted at a ratio of
182:1, the maximum concentration of chromi-
um(V) produced was 0.144 mM (Table 7). Since
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Fig. 10. Comparison of the EPR spectrum of 4 x 10> M Na[CrO(HEBA),]-H,O with simulations based on Gaussian and
Lorentzian line shapes. The intensities of the simulated spectra are multiplied by 60 to aid comparison. EPR parameters: microwave
power = 126 mW; receiver gain = 1.25 x 10% modulation amplitude = 5.15 G.

the initial concentration of chromium(VI) was
0.020 M, or 20 mM, the maximum chromium(V)
concentration represents only 0.71% of the total
amount of chromium in the system. The reactions
conducted at lower molar ratios produced less
chromium(V) (Table 7). A relationship was not
found between the molar ratio and the maximum
concentration of chromium(V).

The interaction between chromium(VI) and ful-
vic acid was studied with modulation ampli-
tude = 10.11 G, microwave power = 126 mW and
receiver gain = 1.250 x 10°. Again, these parame-
ters differ from those used for the chromium(V)
reference solutions, necessitating a normalisation
process (Table 8). The maximum chromium(V)
concentration was found to be only 0.014 mM.

The main source of error associated with analy-
sis by the spectral simulation procedure is due to
the EPR spectrometer. Based on the standard
deviation of 10 spectral intensities of 0.2 mM
TEMPO, the error associated with the EPR spec-

trometer may be taken as =+ 9.3% (assuming that
the error is equivalent to two standard devia-
tions). Consideration of the other errors associ-
ated with the procedure (analytical balance and
volumetric glassware) lead one to propose an
overall error of + 10%

Determination of error and detection limit for
analyses performed by division of spectral intensi-
ties by the relevant g value is achieved from the
linear regression analysis. If the detection limit is
taken as 0.010 mM chromium(V)(0.5 mg 1~ 1), the
error does not exceed =+ 10%.

Normally the development of a new analytical
procedure is accompanied by a validation of the
results. This is usually achieved by either
analysing some internationally recognised stan-
dard reference material (SRM) and comparing the
experimental and accepted results, or by employ-
ing a standard additions procedure. In the stan-
dard additions procedure, samples of the
unknown are spiked with known amounts of ana-
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Table 4
Experimental data for standard aqueous solutions of chromium(V) and TEMPO

Material Conc.* (mM) MA® (G) Power® (mW) RG* I(Exp)* I(Sim)*

Na[CrO(HEBA),]- H,0OP 1.7825 0.18 2 1.250e3 1.1e4 4.3e3
0.0355 5.15 126 1.125¢4 3.1e6 6.3e4
0.0178 5.15 126 1.125¢4 1.5e6 6.3e4
0.0071 5.15 126 1.125¢4 6.3e5 6.3e4
0.0036 5.15 126 1.125¢4 3.0e5 6.3e4

TEMPO*® 1.9968 0.18 2 1.250e4 1.3e6 4.4e4
0.1997 2.05 20 1.250e4 4.3¢6 4.4¢4
0.0799 2.05 20 1.250e4 1.6e6 4.4e4
0.0399 2.05 126 1.250e4 1.7¢6 4.4¢4
0.0200 2.05 126 1.250e4 8.3e5 4.4e4
0.0079 2.05 126 1.250e4 3.2e5 4.4¢4

2 Conc., concentration; MA, modulation amplitude; Power, microwave power; RG, receiver gain; I(Exp), double integral of
experimental spectrum; /(Sim), double integral of simulated spectrum.

® Concentration of Na[CrO(HEBA),]- H,O solutions are non-standardised.

¢ TEMPO concentrations have been standardised by UV/Vis spectroscopy.

Table 5

Determination of TEMPO concentration using low concentration aqueous solutions of Na[CrO(HEBA),]-H,O as reference

Reference concentration (mM) Expected TEMPO concentration (mM) Determined TEMPO concentration (mM)

0.0351 0.0399 0.0623
0.0200 0.0306
0.0176 0.0399 0.0650
0.0200 0.0320

lyte. If analysis yields results consistent with the
spiked additions, the procedure is deemed valid
[45]. Unfortunately, neither of these procedures
are suitable for the systems studied in this project.
The first option is not possible because there are

Table 6
Calibration data for a chromium(V) standard series
(Na[CrO(HEBA),]-H,0)

Na[CrO(HEBA),]-H,O Double integral Adjusted double

concentration (mM) integral®
0.0000 0.0e0 0.0e0
0.0036 3.0e5 1.5e5
0.0070 6.3e5 3.2e5
0.0176 1.5e6 7.4e5
0.0351 3.0e6 1.5e6
0.0705 6.0e6 3.0e6
0.0881 7.4e6 3.7¢6
0.1762 1.5e7 7.8¢6
0.3523 2.9¢7 1.5e7

2 Double integral divided by the g value (1.9786).

no SRMs available for chromium(V) in aqueous
solution. The latter procedure is not possible
since, with the exception of sodium bis(2-ethyl-2-
hydroxybutyrato) oxochromate(V) monohydrate
prepared in excess 2-ethyl-2-hydroxybutyric acid,
aqueous chromium(V) exhibits poor stability. In
the reaction mixtures studied, the chromium(V)
concentration increases to a maximum value be-
fore slowly decreasing. The literature suggests that
the concentration of chromium(V) is dependant
on the ratio of concentrations of chromium(VI),
the organic substrate and other reaction products
[46]. Addition of a known excess of chromium(V)
would almost definitely alter the quasi-equi-
librium state, thereby changing the expected con-
centration of chromium(V).

The calibration curve for the standards proved
to have an excellent linear fit and the standardisa-
tion of Na[CrO(HEBA),]-H,O with TEMPO, a
recognised reference material for quantitative
EPR analysis, gave good results. However, in the
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Table 7

Maximum chromium(V) concentration obtained from the reaction of chromium(VI) and 1,2-dihydroxybenzene at varying molar

ratios

Molar ratio® I(Exp) Normalised 7(Exp)® Adjusted I(Exp)© [Cr(V)] (mM)
182.0:1 2.7e7 1.2¢7 6.2¢6 0.144

9.1: 1 1.3e7 6.0e6 3.1e6 0.072

54:1 1.0e6 4.6e6 2.4e6 0.056

1.8:1 4.6e6 2.1e6 1.1e6 0.025

 1,2-Dihydroxybenzene:chromium(VI).

® Experimental double integral normalised to MA =5.15 G, power = 126 mW, RG = 1.125 x 10*.

¢ Normalised double integral divided by the g value (1.9716).

absence of a suitable validation technique for this
particular method, it must be conceded that any
results obtained should be treated with caution.

The detection limit of the developed procedure
is 0.01 mM, or 0.5 mg 1~ '. While this is compara-
ble with techniques such as atomic absorption
spectroscopy (AAS), it is not low enough for
determination of chromium(V) at background en-
vironmental concentrations. In non-contaminated
conditions the concentration of chromium(VI) in
the natural water rarely exceeds 1 pg 1=! [47].
Therefore, without a pre-concentration step, EPR
analysis is not a useful technique for the determi-
nation of background chromium(V) concentra-
tions in the natural environment, particularly with
respect to aqueous samples. However, the tech-
nique still has great potential for use within the
laboratory situation for in vitro investigations of
the interactions of chromium(VI) with biologi-
cally significant compounds such as glutathione
and ascorbate.

The development of a pre-concentration step
for the analysis of chromium(V) would be

Table 8
Maximum chromium(V) concentration obtained from the re-
actions of chromium(VI) with fulvic acid

I(Exp)  Normalised Adjusted [Cr(V)] (mM)
I(Exp)? I(Exp)®
2.6e7 1.2e6 6.1e5 0.014

# Experimental double integral normalised to MA =5.15 G,
power = 126 mW, RG = 1.125 x 10*.

® Normalised double integral divided by the relevant g value
(1.9784).

difficult. Because of the instability of the species
in aqueous solution, there is high risk that the
usage of common pre-concentration techniques,
such as column chromatography and solvent ex-
tractions, might alter the oxidation state of the
metal. Furthermore, chromium(V) often exists in
a quasi-equilibrium state, dependant on the ratio
of reactants. A pre-concentration step might alter
the concentrations of reactants, and hence the
amount of chromium(V) produced, thus leading
to results that are not consistent with the original
sample.

If using ‘real’ samples such as dam water or cell
tissue, it is possible that the presence of other
paramagnetic species might obscure the chromi-
um(V) signal, making quantitative analysis impos-
sible. For instance, a dam water sample might
contain manganese(Il), copper(Il) or iron(I1I), all
of which give EPR signals in the g=1.9-2.0
region. It should be possible to overcome this
problem by subtracting a background spectrum
from the analytical spectrum. If, for example,
manganese(Il) and copper(I) were interfering
with a chromium(V) signal, then the unknown
sample could be analysed by AAS to determine
the concentrations of manganese and copper. A
background solution containing the interfering
metals at the determined concentrations could
then be prepared. Subtraction of the background
EPR spectrum from that of the unknown sample
would result in an unobscured chromium(V) sig-
nal. It would also be necessary to know the
relevant salt or chelating agent for any interfering
metal, since these can have an effect on the EPR
spectrum [48].



J. Chappell et al. / Talanta 46 (1998) 23-38 37

In the reaction between chromium(VI) and 1,2-
dihydroxybenzene, where the organic compound
is present in a 182-fold excess, the amount of
chromium(V) produced represents only 1.44% of
the total chromium in the system. Because all
chromium(VI) must proceed through the chromi-
um(V) intermediate, it is most likely that the
reduction of chromium(V) to chromium(IIl) oc-
curs at a rapid rate, yet slowly enough to allow
detection.

The amount of chromium(V) produced from
the interaction of chromium(VI) with fulvic acid
is also quite small in relation to the total
chromium in the system. The maximum concen-
tration of chromium(V) produced from the reac-
tion of equal volumes of 0.020 M chromium(VI)
and 0.14% (w/v) fulvic acid was 0.014 mM. This
value is about half that obtained for the interac-
tion of 1,2-dihydroxybenzene with chromium(VI)
at a molar ratio of 1.8: 1 (Table 7). However, the
results do not indicate that all interactions be-
tween chromium(VI) and suitable organic com-
pounds will produce only a small percentage of
chromium(V).

The analytical procedure reported in this paper
can now be used to obtain quantitative data for
the chromium(V) producing reactions between the
chromium(VI) and various organic compounds of
biological and environmental significance.
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Abstract

Two simple, rapid and sensitive spectrophotometric methods for the determination of catecholamine derivatives
(pyrocatechol, dopamine, levodopa and methyldopa) are developed. The first method involves the oxidation of
o-dihydroxybenzene derivatives by N-bromosuccinimide followed by oxidative coupling with isoniazid leading to the
formation of a red-coloured products of maximum absorbance (/,,,, = 480-490 nm). The second method is based on
the formation of green to blue complex (4,,,, = 635-660 nm) between o- dihydroxybenzene derivatives and sodium
nitroprusside in the presence of hydroxylamine hydrochloride. All measurements of the two procedures are carried
out in an alkaline medium at room temperature. The two methods are successfully applied for the determination of
dopamine hydrochloride, levodopa and methyldopa in injections and tablets of pharmaceutical preparation. The
common excipients used as additives in pharmaceuticals do not interfere in the proposed methods. The reliability of
these methods are established by parallel determination with the reported and official methods. © 1998 Elsevier
Science B.V. All rights reserved.

Keywords: Pyrocatechol; Dopamine hydrochloride; Levodopa; Methyldopa; Isoniazid; Hydroxylamine hydrochloride;
Sodium nitroprusside; N-Bromosuccinimide; Spectrophotometry; Pharmaceuticals

1. Introduction surgery. Dopamine, a neurotransmitter, is one of

the naturally occurring catecholamines, and its

Catecholamine drugs are aromatic vic-diols in
which either the 3- or 4-position is unsubstituted
and these positions are not sterically blocked.
These drugs are now widely used in the treatment
of bronchial asthma, hypertension, Parkinson’s
disease, myocardial infarction and cardiac

* Corresponding author.

hydrochloride salt is being used in the treatment
of acute congestive failure and renal failure [1].
This has stimulated many investigators to work
out compendial methods for the determination of
catecholamine in authentic and dosage forms.
Various methods like spectrofluorimetry [2,3],
spectrophotometry [4], ion-exchange column
chromatography [5], gas chromatography [6,7]

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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Table 1
Experimental conditions and optical characteristics

Parameters Method

A B

PCL DPH LDP MDP PCL DPH
Colour Red Red Red Red Blue Green
Amax (NIM) 485 490 480 480 660 635
Stability (h) 24 48 10 8 10 3
Beer’s law (ug ml—") 0.8-5.85 2.8-14.0 2.4-12.0 5.0-16.0 1.5-10.0 24-17.0
Molar absorptivity (I mol~! cm~") 1.27 x 10* 6.47 x 103 8.38 x 103 3.96 x 103 7.59 x 103 7.4x103
Sandell’s sensitivity (ug cm—?2) 0.0086 0.0293 0.0235 0.0533 0.0145 0.0257
Regression equation®
Slope (a) 0.1109 0.0390 0.0410 0.0200 0.0663 0.0388
Intercept (b) 0.037 —0.032 —0.003 —0.050 —0.001 0.011
Correlation coefficient 0.9980 1.0101 0.9958 0.9994 0.9977 0.9999

4y = ax+b, where x is the concentration of PCL, DPH, LDP or MDP in pg ml~".

Table 2
Experimental conditions

Method Volume of NBS (0.05%) or HAH
(0.07%) in ml

Volume of INH (0.02%) or SNP
(0.3%) in ml

Volume of NaOH (0.01 M) or
Na,CO; (5%) in ml

A 1.5% (1.25-2.0)
B 0.5 (0.25-1.0)

4.0° (2.0-6.0)°
2.5 (1.0-4.0)

1.5* (1.0-2.5)°
2.5 (1.0-3.5)

2Used in the proposed procedure.
PRange for maximum absorbance and stability.

and radioimmunoassay [8,9] have been described
in the literature for the determination of do-
pamine and dopa from the various biological
samples and pharmaceutical preparation. The
present work describes the two simple sensitive
and accurate spectrophotometric methods for the
determination of catecholamine derivatives (pyro-
catechol, levodopa, methyldopa and dopamine
hydrochloride) using isoniazid (INH) in the pres-
ence of N-bromosuccinimide (NBS). The other
method determines the pyrocatechol and do-
pamine hydrochloride using sodium nitroprusside
(SNP) in the presence of hydroxylamine hy-
drochloride (HAH). The methods are adopted for
the assay of three catecholamine drugs in pure
and pharmaceutical formulations. These three
drugs are officially listed in USP [10] which de-
scribes a nonaqueous titration for the assay of
dopamine hydrochloride in raw material and an

HPLC technique for injection solutions. A visual
titration and UV spectrophotometric methods at
280 nm are prescribed for levodopa and methyl-
dopa, respectively.

2. Experimental
2.1. Apparatus

A Jasco Model UVIDEC-610 UV-VIS spec-
trophotometer with 1.0-cm matched cells was
used for the electronic spectral measurements.
2.2. Reagents

Dopamine hydrochloride (Sigma, USA),

levodopa (SD Fine, India), methyldopa (SD Fine,
India), Pyrocatechol (CDH, India), Isoniazid
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Fig. 1. Absorption spectra of: (1) PCL (3 pg ml~ ') + NBS + INH product; (2) LDP (6 pg ml— ') + NBS + INH product; (3) DPH
(7 ug ml— ')+ NBS + INH product; (4) MDP (8 pug ml— ')+ NBS + INH product; (5) NBS + INH reagent blank.
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Fig. 2. Absorption spectra of: (1) PCL (5 pg ml~') + HAH + SNP product; (2) DPH (8.5 pg ml~') + HAH + SNP product; (3)
HAH + SNP reagent blank.

(BDH, Poole, UK), sodium nitroprusside (E- 2.3. Solutions
Merck, Germany) were used.

All other chemicals used were of analytical Freshly prepared aqueous solutions of the pure
reagent grade. Deionised water was used to pre- drugs and pyrocatechol (PCL) (protected from

pare all solutions and in all experiments. sun light) (50 pg ml—") were used as the standard
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solution for analytical purposes. Dopamine hy-
drochloride (DPH), levodopa (LDP), and methyl-
dopa (MDP) were standardised by the reported
method [11]. Solutions of 0.2% aqueous isoniazid,
0.07% aqueous hydroxylamine hydrochloride,
0.3% aqueous sodium nitroprusside, 0.05% N-
bromosuccinimide, 5% sodium carbonate and
0.01 M sodium hydroxide were used.

2.4. General procedure

2.4.1. Method A

Aliquots of standard solutions of PCL (20-146
ug), DPH (70-350 pg), LDP (60-300 pg) or
MDP (125-400 ng) were transferred to a 25-ml
calibrated flask, to which 0.05% NBS, 0.02% INH
and 0.01 M sodium hydroxide were added to the
catecholamine solution, and the mixture was set
aside for 5 min. The contents were diluted to the
mark and mixed well. The absorbance at 4,, was
measured against a reagent blank.

2.4.2. Method B

Aliquots of standard solutions of PCL (37-250
ng) or DPH (60-425 pg) were transferred to a
25-ml calibrated flask, to which 0.3% SNP, 0.07%
HAH and 5% sodium carbonate solution were
added, and the mixture was set aside for 5 min.
The contents were diluted to the mark and mixed
well. The absorbance at A4,,, was measured
against a reagent blank.

Details of the experimental conditions of the
two methods are given in Tables 1 and 2.

2.5. Procedure for the assay of catecholamines in
pharmaceutical preparation

2.5.1. Tablets

Twenty tablets were weighed and finely pow-
dered. A weighed amount of the powder contain-
ing 50 mg of LDP or MDP was dissolved in water
and filtered. The filtrate was made up to 100 ml
and an aliquot of this solution was treated as
described above for the determination of LDP or
MDP.

2.5.2. Injection

DPH injection solutions were appropriately di-
luted with water to get the required concentration
of the drug, and then the general procedure was
followed. The amount of DPH was calculated
from a calibration graph.

3. Results and discussion

3.1. Absorption spectra

A red-coloured oxidating coupling product with
an absorption maximum at 480-490 nm is formed
when PCL, DPH, LDP or MDP were allowed to
react with NBS in the presence of INH in a
sodium hydroxide medium. Green to blue prod-
ucts with absorption maxima at 635-660 nm were
formed, when PCL or DPH are allowed to react
with SNP in the presence of HAH in a sodium
carbonate medium. The absorption spectra of
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Table 3

Determination of catecholamines in pharmaceutical preparations

Drug Label claim (mg) DPH content per 5 ml of injection or LDP and MDP content per tablet (mg) %
recovery® + RSD
BP method Reported method Proposed method
A B
DPH
Injection® 200/5 ml 98.85 +1.21 99.04 +1.10 100.07 £+ 1.03 99.82 +£0.75
Injecion® 200/5 ml 99.2 +£0.82 100.09 £+ 0.99 100.2 +£0.51 99.94 +0.63
Tablets
LDP¢ 500 98.78 + 1.10 97.83 +0.96 99.01 +0.74 —
MDP* 250 99.5 +0.86 — 99.95 4+ 0.90 —

*Average of six determinations.
®Marketed by TTK Pharma.
‘Marketed by TRIOKA Parenterals.
dMarketed by Wallace.

“Marketed by Merind Limited.

both red, green and blue products and the reagent
blanks are shown in Figs. 1 and 2.

The details of optical characteristics are sum-
marised in Table 2.

3.2. Reaction sequence

Vicinal dihydroxybenzene derivatives were
readily oxidised to o-benzoquinone by NBS. INH,
by virtue of its strong electron-donating group,
couples with o-benzoquinone in alkaline medium
leading to the formation of oxidative coupled
products as given in the reaction in Scheme 1
[12,13]. Other oxidising agents such as Cr,02—,
H,0,, chloramine-T and MnO, were tried in-
stead of NBS and found to be less effective.
However, in acidic medium dichromate and
MnO, oxidising agents does not form any colour
under the experimental conditions.

A characteristic green to blue-coloured product
is formed when DPH or PCL is allowed to react
with SNP in the presence of HAH in an alkaline
medium. Use of this method was unsuccessful for
the identification of the product in solid form.
However, Guptha and co-workers [14] and Na-
garaja et al. [15] have proposed the formation of

indophenol blue or a coordination complex with a
charge transfer absorption using SNP as a reagent
for the analysis of phenol. This indicates that the
formation of the green to blue colour by the
proposed method B may be due to either the
formation of indophenol blue or a coordination
complex of CT type.

3.3. Stability

The resultant products of the proposed meth-
ods were studied at different temperatures. The
results indicate that the absorbance values remain
constant in the temperature range 5-70°C. At
higher temperatures the absorbance values de-
crease, indicating the dissociation of the products
on prolonged heating. The coloured products
were stable for 3—48 h at room temperature.

3.4. Interference

An antioxidant, sodium metabisulphate, and
sodium chloride that is commonly present in the
DPH injection, and also commonly used excipi-
ents such as starch, talc, glucose, lactose, dextrose



44 P. Nagaraja et al. / Talanta 46 (1998) 3944

and magnesium stearate, did not interfere, while
vitamin C, adrenaline and noradrenaline were
found to have interfered. In method B, the results
of interference shows that a 2-fold excess of LDP
and MDP do not interfere.

3.5. Application

The applicability of the method to assay of
pharmaceutical preparations was examined. The
results obtained (Table 3) compared favourably to
those reported by El-Kommos et al. [13] and the
official method [11].

4. Conclusions

The proposed methods are simple, rapid, precise,
sensitive and economical. The two methods can be
successfully applied as an alternative to the existing
methods.
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Abstract

In this paper, separations of organic compounds, such as, n-alkanes, alcohols, ethyl asters of C,—Cg carboxylic
acid, halogen derivatives, position-isomers of the replacement aromatic hydrocarbon, optical isomers of ethyl lactate
and isoamyl alcohol, etc. were studied using 4'-cholestenoxycarbonyl-benzo-15-crown-5 liquid crystal crown ether
(CH-B-15-C-5) as stationary phase in gas-solid chromatography (GSC), general gas-liquid chromatography (GLC)
and crown ether liquid crystal gas-liquid chromatography (CL-GLC). Also, the chromatographic characteristics, such
as the chemical stability, thermal stability, selectivity, polarity and operating temperature range, of the CH-B-15-C-5
as stationary phase for GSC, GLC and CL-GLC systems were studied. The results showed that the polarity of this
chromatographic column is mean-weak; the chemical and thermal stabilities and the selectivity are good and the
operating temperature range is wide. The results of separations of organic compounds are satisfactory. © 1998
Elsevier Science B.V. All rights reserved.

Keywords: Gas chromatography; Application studies; Stationary phase; CH-B-15-C-5

1. Introduction formula and phase transition temperatures of CH-
B-15-C-5 are described in the following.
Recently, much attention has been paid to

chromatographic characteristics and applications

of crown ether stationary phase [1-5]. Cholesteric ° °:@~ «Oéﬁ\'* k 182C 1
liquid crystal crown ether CH-B-15-C-5 has dif- s © ‘:1"0 125‘C\ %’55@
ferent phase states under a range of different ~ ° Ch

temperatures, and a large variety of physical

properties under different operating conditions in
the same temperature range. The constitutional

* Corresponding author.

When the temperature is decreased from 182 to
165°C, the compound forms cholesteric liquid
crystal. If it is decreased to 125°C, it remains
anisotropic liquid crystal; then if the temperature

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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decreases below 125°C it forms anisotropic
solid crystal. But, in the course of heating from
below 125 to 182°C it cannot form cholesteric
liquid crystal. Therefore, the stationary phases
of CH-B-15-C-5 have three gas chromato-
graphic functions: gas-solid chromatography
(GSC), general gas-liquid chromatography
(GLC) and crown ether liquid crystal gas-liquid
chromatography (CL-GLC). We separated or-
ganic compounds, such as, n-alkanes, alcohols,
ethyl asters of C,—C, carboxylic acid, halogen
derivatives, etc., and position-isomers of the re-
placement aromatic hydrocarbons, such as the
o,m,p-xylenes, -dichlorobenzenes, -nitrochloro-
benzenes, and 1,3,5- and 1,2,4-trimethylbenzene,
etc. Good separation results were achieved us-
ing crown ether liquid crystal stationary phase
under the different chromatographic conditions.
We have explored the chiral resolutions of opti-
cal isomers of ethyl lactate and isoamyl alcohol
in gas chromatography (GC) with a new
cholesteric liquid crystal crown ether (CH-B-15-
C-5) stationary phase.

We have not seen any other reports on this
type of study up to now.

2. Experimental

2.1. Apparatus and reagents

An SC-6 Gas Chromatograph, with a hydrogen
flame ionization detector, was used. Chromato-
graphic column: stainless steel column, 2 m
x 3 mm I.D.; stationary phase, chromosorb W
(60—80 mesh) on the column packed with 10%
CH-B-15-C-5.

CH-B-15-C-5 liquid crystal crown ether was
prepared by Prof. Xie Minggui, and was deter-
mined by IR, NMR, MS and elemental analysis
[6,7]. Ethyl lactate and isoamyl alcohol were chro-
matographic pure reagents. R(— )-Ethyl lactate
and S( — )-2-methyl-1-butanol were optically pure
(Fluka, USA). Other reagents were analytically
pure.

2.2. Procedure

In the GSC method, column temperature was
raised from room temperature to 182°C at a rate
of 10°C min !, kept there for 30 min, then low-
ered to 165°C at a rate of 2°C min—! and kept
there for 30 min, then lowered to below 125°C to
the necessary temperature and separation of or-
ganic compounds was carried out.

In the GLC method, the temperature was raised
to 130-190°C and organic compounds were sepa-
rated.

In the CL-GLC method, the column tempera-
ture was raised to 182°C at a rate of 10°C min !,
kept there for 30 min, then lowered to 165°C at a
rate of 2°C min !, and kept there for 30 min,
then lowered at a rate of 2°C min~' to the
neceassary temperature and organic compounds
were separated.

3. Results and discussion

3.1. Separations of ethyl asters of C,—Cg
carboxylic acid, Cs—C,, n-alkanes, C;—Cg
alcohols and some organic mixtures

In the GSC method, ethyl asters of C,-Cq
carboxylic acid, Cs—C,, n-alkanes, C,—Cg alco-
hols and some organic compounds mixtures were
separated, at a column temperature of 120°C.
Carrier gas was nitrogen. Hydrogen and air flow-
rates were 30 and 60 cm® min ~!, respectively (for
results see Fig. 1).

The results show that the homologues of alkane
and ethyl asters of carboxylic acid abide by car-
bon number law (see Fig. 1AFig. 1B), but in the
n-alcohol homologous series, methanol deviates
considerably from carbon number law. A com-
parison of the size of the methanol molecule and
CH-B-15-C-5 demonstrates the cause: methanol
molecules enter the crown ether cavity, but higher
alcohols can not.

It is evident from Fig. 1D that aromatics are
retained for a larger time in the GSC method than
with cyclohexane and cyclohexene. The most
likely cause of this behaviour is the similarity of
aromatics to the aromatic nucleus in the CH-B-
15-C-5 cavity [8].
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Fig. 1. GSC of homologous series of ethyl asters of carboxylic acids, n-alkanes, alcohols, and organic mixtures at a column
temperature of 120°C. (A) The GSC of ethyl asters of C,;—Cg carboxylic acid (carrier gas flow-rate was 20 cm® min —!). (1) Ethyl
aster of formic acid; (2) ethyl aster of acetic acid; (3) ethyl aster of n-propionic acid; (4) ethyl aster of n-butyric acid; (5) ethyl aster
of n-valeric acid; (6) ethyl aster of n-caproic acid; (7) ethyl aster of n-enanthic acid; and (8) ethyl aster of n-caprylic acid. (B) The
GSC of Cs—C,, n-alkanes (carrier gas flow-rate was 15 cm® min —!). (1) n-Pentane; (2) n-hevane; (3) n-heptane; (4) n-octane; (5)
n-nonane; (6) n-decane; (7) n-undecane; and (8) dodecane. (C) The GSC of alcohols (carrier gas flow-rate was 20 cm® min —'). (1)
Methanol; (2) ethanol; (3) n-propanol; (4) n-butanol; (5) n-pentanol; (6) n-hexanol; (7) n-enanthol; and (8) n-octanol. (D) The GSC
of aromatics and other organic mixtures (carrier gas flow-rate was 30 cm® min~!). (1) Cyclohexane; (2) methylcyclohexane; (3)
cyclohexene; (4) benzene; (5) toluene; (6) m-xylene; (7) isopropylbenzene; (8) butylbenzene; (9) o-ethyltoluene; (10) 1,3,5-trimethyl-

benzene; and (11) p-cymene.

3.2. Separations of position-isomers for
replacement aromatic hydrocarbons

Carrier gas flow-rate was 20 cm® min "', Hy—
drogen and air flow-rates were 25 and 50 cm’
min ~ !, respectively. o,m,p-Xylenes, -dichloroben-
zenes, -nltrochlorobenzenes, and 1,3,5- and 1,2,4-
trimethylbenzene were separated at a column
temperature of 110°C by the GSC method (for
results see Fig. 2).

Carrier gas flow-rate was 20 cm?® min . Hy-
drogen and air flow-rates were 25 and 50 cm?
min ~!, respectively. o,m,p-Xylenes, -dichloroben-
zenes, -mtrochlorobenzenes, and 1,3,5- and 1,2,4-

trimethylbenzene were separated at a column
temperature of 130°C by the GLC method (for
results see Fig. 3).

Carrier gas flow-rate was 20 cm® min~—"'. Hy—
drogen and air flow-rates were 25 and 50 cm’
min ~ !, respectively. o,m,p-Dichlorobenzenes, -ni-
trochlorobenzenes, and 1,3,5- and 1,2,4-trimethyl-
benzene were separated at a column temperature
of 130°C by the CL-GLC method (for results see
Fig. 4).

In the GSC and GLC methods, retention be-
haviour of the position-isomers on the CH-B-15-
C-5 column accorded with the retention law of the
crown ether stationary phase [9]. That is, on the
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Fig. 2. GSC of position-isomers of replacement aromatic hydrocarbons at a column temperature of 110°C. (a) Xylenes; (b)
dichlorobenzenes; (c) nitrochlorobenzenes; (d) 1,3,5-trimethylbenzene (peak 1) and 1,2,4-trimethylbenzene (peak 2).

crown ether column, retention times of substances
depended on polarity, hydrogen bond and crown
ether cavity, etc. In the separation of xylenes,
dichlorobenzenes and nitrochlorobenzenes, molec-
ular polarity order was o —»m — p-, but peak or-
der was m — p — 0- (see Figs. 2 and 3) because the
p-isomer molecular shape was columnar, which
could accord with the cavity of crown ether [10].

In the CL-GLC method, because of the orderly
arrangement of crown ether liquid crystal
molecules and the increase of orientation effect of
these molecule and the columnar molecule of
p-isomer, the order of chromatographic peaks
was m— o0 — p- (see Fig. 4).

3.3. Separations of optical isomers of ethyl
lactate and isoamyl alcohol

Carrier gas flow-rate was 25 ¢m® min—!. Hy-
drogen and air flow-rates were 25 and 60 cm?®
min ~ !, respectively. In a column temperature op-
erating range of 75-125°C, ethyl lactate and
isoamyl alcohol were separated using the CH-B-
15-C-5 GSC stationary phase (for results see
Table 1).

Carrier gas flow-rate was 30 cm® min ~—!. Hydro-
gen and air flow-rates were 25 and 50 cm® min ~',
respectively. In a column temperature operating
range of 130-190°C ethyl lactate and isoamyl
alcohol were separated with the CH-B-15-C-5
GLC stationary phase (for results see Table 2).

Carrier gas flow-rate was 30 cm® min ~ !, hydro-
gen and air flow-rates were 25 and 50 cm® min ',
respectively. In a column temperature operating
range of 130-175°C, ethyl lactate and isoamyl
alcohol were separated with the CH-B-15-C-5 CL-
GLC stationary phase (for results see Table 3).

From experiments of chiral resolution for opti-
cal isomers in the GSC, GLC and CL-GLC sys-
tems we found that the separations of ethyl lactate
and isoamyl alcohol could be obtained by this
stationary phase, and the resolutions were almost
as good as those on the GSC, GLC [I1] and
CL-GLC systems. But, relatively, with the GLC
method chiral resolution able was lower than that
with the GSC and CL-GLC methods, especially in
the high-temperature column, resolution R values
were evidently lower than in the GSC and CL-
GLC systems.

3.4. Polarities and stabilities of the columns

Polarities of CH-B-15-C-5 were determined by
the determination of the McReynolds phase con-
stants. The results showed that the polarity of the
column in the GSC system was stronger than that
of SE-30 column, but weaker than that of the
PEG-20M and B-15-C-5 columns [12], and in the
GLC and the CL-GLC systems the polarities of
this crown ether liquid crystal column were
weaker than that in the GSC system. Thus, the
polarity of the CH-B-15-C-5 column was mean-
weak (see Table 4).
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Fig. 3. GLC of position-isomers of replacement aromatic

hydrocarbons at a column temperature 130°C. (a) Xylenes; (b)

dichlorobenzenes; (c) nitrochlorobenzenes; (d) 1,3,5-trimethylbenzene (peak 1) and 1,2,4-trimethylbenzene (peak 2).
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Fig. 4. CL-GLC of position-isomers of replacement aromatic

hydrocarbons at a column temperature of 130°C. (a) Xylenes; (b)

dichlorobenzenes; (c) nitrochlorobenzenes; (d) 1,3,5-trimethylbenzene (peak 1) and 1,2,4-trimethylbenzene (peak 2).

The chemical stability and thermal stability of
CH-B-15-C-5 were very good as results deter-
mined by this column were satisfactory. Also, the
chemical properties of this liquid crystal crown
ether compound were stable for a long time at a
temperature of 200°C [13] and the possible oper-
ating temperature range was wide.

3.5. Shape of chromatographic peaks

The chromatographic peak shapes were good.
Basic GLC theory could explain the symmetrical
chromatographic peaks in the GLC [14] and the
CL-GLC systems (e.g. Figs. 3 and 4), but basic
GSC theory could not explain the symmetrical

chromatographic peak in the GSC system of this
crown ether column (e.g. Figs. 1 and 2). We
presume that, besides adsorption theory, in the
GSC stationary phase the molecular steric ar-
rangement is of great importance for the retention
behaviour of organic compounds.

In the CH-B-15-C-5 GSC stationary phase, af-
ter the crown ether compound was kept at a
temperature of 182°C for 30 min, solid crystal was
orderly arranged at temperatures lower than
125°C. Under the above conditions of GSC, it is
beneficial to obtain symmetrical chromatographic
peaks, in the GSC system, of organic homologous
series compounds, position-isomers of replace-
ment aromatic hydrocarbons [15], and optical iso-
mers of ethyl lactate and isoamyl alcohol.
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Table 1

Retention times 7; (min) and resolutions (R) of chiral separa-
tions for optical isomers of ethyl lactate and isoamyl alcohol
using CH-B-15-C-5 stationary phase in the GSC system

Table 3

Retention times 7; (min) and resolutions (R) of chiral separa-
tions for optical isomers of ethyl lactate and isoamyl alcohol
using CH-B-15-C-5 stationary phase in the CL-GLC system

Temp. (°C) Ethyl lactate Isoamyl alcohol Temp. (°C) Ethyl lactate Isoamyl alcohol
lsc+) Ir-- R lreer Iso- R lscor  Ire-- R IRty Is—)- R

75 1.5 127 341 235 25.0 3.80 130 6.0 7.4 200 1.9 2.6 1.95
85 106 11.7 3.10 16.5 184 3.60 145 4.5 5.6 185 1.5 2.0 1.86
95 9.6 106 290 6.5 8.1 346 160 3.1 3.9 1.50 1.2 1.7 1.60
105 8.5 9.6 261 3.1 42  3.05 175 2.0 2.7 0.60 1.0 1.4 1.51
115 7.0 82 230 21 3.0 2.50

125 6.6 75 185 1.8 25 212

3.6. Selectivity of the column

CH-B-15-C-5 is a low-molecular crown ether
liquid crystal compound that has non-polar car-
bon-carbon bonds, polar carbon—oxygen bonds
and aromatic rings, etc., therefore, it can act with
many organic compounds, for example, alkane
and alkene homologues, alcohols, ethers, aromat-
ics, position-isomers, etc. This crown ether com-
pound also has chiral carbon atoms which possess
chiral recognition for the optical isomers, for ex-
ample, ethyl lactate, isoamyl alcohol, etc.

The resolving power of the GSC, GLC and
CL-GLC systems was compared using resolution
R values.

CH-B-15-C-5 are orderly arranged solid crys-
tals in the GSC and crown ether liquid crystals
have an orderly arrangement in the CL-GLC
system. Compound molecular chiral carbon
atoms were orderly arranged because the crown

Table 2

Retention times 7z (min) and resolutions (R) of chiral separa-
tions for optical isomers of ethyl lactate and isoamyl alcohol
using CH-B-15-C-5 stationary phase in the GLC system

ether molecules were orderly arranged. But, in the
GLC system, CH-B-15-C-5 could not form liquid
crystal, thus the compound molecular chiral car-
bon atomic arrangement was disorderly.

The orderly arrangement state was useful for
chiral molecular orientation [16]. The chiral re-
solving power of orderly arranged CH-B-15-C-5
molecules was stronger than that of the disor-
dered orientation state. Therefore, the R value of
the CL-GLC system was higher than that of the
GLC system under the same experimental condi-
tions, e.g., carrier gas flow-rates, hydrogen and air
flow-rates, and column temperature, etc. (see Ta-
bles 2 and 3). On the other hand, chiral carbon
atomic disordering effect increased with increase
of molecular thermal motion. As the CH-B-15-C-
5 molecular chiral resolving power was lower, the
resolution R value decreased with the increase of
temperature in the GLC system (see Table 2).

To sum up, separations can be obtained of
organic homologues, organic mixtures, position-
isomers of replacement aromatic hydrocarbon,
optical isomers of ethyl lactate and isoamyl alco-
hol, etc., using CH-B-15-C-5 as a stationary phase
in GC. Satisfactory results can be obtained in the
column temperature range of 75-140°C, and

Temp. (°C) Ethyl lactate Isoamyl alcohol
Table 4

tsc). Ir(). R fR(+). s R Comparison of polarities of chromatographic columns
130 6.2 7.7 1.80 1.7 2.1 1.77 Temp. (°C) SE-30 PEG-20M B-15-C-5 CH-B-15-
145 4.6 5.0 1.50 1.2 1.4 1.65 C-5
160 34 4.0 1.08 0.8 1.1 1.40
175 2.4 2.7 095 0.6 0.8 1.00 120 43 548 275 167
190 1.5 1.5 — 0.4 0.4 — 130 41 539 268 148
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column temperature can be increased if using the
CL-GLC method to separate substances of high
boiling point.
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Abstract

Formation of binary and ternary complexes of Cu(II) and Ni(IT) metal ions with inosine as a primary ligand and
some biologically important aliphatic and aromatic carboxylic acids (succinic, oxalic, malic, maleic, malonic, tartaric,
S-sulfosalicylic, salicylic and phthalic acids) as secondary ligands was studied by the potentiometric technique at 25°C
and 0.10 M (NaNO,) ionic strength. The ternary complex formation was found to take place in a stepwise manner.
The stability constants of these binary and ternary systems were calculated. The lower stability of 1:2 complexes of
inosine compared to the corresponding 1:1 systems is in accord with statistical considerations. The values of A log K
for the ternary complexes studied have been evaluated and discussed. The mode of chelation of ternary complexes was
ascertained by conductivity measurements. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Binary and ternary complexes; Inosine; Potentiometric and conductometric studies

1. Introduction

Interaction of nucleosides and nucleotides with
metal ions has been a subject of much recent
interest. Because of the role of bivalent metal ions
in many biochemical processes [1—-7], considerable
research is being undertaken to understand the
nature of metal ion interaction with vital
molecules like DNA and RNA. Ternary com-
plexes of nucleosides and nucleotides have at-
tracted the attention of many workers [§-21].
This is mainly because they provide models for
metalloenzyme reactions in biological systems
[22-24]. They also explain to some extent the
specific and selective interactions that take place

* Corresponding author. Fax + 20 823 14606.

in many biological systems. As a continuation of
our research program to study the binary and
ternary complexes of biological importance [25—
28], the present work traces the formation and
characterization of binary and ternary complexes
involving Cu(Il) and Ni(II) metal ions, inosine
and some biologically important aliphatic and
aromatic carboxylic acids.

2. Experimental

2.1. Materials and solutions

Chromatographically pure inosine was pur-
chased from Sigma. A fresh sample was weighed
and a solution was prepared for each titration to

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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exclude loss by hydrolysis or photochemical de-
composition. The metal salts were provided by
BDH as nitrates. All solutions of Cu(II) and
Ni(IT) metal ions were prepared and standardized
complexometrically by EDTA using suitable indi-
cators [29]. Carbonate-free sodium hydroxide (ti-
trant, prepared in 0.1 M NaNO; solution) was
standardized potentiometrically with KH-phtha-
late solution (Merck AG). Aliphatic and aromatic
carboxylic acids, nitric acid and sodium hydroxide
were from Merck p.a.

2.2. Apparatus

Potentiometric pH measurements were carried
out on solutions in a double-walled glass vessel at
25 4+ 0.1°C using a Griffin pH J-300-101G digital
pH meter. The temperature was controlled by
circulating water through the jacket, from a con-
stant temperature bath. The cell was equipped
with a magnetic stirrer and a tightly fitting rubber
stopper, through which an Amel 882 delivery
dispenser, readable to 1 pl, and electrode system
were inserted. The electrode system was calibrated
in terms of hydrogen-ion concentrations instead
of activities. Thus, all constants determined in this
work are concentration constants.

Conductance of solutions was measured with a
SUNTEX, conductivity meter SC-170.

2.3. Procedure and measuring techniques

The following solutions were prepared and ti-
trated potentiometrically against standard carbon-
ate-free NaOH (0.10 M) solution:

1. (a) 0.032 M HNO; (5 cm®) +0.50 M NaNO,
(10 cm?)

(b) (a) +0.01 M carboxylic acid (5 cm?)

(¢) (b) +0.01 M metal ion (2 cm?)

(d) (a) +0.01 M inosine (5 cm?®)

(e) (d) +0.01 M metal ion (2 cm?)

(0 (a)+0.01 M metal ion (5 cm®)+0.01 M
carboxylic acid (5 c¢m®)+0.01 M inosine (5
cm?)

The total volume was adjusted to 50 cm?® by
adding double-distilled water in each case. All
pH-metric titrations were performed at 25°C and
p=0.1 M (NaNO;). An Irving and Rossotti pH

SN

Table 1

Stability constants of 1:1 and 1:2 metal—inosine complexes and
A log K values for these systems at 25+ 0.1°C, n=0.1 M
(NaNO,)*

Metal ion log KM, log KMt A log K
Cu(1) 5.00 + 0.06 3.64 +0.05 —1.36
Ni(II) 4.40 +0.08 3.92 +0.05 —0.48

“For inosine: pK, = 8.65 + 0.09.

titration technique [30] with modifications [31,32]
was used to determine the protonation constants
of the ligands and formation constants of the
metal complexes. Multiple titrations have been
performed for each system. All our calculations of
stability constants have been determined success-
fully in the low pH region. Therefore, the forma-
tion of hydroxy complexes or mixed ligand
complexes with hydroxy groups could be ne-
glected.

The mixture (g) was titrated conductometrically
against 0.10 M NaOH solution: g, 0.01 M Cu'
(10 cm®) + 0.01 M salicylic acid (10 cm?®) + 0.01 M
inosine (10 cm?).

3. Results and discussion

The dissociation constant of cationic inosine,
H,L ", could not be calculated potentiometrically,
because of the highly acidic nature of the associ-
ated proton (pK, =1.2) [33]. The first proton as-
sociation constant of neutral inosine, H,L, was
determined potentiometrically in aqueous solu-
tions, under the experimental conditions (7=
25°C, u=0.1 M NaNO,). Proton ionization was
assigned to the N;H group with the oxygen at the
6 position assuming the negative charge. The
value obtained (8.65) agreed quite well with that
previously reported by Simpson using the spec-
trophotometric technique [33]. The second disso-
ciation of the proton from the ribose OH group
of inosine takes place at higher buffer region
(pH > 12) and hence the corresponding dissocia-
tion constant could not be calculated by this
method.

The proton-dissociation step involved in the
titration of inosine can be represented as follows:
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The equilibria involved in the formation of
1:1 and 1:2 metal-inosine binary complexes
may be represented as follows:

M+L=ML, KM_
ML +L=ML,, KMp,

(1
()

The stability constants of 1:1 and 1:2 binary
complexes of inosine with Cu(I) and Ni(Il)
metal ions have been determined (Table 1). The
constant determined by us for Cu (inosine) 1:1
complex agrees well with that given previously
by Albert [34]. However, our stability constant
for the Ni (inosine) 1:1 complex is somewhat
higher than the value given by the same au-
thor. It was also found that the stability con-
stants determined in this work for normal 1:1
metal complexes of inosine are higher than
those determined recently by Reddy and Reddy

Table 2

[21]. The disagreement found may be attributed
to the different methods, temperature and ionic
strength used for determination.

It is of great interest to compare the stability
constants of 1:1 metal-inosine complexes with
those of hypoxanthine species [34]. Both hypox-
anthine and inosine (purine and its correspond-
ing nucleoside, respectively) form  metal
complexes with the same binding site (N, of
the imidazole moiety). The weak basicity of
inosine is reflected in the lower stability of its
metal complexes than that of hypoxanthine.

The stability constants of the 1:2 metal—
inosine complexes are lower than those of the
corresponding 1:1 systems, as expected from
statistical considerations. The A log K
(log KM, —log K3t;) values for the inosine
complexes are negative (Table 1). This is the

Acidity constants of carboxylic acids and stability constants of their 1:1 and 1:2 binary complexes at 25 +0.1°C, p = 0.1 M (NaNO,)

Carboxylic acid (A) pK, pKs, log K&, log K&IA, log KNi, log KN4,
Succinic acid 4.20+0.05 5.65 +0.07 3.20 +0.05 — 3.12 +0.09 —
Oxalic acid 1.40%* 4.25 +0.08 4.60 + 0.06 4.10 +0.08 3.46 +0.08 2.96 +0.05
Malic acid 3.40 +0.07 5.20 +0.06 6.80 + 0.09 — 4.60 +0.07 —
Malonic acid 2.90 +0.07 5.65+0.06 4.82 +0.05 3.37 +0.06 3.924+0.07 2.92 +0.06
Maleic acid 1.80%* 6.22 +0.06 4.07 +0.08 2.89 +0.07 3.70 +£0.06 2.82 +0.08
Tartaric acid 3.00 +0.05 4.35 +0.05 6.96 +0.07 5.70 +0.07 4.68 +0.07 4.36 +0.05
Phthalic acid 2.95+0.04 5.35+0.06 3.48 +£0.07 2.52+0.08 3.26 £ 0.07 1.92 +0.05
Salicylic acid 2.88 +0.05 13.60* 10.62 + 0.05 8.46 + 0.05 8.65+0.05 4.65 +0.09
5-Sulfosalicylic acid 2.50 +0.06 11.60%* 9.42 +0.09 6.98 +0.07 6.35 +0.05 3.82 +£0.06

*From ref. [35].
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Fig. 1. Potentiometric titration curves for the Cu''—5-sulfosali-
cylic acid—inosine system.

normal trend in neutral ligands where the en-
thalpy is more favourable for a 1:1 species
(exothermic) as compared to a 1:2 species.

The acidity constants of carboxylic acids and
the stability constants of their Cu(Il) and Ni(IT)
complexes have been determined (Table 2) under
the same experimental conditions.

The stability constants of binary Cu(Il) com-
plexes with the ligands studied are found to be
higher than those of Ni(I) complexes (Tables 1
and 2), which is in accordance with Irving-
William’s order [36].

In Figs. 1-6, representative sets of experimental
titration curves obtained according to the se-
quence described in the experimental part for the

different mixed-ligand systems are displaced. The
formation of a ternary complex is ascertained by
comparison of the mixed-ligand titration curve
with the composite curve obtained by graphical
addition of the inosine titration data to that of the
(1:1) M"-carboxylic acid titration curve. The
Ni''—salicylic acid—inosine system is taken as rep-
resentative, as shown in Fig. 7. The mixed-ligand
system was found to deviate considerably from
the resultant composite curve indicating the for-
mation of a ternary complex.

Therefore, it is assumed that in the presence of
both ligands, the carboxylic acid is ligated to the
metal ion, then followed by ligation of inosine, i.e.
the ternary complex formation could be consid-
ered in stepwise equilibria (Egs. (3) and (4)):

12.00

10.00 +

8.00 4

oH

2004

0.00 t t + +
o.00 1.00 2.00 3.00 4.00 5.00

0.1000 M NaOH (cm®)

Fig. 2. Potentiometric titration curves for the Cu''—succinic
acid—inosine system.
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12.00

10.00

8.00

6.00

0.00 +
0.00 1.00 2.00 3.00 4.00 5.00

0.1000 M NaOH (cm’)

Fig. 3. Potentiometric titration curves for the Cu''-oxalic
acid—inosine system.

M+ A=MA 3)
MA + L= MAL “4)
KMA _ [MAL] )

VAL T IMA]L]

The overall stability constant fM.; may be
represented by Eq. (6):

M+ A +L=MAL ©6)
w _ IMAL]

Piae = IMirATIL

— KMA %Ki )

where A = carboxylic acid and L = neutral ligand
inosine.
The relative stability of the ternary complexes,

as compared to that of the corresponding binary
complexes, can be quantitatively expressed in dif-
ferent ways. A review of those methods [37] has
shown that, for a variety of reasons, the most
suitable comparison is in terms of A log K. Table
3 demonstrates the difference in stabilities of the
binary and ternary complexes in terms of A log K
as defined by Eq. (8)

4 log K =log KM4, —log KM, (8)

In the ternary systems studied, the values of
KMA, were found to lie in the sequence:
phthalic > salicylic > 5-sulfosalicylic > succinic > malic
> malonic > maleic > tartaric > oxalic acid.

12.00

10.00 4+

8.00 +

pH

6.00 +

0.00 + t t +
0.00 1.00 2.00 3.00 4.00 5.00

0.1000 M NaOH {cm®}

Fig. 4. Potentiometric titration curves for the Ni''-salicylic
acid—inosine system.



58 M.M. Khalil, A.M. Radalla / Talanta 46 (1998) 53-61

12.00

10.00 +

pH

6.00 +

4.00 4+

2.00 4

0.00 + + + +
0.00 1.00 2.00 3.00 4.00 5.00

0.1000 M NaOH (cm®)

Fig. 5. Potentiometric titration curves for the Ni''-malic
acid—inosine system.

The higher stability of phthalic acid complex
than salicylic acid may be explained [38] as fol-
lows: since the carboxylate oxygen is not di-
rectly bound to the benzene nucleus, it
therefore adjusts stereochemically more -easily
than the phenolate oxygen which is directly at-
tached to the benzene nucleus. The coulombic
repulsion between the end oxygens will be more
when both O,0 donor atoms are phenolic oxy-
gens than when they are carboxylic oxygens.
Thus the A log K should be higher when the
ligand coordinates through the two carboxylate
oxygens (phthalic acid) than when it is salicylic
acid, which contains one carboxylate and one
phenolate oxygen.

The relative stabilities of the ternary com-
plexes of salicylic acid and S5-sulfosalicylic acid
follow their relative basicities.

With respect to aliphatic acids, the order of
stabilities of their mixed-ligand complexes is in
accord with the basicities (pK, + pK,,) of the
ligands. It is well known that the increase in
basicity of a ligand increases the stability of its
metal complexes.

The higher values of A log K with aromatic
acids than aliphatic acids may be attributed to
the presence of an aromatic ring [39,40] which
alters the bonding properties of these carboxylic
acids.

12.00

10.00 4+

8.00 4

pH

6.00 +

200+

0.00 + + + t
0.00 1.00 2.00 3.00 4.00 5.00

0.1000 M NaOH {cm’)

Fig. 6. Potentiometric titration curves for the Ni''-—phthalic
acid—inosine system.
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12.00

10.00 4

8.00 4

pH

6.00 +

4.00 +

0.00 + + y t
0.00 1.00 2.00 3.00 4.00 5.00

0.1000 M NaOH (cm®)
Fig. 7. Ni''-salicylic acid—inosine system. (1) HNO;; (2)

Inosine; (3) Ni''—salicylic acid (1:1); (4) Ni''—salicylic acid—
inosine; (5) Composite curve.

Table 3

Another parameter, percent Relative Stabilisa-
tion (% R.S.) to quantify the stability of a
ternary complex may be defined [41] as

% R.S. =[(log KM4; —log KM, )/log KM, ] x 100

The values of % R.S. have been calculated
(Table 3).

For some systems, the parameter % R.S. is
negative. This may be attributed to the higher
stability of binary M"—inosine complexes than
those corresponding to the ternary systems in-
volving carboxylic acids. Negative values of %
R.S. agree with the A log Ky, values, as shown
in columns 6 and 7 in Table 3.

In Fig. 8, a representative conductometric ti-
tration curve for the ternary complex of cop-
per(Il) with salicylic acid and inosine is
displaced. The titration curve shows an initial
decrease and an inflection at a =2. This proba-
bly corresponds to the neutralization of H™*
ions resulting from the formation of the
Cu(Il)-salicylic acid binary complex.

Between 2 <a <3, the conductance increases
slightly due to the formation of the ternary
complex and is associated with the release of a
proton from inosine. Beyond a =3, the conduc-
tance increases more uniformly due to the pres-
ence of an excess of NaOH.

Evidence for the structure of isolated solid
ternary complexes needs further study (e.g. X-
ray crystal structure determination), which must
be considered in the future.

Stability constants for ternary metal complexes of inosine with carboxylic acids at 25+ 0.1°C, pn=0.1 M (NaNO,)

Carboxylic acid log K&,  log KNia,  log fSUA1 log fNi.; Alog Ko, Alog Ky R.S.(%) R.S.(%)
(A) M = Cu(Il) M = Ni(II)
Succinic acid 5.18£0.05 4.92+40.06 8.38 8.04 0.18 0.52 3.60 10.40
Oxalic acid 4.33+0.07 3.70 +0.08 8.93 7.16 —0.67 —0.70 —13.40 —14.00
Malic acid 5.07+0.07 4.83+0.05 11.87 9.43 0.07 0.43 1.40 8.60
Malonic acid 4.86 £0.05 4.55+0.04 9.68 8.47 —0.14 0.15 —2.80 3.00
Maleic acid 482+0.09 3.84+0.06 8.89 7.54 —0.18 —0.56 —3.60 —11.20
Tartaric acid 478 £0.08 3.77+0.07 11.74 8.45 —0.22 —0.63 —4.40 —12.60
Phthalic acid 5.79 +£0.06 5.38 +0.07 9.27 8.64 0.79 0.98 15.80 19.60
Salicylic acid 5.54+0.04 5.10+0.03 16.16 13.75 0.54 0.70 10.80 14.00
5-Sulfosalicylic  5.37+0.06 4.98+0.09 14.79 11.33 0.37 0.58 7.40 11.60

acid
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Fig. 8. Conductometric titration curve for the Cu''—salicylic
acid—inosine system.
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Abstract

The reaction between hexacyanomanganate(IV) and hydrogen peroxide in acidic medium is strongly catalysed by
vanadium. The stoichiometry has been proved to be A[Mn(IV)]/A[H,0,] = 1. S-shaped absorbance—time curves are
obtained for a wide range of conditions, which seems to be due to the transient formation of hydroperoxyl radicals,
HO,; therefore, the reaction is autoinduced. The reaction kinetics is first order on the hexacyanomanganate(IV)
concentration. Complex dependence of the initial rate on the H,O, as well as H™ concentrations are observed both
for the uncatalysed and for the catalysed reactions, but the rate laws are given and reaction mechanisms are proposed.
The catalytic effect of vanadium has been used to determine traces of vanadium (the (IV) and (V) oxidation states are
determined together). By applying the initial rate method a detection limit of 0.9 ng ml~! (18 nM), and a linear range
up to 50 ng ml—! were found. The relative standard deviations for the 4 and 25.5 ng ml~! levels were 5.2 and 2.5%
respectively. Positive kinetic interferences from Cr(VI), Hg(I) and Ag(I) have been observed; other interferences are
less severe and Cr(Ill), Fe(I) and Fe(Ill), among many others, do not interfere. The Mn(IV) solution must be
prepared daily and its conservation needs some care (0°C) but the proposed method has been applied to the
determination of vanadium in a phosphate rock (reference material, BCR No. 32) without previous separations.
Recovery experiments have also been performed; excellent results were obtained in both cases. © 1998 Elsevier
Science B.V. All rights reserved.

Keywords: Hexacyanomanganate(IV); Hydrogen peroxide; Vanadium catalytic determination; Kinetics

1. Introduction

Hexacyanomanganate(IV), Mn(CN)Z —, is a rel-
atively strong oxidizing agent. From the halfwave
potential of its reversible voltammetric reduction
at a rotating platinum-disk electrode, a formal

* Corresponding author. Fax: + 34 43 212236; e-mail: qa-
pubsec@sq.cehu.es

potential of about 0.85 V (vs. SCE) in acidic
medium can be estimated [1]. Hexacyanoman-
ganate(IV) cannot be easily isolated [2] but it can
be yielded in acidic solution by fast disproportion-
ation of hexacyanomanganate(IIT) [1,3] (Mn(II)
and (CN), are also produced). The hexa-
cyanomanganate(IV) solution is not stable and it
slowly decomposes to yield Mn(II), (CN), and
HCN [3], but the reaction is fairly slow at room

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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temperature and it can be used for oxidizing
purposes for a period of time. For instance, hexa-
cyanomanganate(IV) has been used, in the reac-
tion Mn(CN);~ —As(IIT) [4], as the indicator
reagent for the kinetic determination of iodide [3].
We observed that the hydrogen peroxide oxida-
tion by hexacyanomanganate(IV) is slow and it is
strongly catalysed by vanadium. This could well
be the basis of a catalytic method for the determi-
nation of vanadium.

Vanadium has a well-known industrial rele-
vance (steels, pigments, inks, paints, etc.) [6] or; it
is also important in biochemistry as it seems to be
an essential element [7]. It can also be considered
a path finder for original type of crude oil [§8], for
uranium deposits [9] or for human industrial ac-
tivities (in waters, air, soils, etc.). Methods for the
determination of vanadium were reviewed some
years ago [10]. In the following years the number
of publications dealing with the determination of
vanadium has continually grown and a new re-
view has appeared [11]. Catalytic methods for
vanadium are among those with high sensitivities
and low detection limits (the counterpart is the
need for time measurements) and they usually
include reactions in which vanadium catalyses
organic substrate oxidations by bromate, chlorate
or peroxydisulphate [12]. In the last few years
more papers dealing with the catalytic determina-
tion of vanadium have appeared [13,14] and most
of them have been applied to the determination of
vanadium in steels [15-18], petroleum products
[18—20], water [16,21-26], aerosols [27,28] and
atmospheric particulate matter and human serum
[29]. These methods usually have limits of detec-
tion at the parts per billion (ppb) level. The initial
rate method is frequently used.

On the other hand, the reactions between man-
ganese in high oxidation states and species such as
0,, O5 and H,0, seem to have a great impor-
tance in biological processes, though not much is
known about them [30]. These kinds of reactions
have a number of interesting features. For in-
stance the Mn(III)-H,O, reaction has been found
to be autocatalytic [31] and the MnO, -H,0,
reaction has been found to be oscillatory [32].
This behaviour is not strange in oxidations by
permanganate ion. The MnO, —mandelic acid re-

action [33] and the MnO,; —N,H, reaction [34]
are autocatalytic and the MnO,~ —C,03 ~ reaction
is autocatalytic in closed (batch) conditions [35]
and bistable in open (flow) conditions [36]. Owing
to these characteristics all these reactions could
serve, at least theoretically, as the basis of chemi-
cal oscillators [37], but this would need detailed
kinetics and mechanistic information. We thought
that the title reaction might have common aspects
with some of the aforementioned reactions. Hence
we decided to study the kinetics of the Mn(CN)g ~
—H,0, reaction.

Modern approaches to kinetic determinations
include the use of multivariate calibration meth-
ods. The most used algorithm is probably partial
least squares calibration (PLSR) [38,39] but some
others such as principal components regression
(PCR) and artificial neural networks (ANN)
[40,41] have also been used. These methods are
finding increasing use in analytical work because
they do not need previous knowledge of the ki-
netic model, rate constants, etc. Some of them can
be applied not only to linear but also to non-lin-
ear systems. They have been applied specially in
the simultancous determination of multiple com-
ponents of interest and a review on the subject
has recently appeared [42]. Though PLSR has
begun to be used for individual kinetic determina-
tions [43], the interest for the study of the reaction
kinetics has driven us to use the classical ap-
proach.

The present work has clearly two different
aims: to study some interesting kinetic aspects of
the indicator reaction hexacyanomanganate(IV)-
hydrogen peroxide and to develop a method for
the catalytic determination of vanadium.

2. Experimental
2.1. Reagents

All chemicals were of analytical-reagent grade
and doubly-distilled water was used throughout.
Potassium hexacyanomanganate(IIl) was pre-
pared according to the method of Lower and
Fernelius [44]. Spectrophotometric assays by the
methods previously reported [45] indicated a con-
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tent of at least 95%. The solid is indefinitely stable
if kept in the dark.

Hexacyanomanganate(IV) solution (2.7 x 103
M) was prepared by dissolving 0.0443 g of
K;Mn(CN), (whenever K;Mn(CN), is taken into
acidic solution HCN is produced, so care should
be taken) in a dark 25 ml standard flask contain-
ing 1 g of sodium perchlorate and some 0.1 M
perchloric acid previously cooled to 0°C (proba-
bly owing to kinetic effects the sodium perchlo-
rate prevents precipitation of manganese(IV)
oxide by hydrolysis and lowers the freezing point
of the solution). The solution is diluted to volume
with 0.1 M perchloric acid. Before use the solu-
tion must be kept at ~ 0°C for about 1 h to allow
the Mn(III) disproportionation to proceed to
completion. The Mn(IV) solution thus obtained
can be used for a period of 6-8 h if kept at
~ 0°C. Other solutions with different Mn(IV)
concentrations were obtained by the same proce-
dure if required.

Hydrogen peroxide (30%), perchloric acid
(70%) and solid sodium perchlorate (Fluka all of
them) were used as received. Hydrogen peroxide
was assayed from time to time with permanganate
[46] and its content was always according to spe-
cifications. Perchloric acid was standardized with
Na,CO; (methyl red as indicator). A 10=2 M
vanadium(V) solution was prepared by dissolving
0.610 g of NaVO; (Merck) in 500 ml of water; it
was standardized with ferrous sulphate solution
[47] and stored in a polyethylene bottle in the
refrigerator.

2.2. Apparatus

A Shimadzu UV-260 spectrophotometer with 1
cm path-length fused-silica cells, and constant-
temperature cell-holders was used. The tempera-
ture in the cells was continuously monitored by
means of a small Pt 100 temperature probe, in-
stalled just before the water entrance in the cell-
holder, and kept constant (+0.2°C) by
circulating water from a Haake F3 K thermostat
controlled by the probe. A microcomputer HP
Vectra ES/12, coupled to the spectrophotometer,
controlled it, acquired the data and allowed to
process them through laboratory written pro-
grams.

Volumes less than 1 ml were added with mi-
cropipettes (Eppendorf or Brand).

2.3. Procedures

2.3.1. Stoichiometry measurements

When Mn(CN)2~ was in excess the following
spectrophotometric procedure was used. In a 10
ml standard flask, 2.76 g of NaClO,-H,O (ionic
strength control), 0.4 ml of 2.5 M HCIO, and a
measured amount of H,O, were added; the vol-
ume was finally adjusted to 10 ml with water. A
2.5 ml portion was accurately measured into a
thermostatized cuvette of the spectrophotometer
and the thermal equilibrium was allowed to be
reached (5-10 min). Then 100 pl of 2.7 x 104 M
V(V) as catalyst and 100 ul of Mn(CN)Z~ of the
required concentration were added. The cell was
shaken (zero time) and the reaction was followed
at 387 nm (where the Mn(CN)Z~ species shows
an absorption maximum [45]), with water as refer-
ence. The remaining Mn(IV) was determined by
extrapolating to zero time the final straight line of
the In 4 vs. time plot (4_, = 0) (a linear regression
program was used). The method is similar to the
logarithmic extrapolation method for the resolu-
tion of mixtures by differential reaction rate meth-
ods [48]. Each run was repeated once and the final
result was the mean of the two runs.

Under conditions where an excess of H,O, was
present the stoichiometry was determined by the
following titrimetric procedure. In a 50 ml stan-
dard flask, 19 g of NaClO,-H,O (ionic strength
control), 2 ml of 2.5 M HCIO, and a measured
amount of H,O, were added; the volume was
adjusted to 50 ml with water. To a 10 ml aliquot,
0.15 ml of 1073 M V(V), as catalyst, and 5 ml of
Mn(CN); ~ of the required concentration were
added. After the reaction had proceeded to com-
pletion (and no colour was detected) 5 ml of 2.5
M H,SO, were added and the remaining peroxide
was determined by titration with 0.02 M KMnO,
standard solution. In all cases the result was the
mean of three replicates.

2.3.2. Kinetic measurements
A 2.5 ml volume of a solution containing the
required amounts of H,0,, NaClO,-H,O (ionic
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strength control) and HCIO, were placed in a 1
cm cuvette. After the thermal equilibrium was
reached 100 pl of a vanadium solution and,
finally, 100 pl of a Mn(CN)z~ solution were
added. The cell was shaken (zero time) and the
absorbance—time data (387 nm) were obtained at
least for three half-lives. The initial rate was deter-
mined by using the first straight part of the run
(usually the 3-5% of the reaction) and linear
regression analysis was applied. The temperature
was varied between 15 and 45°C, the ionic
strength between 0.1 and 3, the acidity between
0.001 and 2 M, the added Mn(II) concentration
between 0 and 0.05 M, the H,O, concentration
between 0 and 0.2 M, the initial Mn(CN)Z~ con-
centration between 0.25 x 10~* and 2.25 x 10~*
M and the vanadium concentration between 0
and 10~° M. With the exception of the variable
studied the initial conditions were: Mn(CN); —,
2 x10~* M; H,0,, 0.1 M; H*, 0.1 M; T, 25°C;
u, 2 and V(V), 5 x 1077 M (only for the catalysed
reaction). Each kinetic run was usually repeated
once, with the replicate measurement agreeing to
within + 5% for 95% of the cases, and the initial
rate was taken as the mean of the two runs.

2.3.3. Vanadium determination

In a 25 ml standard flask, 11.5 g of Na-
ClO,-H,O, 1.7 ml of 2.5 M HCIO, and 1 ml of
30% H,O, are added. The solution is taken to
volume with water. A 1.5 ml portion is accurately
measured into the cuvette and left to stand for 10
min in the controlled temperature cell-holder of
the spectrophotometer. One millilitre of the sam-
ple solution (<0.13 pg V) and 100 ul of 2.7 x
107* M Mn(CN)Z~ are added carefully to avoid
mixing, the lid is put on and the cell inverted two
or three times (this point was taken as zero time).
The absorbance is followed just enough time to
determine the initial rate (less than a 5% decrease
in absorbance is sufficient, and this is attained in
a 10-30 s time, depending on the vanadium con-
tent). The measured initial rate is used to read the
vanadium concentration from a calibration plot
prepared in the same way. Each determination
was repeated once and the final result was taken
as the mean of the two determinations.

2.3.4. Vanadium determination in phosphate rock
samples

Homogeneous and dried (2 h at 105°C) phos-
phate rock are accurately weighted (0.1 g), dis-
solved in some few ml of a HCl and HNO,
mixture (3:1) and taken practically to dryness on
a sand bath. The residue is dissolved in water and
diluted to volume in a 250 ml standard flask with
some more water. A 1 ml portion is treated as for
determination of vanadium.

3. Results and discussion
3.1. Stoichiometry

A reaction time short enough to allow reliable
data was attained with 10> M vanadium(V) as
catalyst. When Mn(CN)z ~ was in excess, a mean
of 1.04 (s=0.04, n=9) was found for the
A[Mn(IV)]/A[H,0,] ratio, this value being signifi-
cantly higher than 1 (z-test, P =0.05), probably
owing to the Mn(CN);~ decomposition (Fig. 1).
On the other hand, when H,O, was in excess the
mean was 0.97 (s =0.05, n=18), and this value
does not differ significantly from unity. Taking
into account all the results ([Mn(IV)],/[H,O,],
ranging from 0.1 to 5), the stoichiometry will be
1:1; that is, Mn(CN)¢~ acts as a two-electron
oxidizing species, in the same way of some prece-
dence [4], its reaction product being some colour-

In A
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Fig. 1. Stoichiometry with excess Mn(CN)Z~. (1) kinetic run;
(2) extrapolation. Conditions: [Mn(IV)],, 2x10~% M;
[H,O0s5, 4 x 10=5 M; [H*], 0.1 M; [V(V)], 105 M; T, 25°C;
u, 25 2, 387 nm.
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less Mn(II) species because a flat visible spectrum
is obtained in the final solution. A high evolution
of bubbles indicates that oxygen is another reac-
tion product. Therefore, the reaction can most
probably be represented by the equation:

Mn(CN)2~ + H,0, +4H,0*
= Mn(II) 4+ O, + 6HCN + 4H,0 (1)

3.2. General aspects of the overall reaction
kinetics

Ultraviolet light decomposes hexacyanoman-
ganate(IV) [49] but the rate of the reaction
Mn(CN)2~ -H,0, was photochemically insensi-
tive at light levels present in the spectrophotome-
ter, since the reaction proceeded to the same
extent both in the spectrophotometric cell and in
the dark.

The Mn(CN)2 ~ —H,0, reaction displays kinetic
curves that under certain conditions exhibit S-
shaped profiles (Fig. 2A). Consequently, tests on
the kinetic behaviour show that first-order plots
are not linear, but they show in all cases a (nega-
tive) continuously increasing slope (Fig. 2B).
However, the initial slope of these plots seems to
be independent of the Mn(CN); ~ concentration.
This kind of behaviour seems to indicate that,
after first-order kinetics in the early stages of the
reaction, an autoacceleration effect takes place,
perhaps due to an autocatalytic or chain process.
The well-known permanganate—hydrogen perox-
ide and permanganate—oxalate reactions [35,50]
are autocatalytic, the Mn(II) species produced
being responsible for the catalysis. It could be
thought that the Mn(CN); ~ —H,O, reaction be-
haves in a similar way. In order to test this
possibility a series of five runs was made by
adding successively new amounts of Mn(CN)g~
to the reaction mixture once the reaction had
gone to completion. The successive curves ob-
tained practically reproduced the first kinetic run.
This indicates that the accumulated Mn(II) does
not exert any significant effect on the kinetics, at
least at the concentration levels produced in the
reaction mixture. Nevertheless, when a Mn(II)
salt is initially added in a great excess (10 = M or
higher) the reaction is faster but the shape of the
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Fig. 2. (A), typical kinetic runs and (B), pseudo-first order
plots. [Mn(IV)],, 2 x 10~4 M; [H*], 0.1 M; T, 25°C; u, 2; 4,
387 nm; [H,0,], (1) 0, (2)-(5) 0.1 M; [Mn(ID],4q4ea. (1) (2) (4)
5) 0, 3) 1073 M; [V(V)], (D-(3) 0, 4) 2x10~7 M, (5
51077 M.

reaction profile does not change (Fig. 2A, curve
3). That is to say, Mn(II) added at high concen-
trations actually catalyses but some other species,
instead of Mn(II), must be responsible for the
autoacceleration effect, most probably some
highly reactive intermediate. In the oxidation of
H,O, by either Mn(III), Ce(IV) or Co(IIl) com-
pounds the hydroperoxyl radical, HO,:, has been
proposed as an intermediate [31]. This radical is
highly reactive and usually leads to chain mecha-
nisms which are responsible for autoacceleration
kinetics. The presence of the radical HO,' can be
detected by adding Cu?* that acts as scavenger
for it [51]. In the presence of Cu?>* the following
reaction takes place at close to diffusion-con-
trolled rates:

Cu* + HO, =Cu* + 0, + H* )

the Cu* produced will be rapidly oxidized to
Cu?™ in the reaction mixture. The effect of Cu?*
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on the Mn(CN)Z~ —H,0, reaction was tested and
the results are illustrated in Fig. 3. In the presence
of Cu®* at concentrations higher than 10~* M
the autoaccelerating effect significantly diminishes
and the reaction kinetics approaches to the kinetic
curve in the absence of H,0, (Fig. 3, curve 1)
(concentrations of Cu?* higher than 5 x 107* M
could not be used since it precipitates with
Mn(CN)g 7). Therefore, it can be concluded that
the hydroperoxyl radical, HO,-, is an intermediate
in the H,O, oxidation by Mn(CN)z ~ and it is the
responsible species for the autoacceleration. Since
HO,' does not remain as a reaction product but it
has a transient nature, the autoacceleration pro-
cess should not be properly termed autocatalysis.
A chain mechanism (autoinduction) could proba-
bly explain the observed results better. It should
be here emphasized that the initial rate is not
affected by Cu?* because it only influences the
propagation steps (Fig. 3).

Attempts to fit the entire absorbance—time
curves to the usual kinetic models for autocata-
lytic reactions [52,53] were unsuccessful. The
methods of Guggenheim and Kezdy-Swinbourne
[54], for cases in which a slow secondary reaction
sets in, were also unsatisfactory. Therefore, only
the kinetics of the early stages of the reaction
(before the autoacceleration effect becomes appre-
ciable) has been quantitatively studied. Initial rate
measurements were made.

0.0
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Fig. 3. Effect of Cu?* addition. [Mn(IV)], 2 x 10=% M;
[H*], 0.1 M; T, 25°C; 1, 2; 4, 387 nm; [H,0,], (1) 0, (2)—(6)
0.1 M; [Cu%*], (1) (2) 0, 3) 104 M, (4) 5x10~% M, (5)
1073 M, (6) 5x 1073 M.

3.3. Effect of variables on the initial rate

Plots of the initial rate vs. the Mn(CN);~
initial concentration are linear both in the absence
and in the presence of vanadium(V) as catalyst.
This means that the reaction shows a first order
dependence on the hexacyanomanganate(IV) con-
centration in the initial stages; afterwards, the
pseudo-first order is disrupted by the autoinduced
process.

The initial rate increases with the vanadium(V)
concentration (Fig. 2, curves 2,4,5) according to a
linear dependence. When vanadium(IV) was
added instead, exactly the same results were ob-
tained. This could be due to the oxidation of
V(V) by Mn(IV); in fact a standard potential of
about 1.09 V (vs. HNE) can be estimated for the
Mn(CN)2~ /Mn(CN)?~ couple from the re-
versible halfwave potential in acidic medium [1];
this is a somewhat higher value than 1 V, the
standard potential of the VO, /VO?* couple in
acidic medium [55], so that the Mn(CN); ~ - V(IV)
reaction is thermodynamically favourable in this
medium. The responsibility for the catalytic path
should actually be some V(V)/V(IV) cycle through
which the electron transfer from H,0, to
Mn(CN)Z ~ takes place in an easier way. On the
other hand, the catalytic activity of vanadium has
been found to be lowered through time if it is
previously mixed with the hydrogen peroxide so-
lution, so some vanadium—hydrogen peroxide in-
teraction appears to be produced. Most probably
slow formation of vanadium(V) peroxocomplexes
with a lower, if any, catalytic activity is involved
[56]. This is the reason why hydrogen peroxide
and vanadium must be mixed just before starting
the reaction (see Section 2).

As it was mentioned above, aquomanganese(1l)
acts also as a catalyst. A plot of the initial rate vs.
[Mn(ID)],44eqy (in the absence of vanadium) gives
a straight line with positive intercept, at least in
the range 10 ~3*~10~' M. In the presence of vana-
dium a parallel straight line with a higher inter-
cept is obtained. This indicates that the catalytic
effects of vanadium and manganese are indepen-
dent, which suggests the existence of two parallel
catalytic pathways in addition to the non-catalytic
one. The non-catalytic pathway actually consists



R. Angulo et al. / Talanta 46 (1998) 6374 69

of two reactions, the Mn(CN)2~ decomposition
[3] and the uncatalysed reaction. According to
these results, the observed initial rate, v,, can be
satisfactorily described by the following equation

d[Mn(IV
o=~ LIy iMnav)y
= (kd + ku + kc,Mn[Mn(II)]added + kcv[V(V)])
[Mn(IV)] 3)

where k., the pseudo-first-order constant, in-
cludes the decomposition reaction of Mn(IV) (ky)
[3], the uncatalysed reaction (k,) and the reactions
catalysed by manganese (k. np[Mn(ID)],g4.4) and
vanadium (k. y[V(V)]) respectively.

The value of ky is known from previous work
[3], and so k, can be evaluated from the slope of
the plot v, vs. [Mn(IV)] in the absence of cata-
lysts. For [H,0,], 0.1 M; [H*], 0.1 M; , 2 and T,
25°C; kops=(7.64+04)x10=% s=! (n=8). In
these conditions k4 =4.6 x 10> s~!, and from
here:

k,=(71404)x10"%"1 (=28

For the same conditions the value of k_ can be
evaluated from a plot of v, vs. [V(V)], and it was
found to be:

key=0234101)x103s 'M~! (n=5)

Finally, the value of k_y;, can be calculated
both in the presence and in the absence of vana-
dium from a plot of v, vs. [Mn(II)] provided all
other constants are known. In the above condi-
tions:

kean=(0.24£0.02)s 7' M~"  (n=12)

(all the errors are given as standard errors esti-
mated from the regression analysis).

An increase in the concentration of H,O, in-
creases the initial rate, in the absence as well as in
the presence of vanadium as shown in Fig. 4. This
behaviour suggests an inner-sphere mechanism in
which the charge transfer step is preceded by
some Mn(IV)-H,O, interaction. A similar
Mn(IV)-substrate interaction was proposed for
the reaction Mn(CN)z ~ —As(III) [4]. Taking into
account such a precedent, a similar mechanism
can be proposed for the uncatalysed reaction

hed
)
.

—_
(=)
T

10° x v_x [Mn(IV)] ! /s

H,0,/M

Fig. 4. Effect of H,O, concentration. [Mn(IV)]y, 2 x 104 M;
[H*], 0.1 M; wu, 2; T, 25°C, 4, 387 nm; [V(V)], (1) 0, (2)
5x10~7 M. The solid line curve represents the simulated
dependence profile for the uncatalysed reaction.

k

Mn(IV) 2 Mn(IV)* 4)
—1 B

Mn(IV)* + H,0, — Mn(IV) — H,0, (5)

Mn(1V) — H,0, By products (6)

The kinetics depends on reactions (4) and (5)
because reaction (6) is fast and does not exert
influence on the rate law. In the same way than
for the Mn(CN)Z~ —As(III) reaction [4] the spe-
cies Mn(IV)* would be a very reactive intermedi-
ate and the species Mn(IV)-H,0, an adduct in
which the charge transfer from H,O, to Mn(IV)
would not have completely taken place.

From the proposed mechanism, and by apply-
ing the steady-state assumption to the Mn(IV)*
species, the following rate law for the reaction in
the absence of vanadium is derived:

k1k2[H202]

= k _—
v < S+ a[HL,05]

)[MH(IV)] ()

Eq. (7) can take two limiting forms depending
on the H,O, concentration:
(1) At high [H,0,]

vy = (kg + k)[Mn(IV)] ®)
(i) At low [H,0,]

kiks

Vo= <kd + E [H202]>[MH(IV)] ©)
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That is to say, a plot of vy/[Mn(IV)] vs. [H,O,]
should be straight for low [H,0,] approaching a
constant value for high [H,0,]. Fig. 4 shows such
a plot; from it a value of 8 x 10=* s~' and 0.29
s~! M~ ! can be estimated for the limiting value
of 1/[Mn(IV)] and for the initial slope respec-
tively. Taking into account the value of k&, it
results:

ki=7x10"4s!
and
kolk 1 =39 %x10°M~!

Using these values the effect of [H,O,] can be
simulated and compared with the experimental
results (Fig. 4). The result obtained can be consid-
ered satisfactory. The reaction in the presence of
vanadium shows a similar behaviour (Fig. 4), but
the limiting value of v [Mn(IV)] (if it exists) has
not been attained experimentally and so the rate
constant values can not be calculated and the
simulation is not possible.

The effect of the acidity is quite complex. When
the acidity effects for the uncatalysed and the
catalysed reactions are compared (Fig. 5) three
pH regions can be distinguished. Only in the
central region (pH from 0 to 2 approximately) the
reaction rate is clearly increased by the presence
of vanadium. This can be explained by consider-
ing three Mn(IV) species with different protona-
tion grades (probably Mn(CN); —,
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Fig. 5. Effect of acidity. [Mn(IV)],, 2 x 10~* M; [H,0,], 0.1
M; u, 2; T, 25°C, 4, 387 nm; [V(V)], (1) 0, (2) 5x 107 M.
Solid line curves represent simulated dependence profiles.

Mn(CN)s(CNH) ~ and Mn(CN),(CNH), agreeing
with previous evidence [1]). If all the three species
react, three parallel pathways should be expected.
However, only the reaction of the monoproto-
nated complex (the predominant species at pH
0-2 [1]) seems to be catalyzed by vanadium.

Considering the uncatalysed reaction, the effect
of acidity was studied for 0.1 M H,O, and so Eq.
(8) can be applied; if k), k) and k,,, are the
rate constants for the three Mn(IV) species with
different protonation degrees, the rate law will
depend on [H*] in the following way:

o= k +k1(0)[H+]2+k1(1)K1[H+]+k1(2)K1K2
o [H* P+ K [H*]+ KK,
[Mn(IV)] (10)

where K, and K, are the successive dissociation
constants of  the  diprotonated  species
Mn(CN),(CNH),. A plot of vy/[Mn(IV)] vs. —
log[H*] can be seen in Fig. 5. From such a plot
the following values can be roughly estimated
[57]:

kioy=1x10"2 s~ (the value of the ordinate
for —log[H*] values low enough).

kiqy<6x10~* s~ (the value of the ordinate
for —log[H*] values neither too low nor too
high. Because K, and K, are not distant enough,
the value of this constant can only be tentative).

ki =5x 1073 s~ (the value of the ordinate
for —log[H *] values high enough).

K, =0.4 (the inflection point for —log[H™*]
low values).

K,=3x10"2 (the inflection point for —
log[H*] high values) and from these values Eq.
(10) has been calculated and plotted in Fig. 5 (for
simulation purposes a value of k;;,=5x10"*
s~ ! has been tentatively used).

The rate constants for the catalysed reaction
can be obtained by difference between the overall
and the uncatalysed reactions. If, as it has been
stated above, only the reaction of the monoproto-
nated species is catalysed by vanadium, the Eq.
(3) will take the form:

Ky K H ]
[HP+K[H"]+ KK, [V(V)]>

[Mn(IV)] (11)

U0:<kd+ku+
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By using the K, and K, values previously ob-
tained and the concentration of vanadium added
(5 x 10=7 M), a value of

ke =3 x 1005~ M~

can be estimated. The constant k,,y is similar
to k,, but for the catalysed reaction. Eq. (11)
has been plotted in Fig. 5. Both for the
catalysed and uncatalysed reactions the agree-
ment between experimental points and simulated
dependences can be considered satisfactory, even
if sometimes the simulated curves do not per-
fectly fit the experimental data points, pointing
out the possibility of some extra complexity.

Ionic strength exerts opposite effects on the
reaction kinetics in the presence and in the ab-
sence of vanadium. Thus, when ionic strength
increases from 0.1 to 3 a slight increase in the
initial reaction rate is produced when vanadium
is present, whereas a slight decrease is produced
when it is absent.

From the effect of temperature (15-45°C), on
the initial reaction rates, apparent activation en-
ergies of 78 +2 and 6247 kJ mol~' were
found for the uncatalysed and the catalysed re-
actions respectively (n =7 in both cases).

3.4. Optimization

In any instrumental method the conditions se-
lected should achieve the maximum signal/back-
ground ratio. In a catalytic method the signal
and background values are obtained from the
overall and uncatalysed reactions respectively. In
our case the parameter to be optimized was the
ratio of reaction rates overall/uncatalysed [58].
The effect of the variables affecting the initial
rate was studied by the univariate method.

Taking into account the effect of each vari-
able on the initial reaction rate, the following
optimum conditions were chosen:

e The Mn(IV) concentration does not seem to
affect the initial rates ratio. A value of 10=* M
[Mn(IV)] was chosen in order to get suitable
initial absorbance values.

e Low Mn(Il) concentrations increase the reac-
tion rates ratio and so, no Mn(II) was initially
added for vanadium determination.

e The effect of H,O, on the reaction rates ratio is
similar to the effect on the kinetics: for low
[H,O,] values the rates ratio rapidly increases
with [H,O,] and it tends to level off for values
of [H,O,] higher than 0.2 M. A value of 0.2 M
[H,O,] was selected.

e The reaction rates ratio has a very sharp maxi-
mum value for 0.1 M [H*] and so it was
selected as optimum for vanadium determina-
tion.

e High ionic strengths and low temperatures in-
crease the reaction rates ratio; because of it,
values of 3 for ionic strength and 25°C were
chosen as optimum.

3.5. Calibration

Owing to the reaction kinetics (autoinduction)
the rate constant method (integral) cannot be
used. The fixed time and the fixed concentration
methods were tried but unsatisfactory (non-lin-
ear) plots resulted regardless of the time and
concentration chosen. It was previously stated
that the title reaction is first order on the V(V)
concentration; so plots of the initial rate, v,, vs.
[vanadium] were straight and they can be used
as calibration plots.

Under the optimum conditions the calibration
plot was linear up to 50 ng ml~' vanadium and
the equation of the regression line was found to
be:

vo(AU. x s~ 1)
=(2440.1)10~* + (2.80 + 0.05)10 5

x Cy (ngml—1  (r=0.9989; n = 10)

where the errors in both the intercept and the
slope are given as standard errors estimated
from the regression analysis.

From the standard deviation of the back-
ground signal, the detection limit [59] was esti-
mated to be 0.9 ng ml—' (18 nM). The relative
standard deviation calculated at the 4 and 25.5
ng ml~! levels were 5.2 and 2.5% respectively
(10 replicates).
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Table 1

Interferences in the determination of 25 ng ml~! vanadium (5.0 x 10=7 M)

Tolerated concentrations of interferent Mole ratio, Species

species (M) [ion]/[V(V)]

10-ta 200 000 NO5, SO, PO3~, acetate

10—2 20 000 Cl—, F—, SiO3~, citrate

10—3 2000 Tartrate, BrO5, As(V)

10-4° 200 NO; , EDTA, As(III), Sb(III), Mo(VI), Bi(Ill), Pb(II), Fe(II),
Fe(11I), Zn(1I), Os(VILI), TI(III), W(VI), Cu(l), Cd(II), AI(III),
Ni(II), Co(II), Sn(I), Cr(III)

10—3 20 Br—, SCN—, Mg(Il), Hg(Il), Ti(IV)

10-°¢ 2 I-, SO5, C,037, S,03~, Cr(VI), Hg(I)

10-7 0.2 107 ,Ag(D)

4 Maximum level tested for anions.
® Maximum level tested for cations.

3.6. Effect of foreign ions

The study of interferent ions is summarized in
Table 1. A species was considered to interfere
when the vanadium concentration found differed
from the expected one more than twice the stan-
dard deviation at that level of concentration. Some
comments may be made on the data in Table 1.
The metal ions which most seriously interfere are
Ag(1), Hg(I) and Cr(VI), which also seem to exert
some catalytic effect. The presence of Hg(Il),
Ti(IV) and Mg(II) is tolerated up to 20-fold the
molar concentration of vanadium. No significant
effect has been observed from any other metal
ions. Although Fe(II), Sn(I) and As(III) reduce
hexacyanomanganate(IV) they do not interfere,
even at concentrations higher than those specified,
because they are previously oxidized by hydrogen
peroxide in the recommended procedure. Among
anions, iodate interferes at concentrations higher
than 10~7 M, and at a concentration of 10—* M
it completely changes the shape of the kinetic
curves; this behaviour cannot be easily explained
but it could be related to the very complex iodate—
hydrogen peroxide reaction, which has been stud-
ied previously [60] and can be oscillatory [61].
Other anionic species such as iodide, thiosulphate,
thiocyanate, oxalate and bromide slowly reduce
hexacyanomanganate(IV), whereas sulphite does it
faster. Less important effects are produced by
nitrite, tartrate and bromate. Chloride, fluoride,
silicate and citrate only interfere at levels higher

than 10 =2 M. The presence of EDTA (> 104 M)
significantly modifies the reaction kinetics.

3.7. Application

The proposed method has been applied to the
determination of vanadium in a natural Moroccan
phosphate rock (phosphorite) (certified reference
material, BCR No 32) without previous separa-
tions and with excellent results . The results of the
vanadium determination and the data from some
recovery studies are summarized in Table 2. The
mean per cent of vanadium found in the reference
material was 99.7% (s = 2%; n = 10) and the mean
per cent found in the recovery studies was 101.2%
(s =3.2%; n=12). In both cases the mean values
do not differ significantly from 100% (z-test, P =
0.05) and the standard deviations do not differ
significantly from each other (F-test, P = 0.05).

4. Conclusions

The catalytic effect of vanadium on the reaction
Mn(CN)2~ —H,0, can be used for the determina-
tion of vanadium at the ppb level. The indicator
reaction seems to be a chain reaction induced by
the HO,- radical. Though the integral methods are
precluded, tentative mechanisms for the effects of
H,O, and acidity are proposed. The initial rate
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Table 2
Determination of vanadium in a Moroccan phosphorite (reference material, BCR No 32)%; two replicates

Sample (No) Pure reference material Spiked reference material

V (ug g ") found Recovery (%) Added V (ug g~ ') total found Recovered Recovery (%)
1 153 100.0
2 153 100.1 78.8° 234.2 81.2 103.0
3 152 99.6 78.8P 232.7 79.7 101.2
4 153 99.8 76.4° 233.5 80.5 105.4
137.5° 289.7 136.7 99.4
5 151 98.8 76.4° 227.0 74.0 96.8
137.5° 292.3 139.3 101.3
6 78.8¢ 232.9 79.9 101.4
7 78.8¢ 229.8 76.8 97.4

a Certified values: (ng g="): Hg, 55. (ug g~ 1): As, 9.5; B, 22.6; Cd, 20.8; Cr, 257; Co, 0.59; Cu, 33.7; Mn, 18.8; Ni, 34.6; Ti, 171;
V, 153; Zn, 253. (mg g~'): Ca as CaO, 517.6; total P as P,Os, 329.8; carbonate as CO,, 51.0; F, 40.4, Si as SiO,, 20.9; total S as
SO,, 18.4; Al as Al,O;, 5.5; Mg as MgO, 4.0; Fe as Fe,O;, 2.3.

® Vanadium added after acid treatment.
¢ Vanadium added before acid treatment.

method has been used. This allows us to take the
data along a short period of time if compared
with other catalytic methods. Though some other
catalytic methods have been reported to have
lower detection limits, the proposed method is
among those with low detection limits, good re-
producibility and wide dynamic range, All this,
together with a relatively low number of interfer-
ences has allowed the determination of vanadium
in phosphate rocks without needing previous sep-
aration.
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Abstract

As shown in this paper, multivariate calibration in general and principal component regression (PCR) in particular
allow the determination of Captopril by differential pulse polarography (DPP) in the presence of oxygen despite the
overlap between their polarographic bands. Electrochemical parameters (pulse amplitude, pulse delay and drop time)
are optimized from response surfaces using PCR to determine the relationship between the variables to be optimized
and the relative square error of prediction (RSEP), which was adopted as the parameter to be minimized. The
proposed method is quite fast and inexpensive as a result of the decreased analysis times and sparing use of the inert
gas. It was applied to the determination of Captopril in synthetic samples and a commercially available pharmaceu-
tical preparation, with relative errors and confidence intervals < 2.5% and 2.0%, respectively. It should be noted that
the sample can be analysed directly following dissolution in water without the need to remove the excipients. © 1998

Elsevier Science B.V. All rights reserved.

Keywords: Captopril; Polarography; Principal component regression

1. Introduction

One of the main reasons for the relatively scant
use of polarography in routine analyses is the
need to remove oxygen from the sample before
any polarograms are recorded in order to avoid
side reactions and/or overlap between the analyti-
cal signal and that for oxygen. If oxygen removal
could be dispensed with, then analytical costs

* Corresponding author. Fax: + 34 22 635602; e-mail: jjar-
ias@ull.es

would be substantially reduced and the through-
put increased.

Oxygen is easily reduced at a dropping mercury
electrode (DME) in two steps. In the first wave
hydrogen peroxide is formed and in the second,
more negative wave, the peroxide is reduced to
water. In acid and neutral media, the reduction of
oxygen to hydrogen peroxide is an irreversible
electrode process, above pH 10, it becomes re-
versible. On the other hand, hydrogen peroxide is
oxidized with a high overvoltage in both acid and
alkaline media.

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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Dissolved air must usually be removed from the
analytical solution in order to avoid interactions
of oxygen with the target analyte or side reactions
between the analyte and oxygen (or the hydrogen
peroxide resulting from its reduction). Usually, air
is removed by bubbling an inert gas through the
solution, after which the gas stream is passed over
the solution surface while the polarogram is being
recorded. The time required for effective removal
of the oxygen varies with the gas flow-rate, solu-
tion volume and geometry of the polarographic
cell, but is usually 10—15 min. Avoiding the need
to remove oxygen and hence decrease analysis
times and use of inert gas is therefore a desirable
objective.

This paper shows that multivariate calibration
and, specifically, principal component regression
(PCR), enables the differential pulse polaro-
graphic (DPP) determination of analytes whose
bands are fully overlapped with that of oxygen,
even if this is not removed from the solution. In
order to check the method developed, Captopril,
a potent antihypertensive agent used in the treat-
ment of both renovascular and essential hyperten-
sion, was determined. This drug has so far been
determined in both biological samples and phar-
maceutical preparations by use of chromato-
graphic [1], spectrofluorometric [2] and radioassay
methods [3], in addition to various electrochemi-
cal techniques including cyclic voltammetry [4]
and DPP [5], where Captopril gives a wave that is
fully overlapped with the first wave for oxygen at
the maximum sensitivity.

Developing an effective analytical method en-
tails optimizing every single variable that influ-
ences its performance. Electrochemical methods
are usually optimized by altering each variable in
turn while keeping all others constant. This in-
volves time-consuming preliminary experiments
and, frequently, the obtainment of inappropriate
optimal parameter values that can lead to spuri-
ous results through disregard of potential interac-
tions between variables.

In this work, surface response methodology was
used to optimize the experimental model for the
determination of Captopril by DPP in the pres-
ence of oxygen.

2. Experimental
2.1. Apparatus and software

The measurements were performed with an IN-
ELECSA Electrochemical System consisting of a
PDCI1212 Potentiostat and a CTG drop time con-
troller, interfaced to an ACER 550 computer. A
DME was used as the working electrode, an
Ag/AgCl saturated electrode and a Pt electrode as
reference and auxiliary electrodes, respectively.

Calculations were made at a 486DX4/AT per-
sonal computer.

PCR and optimization process were carried out
with the program UNSCAMBLER, version 5.00

[6].
2.2. Solutions and reagents

200 pg ml—! solutions of Captopril was pre-
pared from the corresponding hydrochloride
(Sigma).

Analytical grade reagents were used throughout
and all solutions were prepared from double-dis-
tilled water.

2.3. Procedure

Several 25-ml flasks were filled with 10 ml of
0.25 M HCI, an appropriate volume of Captopril
solution and double-distilled water to the mark.
The solutions were then used to record differential
pulse polarograms. The Captopril concentrations
in these synthetic samples were obtained from
polarograms recorded at 3 mV intervals over the
range — 73 to — 130 mV, using a pulse amplitude
of —50 mV, a pulse delay of 20 ms and a drop
time of 3 s. The drug concentration was calculated
by applying PCR to the data obtained from — 82
to — 121 mV, using a single principal component
(PO).

For the determination of Captopril in pharma-
ceutical formulations, 10 tablets were placed in a
250-ml flask, made to volume with double-dis-
tilled water and ultrasonicated for 3 min. An
aliquot of 0.2 ml of the resulting solution was
transferred into a 25-ml flask that was then filled
with 10 ml of 0.25 M HCI and made to the mark
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with double-distilled water. This solution was used
to record a differential pulse polarogram under the
same conditions as for the synthetic samples and the
polarogram was processed as described in the
previous paragraph.

3. Results and discussion

Below pH 3, Captopril [(2S)-1-(3-Mercapto-2-
methyl-propionyl)-L-proline] exhibits a single, an-
odic polarographic peak resulting from the reaction
of its thiol group with the mercury electrode
according to the following, well-known scheme for
the thiol function:

RSH+ Hg2RSHg+H™* +e~

The peak is diffusion-controlled and its current is
linearly dependent on the concentration over a wide
range of the latter. Above pH 3, a new peak
(specifically, an adsorption pre-peak) appears that
isrelated to the COOH group of Captopril (pK, 3.52
and 2.86 for the trans and cis forms, respectively).

Fig. 1 shows the DPP obtained for a solution
containing 16 ug ml ~ ! Captoprilin 0.1 M HCI, with
bubbling of argon for a variable time. As can be
seen, in the absence of bubbling, a peak at — 25 mV
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Fig. 1. Influence of the gas bubbling time on the DPP for a
solution containing 16 pg ml—! Captopril in 0.1 M HCI. Pulse
amplitude, —40 mV; pulse delay, 40 ms; drop time, 3 s.

due to dissolved oxygen and a small shoulder due
to Captopril and fully overlapped with the previ-
ous one were obtained. As bubbling was extended
and oxygen gradually removed as a result, the
Captopril wave became increasingly more defined.

The reduction of oxygen at — 25 mV involves
the formation of hydrogen peroxide, which can
also react with Captopril, thereby reducing its
concentration and diminishing its wave. In order
to confirm this assumption, two solutions contain-
ing the same Captopril concentration in 0.1 M
HCI but H,O, concentrations differing by a factor
of 10 were prepared. After 10 min, both solutions
were deoxygenated by bubbling argon through
them and their polarograms recorded. A compari-
son of the waves obtained confirmed that the
presence of hydrogen peroxide had no effect on
the Captopril wave.

3.1. Influence of electrochemical variables

The effect of the different electrochemical vari-
ables potentially affecting the DPP for Captopril
(viz. pulse amplitude, pulse delay and drop time)
was studied. For this purpose, a non-deoxygenated
10 pg m1 ~ ! solution of Captopril was used to record
polarograms at variable values of one parameter
and constant values of the other two. Fig. 2a
illustrates the influence of pulse amplitude between
—90and — 10mV. As can be seen, the less negative
pulse amplitude produce a decrease of the back-
ground current and the peak is shifted to more
negative potentials and noise increased. In addition,
the less negative pulse amplitudes increased the
definition of the Captopril shoulder as a result of
the distance between the maxima for oxygen and
the drug being increased. This is more clearly
reflected in the contour map (Fig. 2b): line B
(Captopril maximum) departs from line A (oxygen
maximum) as the pulse amplitude becomes less
negative. Therefore, the condition of maximum
signal (— 90 mV) coincide with maximum overlap
between the oxygen and Captopril peaks and
minimum overlap (— 10 mV) coincides with max-
imum noise and band broadening and minimum
signal. A compromise must thus be made for
optimal performance.
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Pulse amplitude (mV)

50 0 -50 -100 -150

Fig. 2. (a) Effect of pulse amplitude on the DPP for a solution containing 16 ug ml—! Captopril in 0.1 M HCI (pulse delay, 20 ms;
drop time, 3 s). (b) Contour map.

On the other hand, changes in pulse delay only 3.2. Response surface
affected the peak height, as can be expected and

decreasing the delay (Fig. 3) increased the signal, Faced with the difficulty of choosing the most
with no change in the background current. Fi- appropriate pulse amplitude, pulse delay and drop
nally, increasing the drop time increased the sig- time, we used response surface methodology,
nal as a result of the increased electrode area (Fig. which comprises various mathematical and statis-

4). tical techniques of assistance in modelling and

analysing problems where the response of interest
is influenced by several variables simultaneously.

S E!

= k=

e o

5 5

& &)

E(mv)

Fig. 3. Effect of pulse delay on the DPP for a solution Fig. 4. Effect of drop time on the DPP for a solution contain-
containing 16 pg ml~! Captopril in 0.1 M HCI (pulse ampli- ing 16 ug ml—! Captopril in 0.1 M HCI (pulse amplitude,

tude, — 50 mV; drop time, 3 s). — 50 mV; pulse delay, 20 ms).
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The relation between the response and the inde-
pendent variables is unknown in most cases, so
the first step in the process involves an approxi-
mation to the actual relation between the response
and the set of independent variables. As a rule,
such a relation is approximated via polynomial
functions. In this work, we used PCR to construct
the surface response.

The first problem encountered was determining
which variable or quantity should be used as the
response. While most available methods for this
purpose seek to maximize the signal, these condi-
tions (a large pulse amplitude) were previously
found to result in maximum overlap between the
oxygen and Captopril bands and because the final
goal was the quantitative determination of Capto-
pril, the most appropriate response variable was
thought to be that allowing the calibration and
prediction errors to be quantified. To this end, the
relative standard error (RSE) [7] defined as

(Cround — Cadded)2

Z(Cadded)2

RSE =100 x

was chosen, which is know as RSEC or relative
square error of prediction (RSEP) according to
that the concentration values are referred to the
calibration or prediction process.

Variables were optimized by using the pro-
gramme Unscrambler [6,9] and a Box Behnken
factor design [8] at three levels (using middle
points instead of corner points), with the follow-
ing high and low values: pulse amplitude, — 30 to
— 60 mV; pulse delay, 20—-50 ms; drop time, 2—4
S.

The program constructs an optimization matrix
from 15 experiments where, in addition to the
variables to be optimized (A pulse amplitude, B
pulse delay and C drop time), interaction effects
(AA, BB, CC, AB, AC and BC) are included. In
order to obtain RSEC and RSEP, a calibration
set consisting of four solutions containing 3, 7, 12
and 16 ug ml~—"' Captopril in 0.1 M HCI and a
prediction set comprising three solutions contain-
ing 5, 9.5 and 14 pg ml—! Captopril, also in 0.1 M
HCI, were prepared and their differential pulse
polarograms recorded from —65 to — 145 mV

under each of the 15 different conditions. The
calibration set was subjected to PCR [9] under
each condition considered, using a single PC be-
cause the variance of the concentration matrix
accounted for in the validation (cross-validation)
process always exceeded 97%. As the Captopril
peak changed with pulse amplitude, various inter-
vals (—95to — 135, —85to — 125 and — 75 to
— 115 mV) were used at the pulse amplitudes
—30, —45 and — 60 mV, respectively. After the
models were constructed, the calibration and pre-
diction sets were predicted and RSEC and RSEP,
respectively, calculated.

The next step involved finding the models that
relate the obtained values of RSE and the vari-
ables (4, B, C, AA, BB, CC, AB, AC and BC)
using PCR. The established models were checked
in order to find the possible existence of non-sig-
nificant effects. So, for this purpose, a normal
probability plot of effect and values of the esti-
mated effects was made. Finally, the models were
recalculated by giving a zero weight to those
variables subject to no significant effects. In this
way, models with normally distributed residuals
(and hence correct fitting between the variables to
be optimized and RSEC or RSEP) were obtained.

Fig. 5a shows the response surface (RSEC)
obtained at the intermediate drop time tested (3
s), which was that resulting in the lowest RSEC.
As can be seen, RSEC decreased with decreasing
delay pulse (i.e. the peak height increased). On the
other hand, increasing the pulse amplitude de-
creased RSEC through decreased overlap between
the Captopril and oxygen peaks. The maximum
RSEC was obtained at long pulse delays and
more negative pulse amplitudes, whereas the min-
imum RSEC corresponded to short pulse delays
(maximum signal). These optimum conditions,
while broad, were restricted as a result of the
study of the response surface for RSEP (Fig. 5b).
As can be seen, in the zones of minimum RSEC
values (short pulse delays) for the calibration
process, RSEP values depended on pulse ampli-
tude. At less negative pulse amplitude, RSEP
decreased as a result of the decreased overlap and
reached a minimum at — 50 mV, beyond which it
increased as a result of the increased noise in the
polarograms. Under these conditions of pulse am-
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Fig. 5. Response surface for (a) RSEC and (b) RSEP.

plitude, noise associated was more important than
the decreased overlap (relative maximum at about
— 50 mV in Fig. 2b). As regards pulse delay, the
effect was the same as for RSEC: a decrease in the
delay decreased RSEP through decreased height
peak.

The conditions that minimized RSEP and hence
those used to determine Captopril in the presence
of oxygen were thus a pulse amplitude of
— 50 mV, a pulse delay of 20 ms and a drop time
of 3 s.

3.3. Calibration

After the optimum conditions for the determi-
nation of Captopril were established, a new cali-
bration was performed by using a larger number
of solutions. Thus, nine solutions containing Cap-
topril concentrations between 3.2 and 16.0 pg
ml ! at 1.6 ug ml ! intervals were used to record
differential pulse polarograms under the same op-
timum conditions, in duplicate (in order to ensure
that the calibration matrix included noise as a
source of variability). The data obtained from the
18 polarograms recorded from — 79 to — 139 mV
(the maximum for Captopril lay at — 109 mV, the
mid-point of the range), at 3 mV intervals, were
used for PCR calibration using the program Un-
scrambler [6-9] and the cross-validation method
with as many segments as objects existed. The
model thus obtained, Model 1 (from —79 to
— 139 mV), accounted for 99.6% of the variance
of the concentration matrix with a single PC, as
well as for 97.4% of the variance of the current
matrix—both in the validation process.

More exhaustive selection of the variables used
to construct the model increased both variance
values. Fig. 6 shows the initial variance of the
current matrix as a function of the different vari-
ables, as well as the residual variance obtained
with a single PC. As can be seen, the last corre-
sponded largely to variables above — 121 mV. On
the other hand, the variation of the current resid-
uals against the leverage for each variable (Fig. 7)
reveals that some variables had high residuals
and/or low leverages and might thus be distorting
the model. Such variables corresponded to the
range from — 124 to — 139 mV.

For both reasons, variables below — 121 mV
were excluded and the system was recalibrated

J// N /\ N
} - \\/ i
// Voo

2e-3

Initial variance (0 PC)
Residual variance (1PC)

| \
0.05 — %/}A&i Xf
IM /;F\ . 4
j\ \! T\ /A//I \\ \I
/ M -
L AA4 /A\%\\ /] \ \i» 163

79 88 97 106 -115  -124  -133
E (mV)

Fig. 6. Plot of variance vs. potential: (O) Initial variance;
Residual variance obtained with a single PC. [((J) Model 1,
(/) Model 2].
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Fig. 7. Plot of residual variance vs. leverage. (®) Model 1, (O)
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using the same validation procedure. The new
model, Model 2 (from —79 to — 121 mV), ac-
counted for 99.8 and 98.5% of the variance of
the concentration and current matrix, respec-

Table 1

81

tively, reduced the variance not explained by a
single PC (Fig. 6) and, as a rule, decreased
residuals and increased variable leverages (Fig.
7). RSEC was 2.03% for Model 1 and this value
was reduced to 1.45% for Model 2.

The variance of the current matrix not ac-
counted for by the model using the first factor
was ascribed to noise in the polarograms, as
reflected in most of the figures shown in this
work. The decrease in the signal increased noise
and hence led to noisier variables. Consequently,
excluding the currents at more negative poten-
tials from Model 2 increased the variance it ac-
counted for. The noise cannot be attributed to
the presence of oxygen because it was also ob-
served in its absence, rather, it originated from
the potentiostat itself. The difference between
the concentrations found for each measurement
made on each calibration solution was < 1.5%
in every case but one, where the variation was
3.1%.

Results obtained in the determination of Captopril in synthetic samples, each one was measured twice

Added amount Found amount + confidence interval (mg

Relative error

Found amount®* + S.D. Relative error

(mg ml~") ml~") (%) (ng ml~ ") (%)
5.61 5.514£0.10 —1.78 5.54+0.04 —1.25
5.56 +0.06 —0.87
8.82 9.09 +0.13 3.09 8.94 +0.21 1.34
8.79 £0.11 —0.34
12.02 12.19 +0.09 1.37 12.12 4 0.12 0.83
12.02 +0.11 —0.01
15.23 15.49 +0.09 1.68 15.45 +0.06 1.44
15.41 +0.08 1.17

@ Average of two measurements of the same sample.

Table 2

Results obtained in the determination of Captopril in a pharmaceutical preparation (Cesplon)

Declared amount

Found amount + confidence interval (mg) Recovery (%)

Found amount® + S.D. Recovery (%)

(mg) (mg)

25.00 25.41 +0.33 101.64 — —
25.00 24.88 +0.38 99.52 25.19 +0.28 100.76
25.00 25.28 +0.44 101.12 — —

@ Average of three determinations.
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3.4. Determination of Captopril in synthetic sam-
ples

The predictive capacity of the proposed model
was checked by quantifying the amount of Capto-
pril present in solutions of known concentration.
Recordings were obtained under the same condi-
tions as those for the calibration solutions and
predictions were calculated by the programme
Unscrambler.

Table 1 shows the results. The relative S.D. of
the predicted values for a given solution was
always + 1.0%. Also, there was close agreement
between the amounts added and found: relative
errors were all <2.5% and the confidence inter-
vals < 2% of the amounts predicted.

3.5. Determination of Captopril in a commercially
available pharmaceutical preparation

The proposed method was used to quantify the
analyte in a commercially available formulation:
Cesplon. As can be seen from Table 2, the percent
recoveries and confidence intervals obtained were
quite good.

4. Conclusions

The use of PCR for calibration allows Capto-
pril to be determined in the presence of oxygen,
where the differential pulse polarograms for the
two are fully overlapped. Use of response surface
methodology allows the optimum values for the

electrochemical variables (pulse amplitude, pulse
delay and drop time) to be established in order to
minimize errors.

The proposed method expedites analyses as it
avoids the need to bubble an inert gas to remove
oxygen and allows the determination of Captopril
in real samples (pharmaceutical preparations)
with no excipient separation pretreatment.
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Abstract

A sensitive method is described for the determination of ofloxacin in its pure form, dosage forms and biological
fluids. The proposed method depends upon the polarographic activity of ofloxacin in Britton Robinson buffers,
whereby a well-defined cathodic wave is produced over the pH range 4.1-10.3. The wave was characterized as being
irreversible, diffusion-controlled with limited adsorption properties. The current-concentration relationship was found
to be rectilinear over the range 5x 107°-5x 107* M and 1 x 107°-5 x 10~* M using the DC, and DPP modes
respectively, with a minimum detectability (S/N = 3) of 3 x 10~ 7 M. The proposed method was successfully applied
to the determination of ofloxacin in tablets and biological fluids. The results obtained were found to be in agreement
with those obtained by a reference method. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Ofloxacin; Polarography; Pharmaceutical analysis; Biological fluids

1. Introduction derivative having activity against both gram nega-
tive and gram positive bacteria through inhibition
of their DNA gyrase [1]. It is widely used in the
treatment of respiratory tract and urinary tract

) infections [2]. Various techniques have been uti-

e | COOH lized for the determination of ofloxacin either per

= H P SE or in dosage forms. These techniques include:

J potentiometric titration [3], spectrophotometry

K\ N/\]/\ N7 [4-7], spectrofluorometry [5,6], HPLC [8—17], mi-
|

. crobiology [18] and adsorptive stripping voltam-
C’N\/} O cs metry [19].

During the preparation of this manuscript, a

Ofloxacin is a synthetic fluorinated quinolone paper dealing with the polarographic determina-

tion of ofloxacin appeared [20]. Astonishingly, the

authors used BRb of pH 4 for their determina-

* Corresponding author. tion, at that medium, the wave was very poorly

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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defined. The wave was found to be substantially
improved as the pH value of the medium was
increased up to pH 8.36 (the one we used)
whereby well-defined wave was obtained. Mean-
while the authors [20] had limited their method to
the use of DC, mode, therefore we attempted the
Differential Pulse Polarography (DPP) mode
which allowed better working range and lower
detection limit.

2. Experimental

2.1. Materials

Ofloxacin was kindly provided by Hoechst Ori-
ented Pharmaceutical Company (Cairo, Egypt)
and was used as received. Tablets (each contain-
ing 200 mg of ofloxacin) were obtained from
commercial sources.

Reagents
e Britton Robinson buffers (0.08 M) [21], cover-

ing the pH range 2.7-10.3.

e Mecthanol: AR grade (Aldrich).

e A stock solution (2.5 x 10~3 M) of ofloxacin
was prepared in methanol, and was further
diluted with the same solvent to give the appro-
priate concentrations.

The methanol concentration in the polaro-
graphic cell was kept always at 20%. The solu-
tions were purged with pure nitrogen for 5 min,
then polarographed at ambient temperature.

2.2. Apparatus

The polarographic study and DPP measure-
ments were carried out using the Polarecord E 506
Metrohm (Herisau, Switzerland). The drop time
(1 s) was electronically controlled using a 663 VA
Stand from the same company. The polarograms
were recorded using a potential scan of 10 mV
s~ 1. A three-electrode system composed of a
Dropping Mercury Electrode (DME), Ag®/AgCl
reference electrode, and a graphite rod as the
auxiliary electrode, was used. Phase-selective AC,
polarograms were recorded using the same instru-
ment; the superimposed alternating voltage being
15 mV at a frequency of 75 Hz and a phase angle
of 90°.

The effect of mercury height was studied using
Sarget-Welch Polarograph Voltametric Analyzer
equipped with Ag®/AgCl reference electrode and a
platinum wire as the auxiliary electrode.

The cyclic voltametry apparatus consisted of a
Wenking LB 75 potentiostat, a Wenking VSG 72
function generator, a Goldstar DM 6135 digital
multimeter and a Philips PM 8271 xyt recorder, a
three-electrode system composed of a graphite
working electrode, Ag®/AgCl reference electrode,
and a platinum auxiliary electrode was used.

pH 8.36

12X10-5A
DCy

2X1O‘8A
DPP
P2—06—V|DCT :DPP
12V
1.2V

Fig. 1. Typical polarogram of ofloxacin (1 x 10~ M) in BRb
pH 8.36 containing 20% methanol.
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Fig. 2. Effect of pH on the development of the polarographic waves of ofloxacin (5 x 10~ M).

The voltammogram of 5x 10~* M solution
were recorded at different scan rates of 20, 50,
100, 200 and 500 mV s~ .

2.3. Procedure for tablets

Weigh and pulverize 10 tablets. Transfer a
weighed quantity of the powder equivalent to 20
mg of ofloxacin. Dissolve in 100 ml of methanol
then filter. Transfer 2 ml of the filtrate into 25 ml
volumetric flask and complete to the mark with
BRb of pH 8.36. Pour the contents of the flask
into the polarographic cell. Record the DC, and
DPP polarograms. Calculate the nominal content
of the tablet using previously plotted calibration
graph or the corresponding regression equation.

2.4. Procedure for spiked urine

Add a quantity of ofloxacin to the urine to
obtain a final concentration of 0.5 mg-ml~' then
add 2 ml of phosphate buffer (pH = 7.0). Stir the
mixture, extract with 3x10 ml of
dichloromethane—isopropyl  alcohol  mixture

(90:10 V/V). Allow the extract to dry under nitro-
gen gas at room temperature. Dissolve the residue
in methanol and filter into 50 ml volumetric flask.
Complete to the mark with methanol, proceed as
described above.

3. Results and discussion

Fig. 1 shows a typical (DC, and DPP) polaro-
gram of ofloxacin in BRb of pH 8.36 containing
20% methanol. Methanol was added as a solubi-
lizer for ofloxacin, meanwhile it decreased adsorp-
tion interferences. Reduction of ofloxacin at the
DME was found to be pH dependent. The E,,,
was shifted to more negative values upon increas-
ing the pH as shown in Fig. 2. A plot of E;),
versus pH gave two straight lines with a break at
pH 6.1 (Fig. 3) which corresponds to the second
pk, value of ofloxacin (the first one at 0.9 did not
appear on the curve because the pH range over
which reduction occurs began from 4.1) by anal-
ogy to the second pk, value of nalidixic acid
which has almost the same function group [26].
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Fig. 3. Effect of pH on the E,, (mV) values of ofloxacin
(5 x 10~* M) in BRb containing 20% methanol.

The relation between E,, and pH for the wave
is expressed by the following equations:

Ey = —09622—0.0577 pH (R =0.99560)
)]

Over the pH range of 2.6-7.0 and

Table 1

E,,= —0.4994 —0.1089 pH (R =0.99959)
)

Over the pH range of 7.5-10.3.

Logarithmic analysis of the reduction waves
obtained in BRb of different pH values resulted in
straight lines. Assuming that the rate determining
step involves the transfer of two electrons (a free
radical, one electron-transfer is not likely to oc-
cur), the values of the slopes suggest that the
reduction process is irreversible in nature. The
oc n, values were calculated using the treatment of
Meites and Israel [22] and were listed in Table 1.

It is noticed that, the degree of reversibility
increased as the pH is raised up to pH 8.36 then
it began to decrease. This character was further
confirmed by CV measurements. The cyclic volta-
mograms of ofloxacin (5 x 10=% M solution) in
BRb of pH values 4.0, 7.0 and 10.0 show one
cathodic peak using different scan rates (10—500
mV s~ !). The peak potentials of the wave display
a cathodic shift on increasing the scan rate, thus
revealing the irreversible nature of the reduction
process [23].

The number of protons, Z, consumed in the
electrode reaction is given by the following equa-
tion [24]:

0.0597
ocn,

El/z/PH = -

where is the transfer coefficient. The value of ocn,
was calculated from the following equation:

E=E,;—(0.0559/n,)log[(i/ig —1)]

Effect of pH on the development of the polarographic waves of ofloxacin

pH E; (V) E, »/pH (mV) Half-peak width (W, ,) (mV) Number of protons (Z) ocny,
4.10--1.250 —28 13 0.34 0.9
5.00--1.270 —36 12 0.63 1.03
6.10--1.310 —51 12 1.01 1.08
7.00--1.360 —60 12 1.12 1.10
7.50--1.390 —68 14 1.27 1.10
8.36--1.450 —57 11 1.13 1.17
9.10--1.490 —106 14 1.94 1.08
9.90--1.575 —112 — 1.99 1.05
10.30--1.620 — — 0.93
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Fig. 4. Alternating current behavior of ofloxacin (5 x 10 ~* M) in BRb of different pH values. Superimposed alternating voltage: 15
mV; frequency: 75 Hz; phase angle: 90° (SE: supporting electrolyte).

Where i, is the limiting current. At pH 8.36 Z was
found to be 1.13, i.e. two protons are probably
consumed in the electrode reaction.

3.1. Study of the wave characteristics

Increasing the mercury height (/) resulted in a
corresponding increase in the waveheight (w); a
plot of \/E vs. the waveheight gave a straight line.
A plot of logw gave a straight line, the slope of
which was 0.49. Changing the buffer concentra-
tion over the range 0.006 to 0.06 M resulted in a
negligible decrease in the waveheight. These two
characters point out to the diffusion-controlled
nature of the wave.

The alternating current behavior (AC,) of
ofloxacin was studied using a phase-selective angle
of 90°. In BRb of pH 5.0, 7.0 and 8.36, the
summit potentials (Es) were shifted to more nega-
tive values of 119, 99.27 and 90.625 mV respec-
tively. Fig. 4 demonstrates that a pH values of 7.0
and 8.36, adsorption of the reduction product of
the depolarizer may occur.

The diffusion coefficient (D) was calculated us-
ing the Ilkovic equation [25] and was found to be
2.72x10~7 cm? S—! in BRb of pH 8.36 (Table
2).

Solutions of ofloxacin in BRb of pH 8.36 con-
taining 20% methanol were found to be stable for
about 2 h, after which the waveheight began to
decrease slowly.

The relation between the limiting current i
(1A) and the concentration, C (mM), was found
to be rectilinear over the concentration range
5x107°5-5%x10"* M and 1x107°-5x10~*
M in the DC, and DPP modes, respectively.

C=0.0002 4 0.838;;, (r=0.99998)
using DC, mode, and

C= —0.0002+0.774iy  (r=10.99999)

using DPP mode respectively, with a minimum
detectability of 3 x 10~7 M (S/N = 3).

The diffusion current constant [Id = i;/C m*?
t'/¢] was calculated at 25° and found to be 0.63 +
0.01.

3.2. Number of electrons involved in the electrode
reaction

The number of electrons consumed during the
reduction was accomplished through comparison
of the waveheight of ofloxacin with that obtained
from an equimolar solution of a closely related
compound, i.e. nalidixic acid [26]. In BRb of pH
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Table 2

Correlation between concentration and limiting current in the DC, mode

No. Concentration (mM) Current (pA) iy/C (WA mM~—1) 1, iy/cm?3 t!/6
1 5x1072 0.060 1.20 0.65

2 0.10 0.119 1.190 0.856

3 0.20 0.237 1.185 0.853

4 0.30 0.359 1.197 0.861

5 0.40 0.475 1.188 0.855

6 0.50 0.597 1.194 0.859

X 1.192 0.858

+SD 0.005 0.004

NB: The results are the average of 18 separate determinations.

8.36 both compounds gave one peak of the same
height pointing out to a two electron transfer
process.
Based on these facts, the following mechanism
is proposed.
o

1
R-C- +2H" +2e—->R-CH-OH

3.3. Analysical application

Polarogram of ofloxacin in BRb of pH 8.36
exhibits cathodic wave. The current is diffusion-
controlled and proportional to the concentration
over a convenient range of concentration. Both
DC, and DPP modes were successfully applied to
the assay of ofloxacin in commercial tablets (200
mg—tablet) and the results obtained are shown in
Table 3. The percentage recoveries based on the
average of nine separate determinations were
98.5+ 0.4 and 99.01 + 0.3, respectively. The re-
sults obtained were favourably compared with a

Table 3

reference [5] was 98 + 0.5 based on measuring the
native fluorescence of ofloxacin in 1 M sulphuric
acid at 512 nm after excitation at 298 nm. Statisti-
cal analysis [27] of the results obtained by both
methods using the Student z-test and Variance
Ratio F-test, shows no significant difference be-
tween the performance of the two methods re-
gards the accuracy and precision, respectively
(Table 3).

Ofloxacin is given by mouth in doses of 200-—
400 mg daily. It is metabolized to desmethyl and
N-oxide metabolites. It is eliminated mainly by
the kidneys. Excretion is affected by tubular secre-
tion and glomerular filtration, and 75-80% of the
dose is excreted unchanged in the urine over
24-48 h, resulting in high urinary concentration
[28] (Table 4).

The DPP mode could be successfully applied to
the determination of ofloxacin in urine over the
concentration range of 4-180 pg ml~'. Thus the
proposed study could be applied to the determina-
tion of ofloxacin in spiked urine. The results are

Statistical analysis of the results obtained by the proposed and reference method for pure sample of ofloxacin

Method DC, Reference method [29] DPP mode
(1) Number of experiments 6 8

(2) Mean found (%) 100.09 100.03 99.90

(3) Variance 0.32 0.08 0.30

(4) Students ¢-value 0.17 (2.365) 0.38 (2.262)
(5) Variance ratio F-test 4.0 (5.79) 3.75 (4.74)

NB: Figures in parentheses are the tabulated z- and F-values, respectively, at P = 0.05 [27].
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Table 4
Assay of ofloxacin in commercial tablets using the proposed
and a reference method

No. DC, DPP Reference method [5]
1 98.89 99.28
2 98.15 99.0
3 98.50 98.75
X 98.5 99.01 98.60
+SD 0.40 0.30 0.40
1=0.28 =148 t=(2.78)
F=114 F=229 F=(19.00)

*Tarivid tablets (ofloxacin, 200 mg/tablets), product of
Hoechst Orient Pharm., Cairo, Egypt.

NB: Figures in parentheses are the tabulated ¢ and F values,
respectively, at P =0.05 [27].

abridged in Table 5. It can also be adopted for the
pharmacokinetic studies of ofloxacin.

The within-day precision was evaluated
through replicate analysis of urine samples spiked
with ofloxacin at certain concentration level. The
percentage recoveries based on the average of four
separate determinations were 97.36 +0.73, the
corresponding RSD% was 0.75 indicating high
precision of the method. The between-day preci-
sion was also evaluated as proceeding above. The
percentage recoveries based on the average of four
separate determinations were 96.25+ 1.62, the
corresponding RSD% was 1.68 indicating also the
high precision of the method.

Table 5
Polarographic determination of ofloxacin in spiked urine using
DPP mode

Concentration (mM)* % found

mM (taken) mM (found) Proposed method
0.05 0.0484 96.80
0.08 0.0769 96.13
0.10 0.0966 96.60
0.20 0.1943 97.15
X 96.67
+SD +0.43

*Average of at least three triplicate determinations.
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Abstract

The behaviour of taurine as a ligand (L) towards silver(I) and cadmium(II) was studied at 25°C and in 1 mol dm —3
NaClO,, as a constant ionic medium. Experimental data, obtained for both cations from electromotive force
measurements performed by using silver and cadmium amalgam and glass electrodes, were explained by assuming the
formation of the Agl., AgL,, CdL, and CdL, complexes. The taurine protonation constant and stability constants of
the above complexes were determined. The cadmium(II)—taurine system was investigated by determining the free
concentration of taurine from the Ag electrode potential and the knowledge of equilibria existing between silver(I)
and taurine. Experimental data obtained from this approach were explained by assuming the presence of the above
species with very close stability constant values. The success of this method supports the possibility of using the
Ag/Ag—taurine, taurine electrode to measure the free concentration of taurine in its solutions. © 1998 Elsevier Science
B.V. All rights reserved.

Keywords: Silver electrode; Silver(I)—taurine complexes; Cadmium(II)—taurine complexes; Free concentration taurine
measurement

1. Introduction

Generally, aminoacids develop their basic and
acid function through the —NH, and carboxylic
groups, respectively. On the contrary, taurine con-
tains an aminic and a —SO;  group. However, its
ligand properties depend on the presence of the

* Corresponding author. Tel.: + 39 6 49913643; fax: + 39 6
490631; e-mail: BOTTARIQAXRMA.UNIROMAL.IT

aminic nitrogen atom so that it acts as a
monodentate ligand.

In the human body taurine is coniugated with
bile cholic acids and forms taurodeoxycholic and
taurocholic acids with deoxycholic and cholic
acids, respectively. Micellar aggregates of the for-
mer bile cholic salts have been previously investi-
gated [1,2].

Although taurine is a simple compound, only
few studies can be found in the literature on its

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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behaviour as a ligand towards cations. This is
probably due to the poor stability of its com-
plexes. Only five papers deal with stability con-
stants of taurine complexes [3,4].

Albert [5] studied the complex formation of
taurine with cobalt(Il) and copper(Il) at 20°C. In
1959, Datta et al. [6] investigated the complex
formation between silver(I) and taurine at 25°C.
Both groups performed electromotive force
(e.m.f.) measurements in solutions at low ionic
strength (about 0.01 mol dm ~3) in order to deter-
mine the taurine protonation and complex forma-
tion constants. In 1972, van Poucke et al. [7]
studied equilibria occurring between silver(I) and
taurine at 25°C and in 0.5 mol dm 3 KNO,.
They explained their glass electrode e.m.f. mea-
surements assuming the presence of two com-
plexes, 1:1 and 1:2, with logarithm of stability
constants 2.97 and 6.15, respectively.

More recently, equilibria between taurine (L)
and both calcium(II) and nickel(IT) were investi-
gated. For calcium(Il), the formation of CaL
(log f =0.217) and CaHL (log § = 8.426) was as-
sumed to explain nuclear magnetic resonance
(NMR) and electron spin resonance (ESR) data
[8]. In the case of nickel(Il) [9], e.m.f. measure-
ments carried out with a glass electrode at 25°C in
0.1 mol dm ~* NaClO, or LiClO,, were explained
by assuming the existence of the only species,
NiL, with stability constant log f = 3.62.

The aim of this research is to investigate the
properties of taurine as a ligand with several
cations in a wide range of concentration of the
reagents. To this purpose, we decided to adopt the
constant ionic medium method proposed by Bie-
dermann and Sillén [10] to minimise the activity
coefficient variations due to the change of the
concentrations of the reagents. The conditions are
25°C and 1 mol dm~—3* NaClO,, as an ionic
medium.

Complex formation between silver(I) and tau-
rine was studied for several purposes. Only two
reports are present in the literature and they do
not agree with each other. Moreover, they were
not performed at 25°C and 1 M NaClO,, one was
carried out at a very dilute ionic strength. Fur-
thermore, the high redox potential of the Ag* /Ag
couple allows the use of this electrode to investi-

gate the behaviour of taurine as a ligand towards
other cations. This can be very useful when the
free concentration of the cation cannot be mea-
sured at equilibrium, using an amalgam electrode.
The protonation of taurine (L~ = C,H,NO;S 7)
and equilibria taking place between silver(I) and
taurine were characterized together with the rela-
tive stability constants. From the knowledge of the
silver(I)—taurine system, a silver electrode in a
silver(I)—taurine solution provides the free concen-
tration of taurine, ¢;. The possibility of such an
electrode to work as an indicator of taurine was
verified. To this purpose the cadmium(II)—taurine
system was studied following two independent
procedures. First, cadmium amalgam and glass
electrodes were employed. The same system was
then investigated by using glass and Ag/Ag—tau-
rine, taurine electrodes. Comparison of the results
obtained with both procedures supports the reli-
ability of the response of the taurine electrode.

2. Experimental
2.1. Method

The behaviour of taurine as a ligand was stud-
ied using different approaches. The first step of
the analysis involved the determination of the
taurine protonation and of the silver(I)—taurine
complex constants. The second step was the char-
acterization of the cadmium(IIl)-taurine system
using both a direct (cadmium amalgam) and com-
petitive (silver—taurine electrode) technique.

2.1.1. Protonation of taurine (L)

Knowledge of the taurine protonation is neces-
sary to study the complex formation of taurine
with silver(I) and cadmium(II). The protonation
of taurine was studied at 25°C by measuring the
e.m.f. of the following cell:

(—)Pt, Hy/Solution P/ R.E. (+) (1),

where Pt,H, is a H, electrode, R.E. is the refer-
ence electrode previously described [11], and the
e.m.f. is measured as a function of 0 < C; <0.05
mol dm 3, 0.00 < C; <0.1 mol dm~2 and 12>
—log ¢y > 2.
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Solution P has the following general composi-
tion: Cy M in H*, C;, M in taurine, (1.00 — Cy)
Min Na* and 1 M in CIO, .

The analytical excess of hydrogen ions is indi-
cated with Cy. Capital and small C, indicate the
total and free concentration of the x species,
respectively.

2.1.2. The silver(I)—taurine system

In order to investigate equilibria taking place
between silver(I) and taurine, the e.m.f. of the
following galvanic cells was measured:

(—)R.E./Solution S/AgE. (+) (I)
(—)R.E./Solution S/G.E. (+) (1II)

where Ag E. and G.E. are silver and glass elec-
trodes, respectively and R.E. is the reference elec-
trode. Solutions S were prepared in a constant
ionic medium, 1 mol dm~3 NaClO,, with the
following general composition: C,, M in Ag™,
Cy M in H*, C. M in taurine, (1 — C,, — Cy)M
in Na*, 1 M in CIO, .

According to Biedermann and Sillén [10], in a
constant ionic medium, it is possible to substitute
concentrations per activities, so that the e.m.f. of
cell (IT) and (I1T) at 25°C and in mV units, can be
written as follows:

E11=Efl+59.1610g cAg+Ej; (1)
E;=Ej +59.16 log ey + E.. )

Cag Cy and cu, and ¢y indicate the total and
free silver and hydrogen ion concentrations, re-
spectively. In Egs. 1 and 2, E; and E}j; are related
to the activity coefficients y through the relations:

Ep = E°; + 59.16 log y and
E{y = E°p +59.16 log .

The activity coefficients are held constant by
the presence of an ionic medium. E{; and Ep;
which are constant and E;, which represents the
liquid junction potential, were first determined in
the absence of the ligand, when C,,=c,, and
Cy = cy. E; depends only on ¢y in acid solutions.
In the investigated experimental conditions, E; =
—60 cy. Then C,, and Cy were kept constant
while the total concentration of the ligand, C;,

was gradually increased and E;; and E;; were
measured for each point.

The experimental data obtained from this ap-
proach were the analytical concentration of sil-
ver(I), hydrogen ions, and taurine, C,,, Cy and
C, respectively, and the free concentration of
silver(I) and hydrogen ions, c,, and cy, obtained
directly by measuring the e.m.f.

2.1.3. The cadmium(Il)—taurine system (cadmium
amalgam)

Equilibria taking place between cadmium(II)
and taurine were studied at 25°C in 1 mol dm—?
NaClO, by measuring the e.m.f. of the following
galvanic cells:

(—)Cd(Hg)/Solution S;/R.E.(+) V),
(—)R.E./Solution S;/G.E.(+) (V)

where Cd(Hg) is a cadmium amalgam electrode
and the other symbols have the same meaning as
above. Solutions S, has the following general
composition: Ccqy M in Cd*>*, Cy M in HY, C;.
M in taurine, (1 —2Cy— Cy) Min Na*t, 1 M in
Clo; .

According to Biedermann and Sillén [10] the
e.m.f. of cell (IV) and (V), at 25°C and in mV
units, can be written as follows:

EIV = EIOV - 29.58 log Ccq — EJ!
Ey = ES + 59.16 log ¢y + E,.

The procedure followed to obtain Epy, EY, ccqy
and ¢y was similar to that described in Section
2.1.2.

The experimental data obtained through this
approach were the analytical concentrations of
cadmium and hydrogen ions, Cc4 and Cy, respec-
tively, and the free concentrations of cadmium(II)
and hydrogen ions, ¢~y and ¢y, respectively.

2.1.4. The cadmium(Il)—taurine system
(silver—taurine electrode)

The hypothesis was formulated that a silver
electrode dipped in a taurine solution can work as
a taurine electrode. From the knowledge of the
silver(I)-taurine system, studied above, and from
the potential of the silver electrode it should be
possible to obtain the free concentration of tau-
rine.
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To verify this hypothesis the cadmium(II)-tau-
rine system previously studied using glass and
cadmium amalgam electrodes, was further investi-
gated with the glass and the silver(I)—taurine elec-
trodes. Comparison of the results obtained by
these two procedures supported the validity of the
hypothesis. To this purpose the e.m.f. of the
following cells was measured:

(—)R.E./Solution S,/Ag E.(+) (VI);
(—)R.E./Solution S,/G.E.(+) (VII)

The symbols indicate the same electrodes as
above, but solution S, had the following general
composition: Cy, M in Ag™, Ccy M in Cd* ", Cy
M in H", C, M in taurine, (1 — Cp, —2Cqq —
Cy) Min Na*, 1 M in CIO, .

The e.m.f. can be expressed at 25°C and in mV
units, by equations similar to (Eq. (1)) and (Eq.
(2)). EYy, EVy and E; were determined in the first
part of each measurement in the absence of tau-
rine, but in the presence of cadmium(Il). From
several preliminary e.m.f. measurements it was
deduced that appreciable concentrations of other
cations such as cadmium(II), copper(Il), nick-
el(IT), cobalt(Il) (cation/silver concentration ratio
up to 10), did not interfere with the response of
the silver electrode. EY; and EY,; values did not
change in the presence of the above cations.

Table 1 shows an example of the trend of EY; of
the silver electrode, in the presence of increasing
concentrations of copper(Il). Even increasing the
Ccy/Ca, ratio up to 10, the EY; values are con-
stant within + 0.03 mV.

After the determination of EY;, EYy; and Ej, an

Table 1
The response of the silver electrode in the presence of increas-
ing concentration of copper(II)

Eje V) Cp, (mol dm™  Cg, (mol dm™  E3, (mV)
3)x 10° 3)x 103

231.93 0.414 2.86 254.59

244.61 0.678 5.46 254.58

250.97 0.867 7.83 254.63

254.85 1.009 10.0 254.63

Average value, B3, =254.61 +0.03.
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Fig. 1. Complex formation between taurine and silver(I). The
curve is calculated with the constants of Table 2.

alkaline solution containing taurine was added to
reach the selected values of C; and —logcy, by
keeping constant C,,. The e.m.f. of the cells was
measured by keeping C;, C,, and —log ¢y con-
stant and by increasing gradually Cgy until a
slight cloudiness was observed. The values of Cy
were calculated for each point.

The experimental data obtained from this pro-
cedure were the Cy, Cy,, Ccq and Cy analytical
values, and the ¢y, and c,, measured directly by
means of cell (VI) and (VII).

2.2. Materials and analysis

Silver(I) perchlorate was prepared by dissolving
Ag,O in a slight excess of dilute HCIO,. Silver
oxide was prepared by adding a slight excess of
carbonate free NaOH to a dilute solution of
AgNO;, BDH p.a., recrystallized from water. The
oxide obtained was washed with bidistilled water
at least 25 times, until neutrality.

The standard solution was filtered through a
gooch (G3) and kept in dark glass, away from the
light.

The total silver(I) concentration, C,,, was de-
termined volumetrically and potentiometrically
against NaCl. The results of several determina-
tions agreed better than =+ 0.1%. The analytical
excess of hydrogen ions, Cy, was determined po-
tentiometrically, according to Gran [12].

NacClO,, HCIO,, NaOH and Cd(ClO,), were
prepared and analysed as described before [13,14].
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2.3. Details on the e.m.f. measurements

Cadmium amalgam (0.01%) was prepared as
previously described [14]. Silver electrodes were
prepared coulometrically by covering a Pt wire
used as a cathode, with electrolytic silver, flowing
a 0.1 mA current for about 10 h through a 1%
KAg(CN), solution. Electrodes of different
lengths (between 1.0 and 2.5 cm), gave responses
in good agreement. Potential values measured
from two different silver electrodes dipped in the
same solution agreed within =+ 0.05 mV.

The other experimental apparatus included an
electronic voltmeter Keithley mod. 199, pHM 65
Radiometer and mod. 654 Metrohm equipped
with hydrogen and glass electrodes, respectively.
Salt bridge, reference electrode and all the other
details of the e.m.f. measurements are similar to
those described earlier [11].

All measurements were performed at 25°C. All
solutions containing silver ions were kept away
from the light. Their analysis was carried out in
red light to avoid the photochemical decomposi-
tion of silver ions. In these conditions, the e.m.f.
values of the cell containing silver ions were con-
stant within 30 min after each new addition and
remained stable (within +0.10 mV) for several
hours, even at low C,, concentration (>0.1 x
1073 M). In white light, the e.m.f. values never
reached stable values, but a slow drift of 0.02 mV
per 1-2 min was observed. After each series of
e.m.f. measurements, the Ag electrodes were thor-
oughly washed with NH; and kept in bidistilled
water overnight. Electrodes prepared as previ-
ously described gave correct responses even after
a few months from their preparation, if washed
and kept correctly.

A stream of nitrogen (99.999%) was bubbled
through the solutions throughout the measure-
ments to prevent the absorption of CO.,.

The response of the glass electrodes was
checked against that of a H, electrode, assumed
to be correct. Both measured values agreed within
1+ 0.1 mV up to —logcy <9, while beyond this
¢y, the glass electrode showed remarkable devia-
tions. In order to study the protonation of taurine
a H, electrode was used. H, (99.999%) was sup-
plied by cylinders.

3. Results

The results of the present investigation will be
given after the style of Section 2.1

3.1. Protonation of taurine

Taurine shows two possible protonation steps,
the first corresponding to the —NH, and the
second to the —SO; group. In the range of
concentrations studied we were able to appreciate
only the protonation of the aminic group.

As the protonation function is independent of
the total taurine concentration, no appreciable
evidence of polynuclear species was found, as
expected. The experimental data were explained
by assuming the presence of HL with protonation
constant log K; =9.01 +£0.02, where K, = ¢y
(cmep)

No reliable values were obtained for K,, as
solutions with a sufficient fraction of H,L*, can
be obtained only at very high Cy; values. At such
Cy; it was hard to assume that the activity coeffi-
cients were constant, as the composition of the
ionic medium changed markedly. This did not
involve any loss of accuracy, because only log K|
was used in further calculations.

3.2. The silver(I)—taurine system

Several series of measurements were carried out
at Cy =0.01, 0.025, 0.05, 0.1 and 0.15 mol dm —?
and C,,=0.5, 1, 2,4 x 10> mol dm ~*. Without
a preliminary hypothesis, it can be assumed that
the reagents participate to the general equi-
librium:

gAg* +pH" +rL<Ag,H,L,

with the stability constant S,
0, >0, r>1.

Experimental data were elaborated to deter-
mine the g, p, r prevailing values and the relative
equilibrium constants. From the mass balance of
silver ion, taking into account the mass action
law, the following equation can be written:

o Where g>1, p <
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Table 2
Species formed by taurine with silver(I) and cadmium(II)

Cation Species ML Species ML,
Agt 3.53+0.07 Graphic 6.47 +0.05 Graphic
3.53 £0.05 BSTAC 6.48 +0.01 BSTAC
3.5340.05 Proposed value 6.48 + 0.05 Proposed value
Cd>+ Cd amalgam 2.05+0.10 Graphic 3.74 4+ 0.08 Graphic
2.01 +0.08 BSTAC 3.78 £ 0.03 BSTAC
2.01 +0.08 Proposed value 3.78 4+ 0.05 Proposed value
Cd>+ Ag/Ag(l)—taurine 2.00 +0.10 Graphic 3.78 +£0.10 Graphic
2.14+0.12 BSTAC 3.8+0.1 BSTAC

The stability constant values are expressed as log f8, o,. Protonation constant log K; = 9.01 £+ 0.02
The error limits relative to the constants obtained by the graphic method correspond to the maximum difference possible with a still
acceptable agreement between experimental and calculated data. The SD is reported in the other cases.

n= log(CAg/CAg)
= log(1+ 3> > qByprchs 'ctact) A3)

For the analysis of the experimental data it was
necessary to calculate the ligand free concentra-
tion ¢;, which was obtained from the mass bal-
ance of Cy, taking into account the mass action
law:

CH:CH+KICHCL+ZZZp/8q,p,r C?&g chy el 4)

In Egs. 3 and 4 hydrolytic species of silver were
considered negligible on the basis of the previous
results [15,16]. As a first approximation the hy-
pothesis was formulated that the presence of com-
plexes involving protons was negligible. As a
consequence, the last term of Eq. (4) could be
neglected for the calculation of ¢;. The validity of
this hypothesis was demonstrated a posteriori.

The function 5 versus —logc¢, is plotted for
each experimental point in Fig. 1. Note that inde-
pendently of C,, and Cy, all the points fall on the
same curve. Therefore, the presence of polynu-
clear and mixed complexes involving protons can
be discarded, i.e. ¢ =1 and p = 0. The trend of the
experimental points can be explained by assuming
the presence of the AglL and Agl, species, and
the above formulated hypothesis can be assumed
to be true.

By applying the normalized curve method [17]
the values of the relative constants £, ,; and £, 4.,
were obtained. The equilibrium constant values
were also obtained by analysing the experimental
data with the BSTAC program [18]. In Table 2
the values obtained by graphical methods and
those calculated by computer are collected and
they are in good agreement. The constants of
Table 2 were used to calculate the theoretical
curve of Fig. 1. The agreement between experi-
mental points and calculated curve is satisfactory.

Cog Mx 108 GM

44 O BpPb

05

s

4.0 3.0 20 Slgo 10

Fig. 2. Complex formation between cadmium(II) and taurine.
The curve is calculated with the constants of Table 2. The
points were obtained by using the cadmium amalgam elec-
trode.
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Fig. 3. Most of the points obtained by using Ag/Ag(I)—tau-
rine, taurine electrode to study the cadmium(II)-taurine sys-
tem. The curve is calculated by using the constants of Table 2.

3.3. The cadmium(Il)—taurine system (cadmium
amalgam)

Similarly to the above section, several series of
experimental data were obtained at different
Cy =0.025, 0.05, 0.1 mol dm~3 and C.y=0.25,
0.5, 1 and 2 x 1073 mol dm 3.

Experimental data were elaborated by applying
a treatment similar to the one explained before,
but in this case mass balances of cadmium, Cgy
and hydrogen ion, Cy; were considered.

In Fig. 2 the 5’ function (' =log Ccy/ccq) 1S
plotted as a function of —logc¢;. Also in this
case, all the experimental points fall on the same
curve independently of Cqy and Cy. Polynuclear
and mixed complexes involving protons are not
present in appreciable concentrations.

Equilibria taking place between cadmium(II)
and taurine can be accounted for by assuming the
presence of the CdL and CdL, species.

In Table 2 the values of stability constants
obtained by graphical and computer methods are
reported. Also in this case the values are in good
agreement. The curve in Fig. 2 was calculated

with the constant values of Table 2. The calcu-
lated curve and the experimental points are in
satisfactory agreement, supporting the validity of
the procedure adopted.

3.4. The cadmium(Il)—taurine system (silver—tau-
rine electrode)

Several series of e.m.f. measurements of cell
(VD) and (VII) were carried out at — log ¢y =8,
8.5,9 and 9.5 and C; =0.1, 0.15, 0.2 mol dm ~3.
Che Was kept constant for each series and the
cadmium(Il) concentration was gradually in-
creased until a slight colloidal precipitate was
observed by the Tyndall effect.

These results were used to obtain prevailing
species and relative constants to verify if the silver
electrode dipped in a taurine solution works re-
versibly to give the free concentration of taurine,
L.

From the C,, and c,, experimental data and
from the knowledge of the silver(I)-taurine sys-
tem, it was possible to calculate ¢;, by using the
mass balance equations relative to silver ions:

Cag=Cag+ Pro1 Cag L+ Pro2 Cag €L ©)

On the other hand, by taking into account the
range of Cy and ¢y investigated, Eq. (4) could be
written for all the points measured, as follows:

Ch = e+ Kieper ~ Kiepep (6)

From the analytical concentrations of taurine and
cadmium(II), the mass balance equation of tau-
rine could be written, by taking into account the
mass action law:

Co=c + /))1,0,1 Cag CL + 2ﬁl,oﬂz Cag C% + Cy
+ZCqy (N

In Eq. (7) all symbols are already explained. Z
indicates the formation function, defined as the
average number of ligands per central group, in
this case cadmium(II). In the same equation, hy-
drolytic species of cadmium(II) were neglected on
the basis of the results obtained by Biedermann
and Ciavatta [19].

The experimental data in the form Z ( —log ¢;)
plotted in Fig. 3 show that all the points fall on
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Table 3
Stability constants (log f, ,, ) of complexes formed by cadmium(II) with taurine, ammonia [23] and glycine [22] at 25°C and in 1 mol
dm~3 ClO;
CdHL CdL CdL, CdL, CdL,
Taurine (This work) — 2.01 3.78 — —
NH; [23] — 2.54 4.78 6.08 7.26
Glycine [22] 10.52 4.36 7.99 10.13 —

the same curve independently of C;, Cy, Cy and
theratio Ccy/Cag. Polynuclear, mixed silver(I)—cad-
mium(I)—taurine complexes and complexes involv-
ing hydrogen ions can be excluded. Points at low
Z could not be obtained as at Cy > 3.5 x 10 ~3mol
dm 3 a colloidal precipitate was detected. As
Z..ax = 2, two taurine molecules can be bound per
cadmium(II), as expected from the approach carried
out using the cadmium amalgam electrode. As only
two species CdL and CdL, were formed, the
formation function can be written as follows:

Z=(cca+ ZCCsz)/CCd

or

Z=(fro1cL+2B102cD)/(L+ Prosc+ Proasct)
(10)

By applying the graphical method of normalized
curves proposed by Sillén [17] the stability constants
for the CdL and CdL, species could be obtained.
On the other hand, experimental data introduced
in the BSTAC [18] computer program, gave very
close values. Both graphical and computed results
are collected in Table 2. The values agree well with
each other and the calculated curve obtained by
using the constants of Table 2 fits well with the
experimental data (Fig. 3).

4. Discussion

Different considerations can be formulated on the
basis of the results of this paper. The first one refers
to the behaviour of taurine as a ligand towards
silver(I) and cadmium(II). No data were available
from the literature at 25°C and in 1 mol dm~—?
NaClO, as an ionic medium.

Astaurineisamonodentate ligand, it cannot form
chelate complexes, hence species with poor stability

are expected. The study of the complex formation
oftaurine and cations performed using only the glass
electrode causes many difficulties, as it involves the
competition between proton and cation for taurine.
This competition takes place in the range 8§ < —
log ¢y < 10, where taurine is partially deprotonated,
but every cation can easily hydrolyse or even
precipitate as hydroxide. For example, Leden [20]
and Froneaus [21] used the ratio between total and
free metal as a function of the ligand concentration
to study complex formation by measuring the free
concentration of the cation.

This paper shows that it is advantageous to
measure directly the free concentration of the cation
(with silver or cadmium amalgam electrodes, respec-
tively) or that of the ligand (with the silver electrode).

Table 2 of this paper gives the stability constants
of the Agl, Agl,, CdL, and CdL, species.

The values of the stability constants for the CdL
and CdL, species, obtained with cadmium amalgam
and silver electrodes agree very well together. This
result supports the validity of our procedure and
allows the silver, silver(I)—taurine, taurine electrode
to be used to perform direct measurements of the
ligand free concentration. The high potential value
of the Ag/Ag™ couple suggests that this procedure
can be applied to many other cases. The presence
of several cations, such as copper(1l), cadmium(II),
lead(IT), nickel(II), and cobalt(II), does not interfere
with the response of the silver electrode (see Table
1). This is advantageous if cations like calcium(II)
and magnesium(I) are to be studied. We are
applying this method to the investigation of the
behaviour of taurine as a ligand towards such
cations and this will be the subject of a next study.

A difficulty of this method is the low stability of
silver(I) solutions when exposed to light. Otherwise,
silver electrodes can be prepared very easily and can
be used for a long time.
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We were not able to find quantitative data in the
literature on the complex formation between cadmi-
um(II) and taurine.

Protonation constant of taurine was determined
at very low ionic strength [5]. Our value, by taking
into account the different experimental conditions,
agrees with that of the literature (9.01 and 9.08,
respectively). Also forsilver(I), literature values were
determined ationic strengths 0.01 and 0.5 mol dm —?
KNO;. The values proposed in this study are higher
than those of the literature [6,7], but the latter
disagree with each other. Only the value of log £, 4>
proposed for AgL, agrees with that proposed by
Datta et al. [6], if the different experimental condi-
tions are considered.

The behaviour of taurine can be compared with
glycine and ammonia.

In Table 3 the values of this work and those of
the constants of the complexes of cadmium(IT) with
glycine [22] and ammonia [23] obtained in the same
experimental conditions, are collected and com-
pared.

Only glycine is able to form complexes involving
protons. There is no evidence of polynuclear com-
plexes.

Ammonia forms four complexes, glycine three,
and taurine only two. The values of 8, and £, 4>
of taurine and NH; are of the same order of
magnitude, while the complexes formed by glycine
are far more stable. NH; can never be able to form
chelates because it is an unidentate ligand. From
values of the constants of species formed by taurine,
it is confirmed that taurine is also not able to form
chelates. This is in agreement with Ahrland et al.
[24] who asserted that the —SO5;  group has few
possibilities to be an electron donor and therefore
the formation of chelate because of its presence it
is very improbable.

The high capability of NH; to form complexes
with respect to taurine can be explained by a prob-
able bigger steric hindrance of the latter molecule.

5. Conclusion
This paper contributes to the knowledge of the

behaviour of taurine as a ligand towards proton,
silver(I), and cadmium(II).

Two independent procedures were used to study
the cadmium (IT)—taurine system and the agreement
between these two approaches has proved the
reliability of this method. For this reason it can be
used to obtain the free concentration of taurine when
it is not possible to measure the free concentration
of the cation or when difficulties arise using the glass
electrode.

Acknowledgements

This work was supported by Consiglio Nazionale
delle Ricerche (CNR) and by Ministero dell’Univer-
sita e della Ricerca Scientifica e Tecnologica
(MURST) of Italy.

References

[1] E. Bottari, M.R. Festa, Analyst 119 (1994) 469.

[2] E. Bottari, M.R. Festa, Langmuir 12 (1997) 1777.

[3] A.E. Martell, L.G. Sillén, Stability Constants, Special
Publications no. 17, 25, The Chemical Society, London
1964, 1971.

[4] L.D. Pettit, H.K. Powell, ITUPAC, Stability Constants:
Database, Academic Software, Timble, Otley, Yorks, UK,
1993.

[5] A. Albert, Biochem. J. 47 (1950) 531.

[6] S.P. Datta, A.K. Grzybowski, J. Chem. Soc., 1091 (1959).

[7] L. van Poucke, G. Thiers, Z. Eeckhaut, Bull. Soc. Chim.
Belge 81 (1972) 357.

[8] C.S. Irving, B.E. Hammer, S.S. Danyluk, P.D. Klein, J.

Inorg. Biochem. 13 (1980) 137.

[9] J. Maslowska, L. Chruscinski, Polyhedron 3 (1984) 1329.
[10] G. Biedermann, L.G. Sillén, Ark. Kem. 5 (1953) 425.
[11] E. Bottari, M.R. Festa, Ann. Chim. (Rome) 80 (1990) 217.
[12] G. Gran, Analyst 77 (1952) 661.

[13] E. Bottari, Ann. Chim.(Rome) 66 (1976) 139.

[14] E. Bottari, Mh. Chemie 106 (1975) 451.

[15] P.J. Antikainen, D. Dyrssen, Acta Chem. Scand. 14 (1960)

9

[16] S. Hietanen, L.G. Sillén, Ark. Kem. 32 (1970) 111.

[17] L.G. Sillén, Acta Chem. Scand. 10 (1956) 186.

[18] C. De Stefano, P. Mineo, C. Rigano, S. Sammartano, Ann.

Chim. (Rome) 83 (1993) 243.
[19] G. Biedermann, L.G. Ciavatta, Acta Chem. Scand. 16
(1962) 2221.

[20] 1. Leden, Sven. Kem. Tidskr. 56 (1944) 31.

[21] S. Froneaus, Acta Chem. Scand. 4 (1950) 72.

[22] E. Bottari, Ann. Chim. (Rome) 66 (1976) 677.

]
]

W

[23] L. Leden, Diss. Lund 1943, p. 112.
[24] S. Ahrland, J. Chatt, N.R. Davies, A.A. Williams, J. Chem.
Soc., 264 (1954).



ELSEVIER

Talanta 46 (1998) 101109

Talanta

Degradation of ampicillin in the presence of cadmium (II) ions

Ana Marquez Garcia ®, Pilar Gutiérrez Navarro **, Pedro J. Martinez de las Parras ?

& Department of Physical Chemistry, Faculty of Pharmacy, University of Granada, E-18071 Granada, Spain
Y Department of Physical and Analytical Chemistry, University of Jaen, Jaen, Spain

Received 28 January 1997; received in revised form 28 July 1997; accepted 5 August 1997

Abstract

Cadmium (II) ion-catalyzed degradation of ampicillin in methanol at 20°C has been studied. It has been observed
that the rate values tend to saturate when the concentration of ampicillin or the metal ion is increased. The results
obtained in the present study suggest that ampicillin degradation occurs through the formation of a 1:1 (SM) and 2:1
(S,;M) ampicillin—metal complexes. These complexes decompose giving a single product (absorption maximum at 285
nm; (e, =1.82 x 10* 1 mol ~' cm ~ ') that has been isolated and identified (Cd" (L*>~), (H,0), Na,). The appearance
of this product reflects a first order reaction with respect to the 1:1 complex, with a rate constant of 3.87 x 102
min ~! and the existence of an equilibrium between the 1:1 and 2:1 initial complexes. The equilibrium constant value,
calculated from kinetic data, is 1.7 x 10°> 1 mol —!. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: f-lactam; Ampicillin; Kinetics; Cadmium

1. Introduction

The opening of the f-lactam ring by a serine
hydroxy group is thought to be the first chemical
step in the reaction of penicillins and
cephalosporins with transpeptidase and f-lacta-
mase enzymes [1]. The first of these bacterial
enzymes is the primary killing site for the lethal
action of f-lactam antibiotics [2]. The second is
the primary method of defence used by bacteria to
resist these bactericides [3]. Both reactions are
interpreted as hydroxylic addition across the f-
lactamic bond to give a penicilloyl enzyme inter-
mediate, an ester of penicilloic acid. The

* Corresponding author. Tel.: + 34 58 243827; fax: + 34 58
244090; e-mail: mpgn@platon.ugr.es

p-lactamic bond is broken and the hydroxylic
hydrogen atom migrates to the nitrogen atom of
f-lactam amide. Because of the importance of the
alcoholysis reaction with f-lactamic antibiotics
quite a lot of theoretical and experimental re-
search has been reported [4—6].

In the present study we describe the decomposi-
tion of ampicillin [I] in methanol medium cata-
lyzed by Cd>*, the latter, having a large ionic
radius, is presumed to have a great catalytic ef-
fect. In order to obtain a kinetic scheme for the
reaction, degradation kinetic data were used. The
reaction occurs initially with the formation of two
complexes of intact ampicillin and cadmium with
stoichiometric values of 1:1 and 2:1 (ampicillin/
cadmium), respectively. The complexes decom-
pose due to the nucleophilic attack of the

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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methanol molecule so that at the end of the
reaction a single final product is obtained. The
analytical results show that this compound is a
complex formed by the binding of two
molecules of penamaldate derivative of ampi-
cillin (which procedes from antibiotic degrada-
tion) to a Cd>* ion.

2. Experimental

Sodium ampicillin [I] (99% pure) was ob-
tained from Aldrich. Methanol, CdCl, and
Cd(NO;),.4H,O0 were from Merck. All other
reagents used were of analytical grade.

2.1. Stoichiometric determination

The stoichiometry of the single reaction
product of ampicillin degradation catalyzed by
Cd?* ions was determined using the continuous
variation method on a long-term basis (24 h).

2.2. Long-term agreement with Beer’s law and
application of Coleman’s test

Compliance with Beer’s law was verified at
285 nm in two series of solutions in which the
mole ratio between ampicillin and metal was
kept constant at 2:1 and 2.3:1, respectively,
while reagent concentration was varied. Ab-
sorbance measurements at 285 nm were carried
out on a Spectronic 2000 spectrophotometer
equipped with a Selecta thermostat (4 0.1°C)
24 h after the preparation of these solutions,
sufficient time for the kinetic reaction to end.
Coleman’s matrix method [7] was applied in
graphic form to the absorbance data (4,) mea-
sured using a wide range of wavelengths. In
this way, we determined the number of ab-
sorbent species at the end of the reaction. 4
denotes the absorbance value of a particular so-
lution j at a specific wavelength i. The entire
set of absorbance data for each series of spec-
tra was displayed as the matric 4.

2.3. Kinetic measurements

The kinetic measurements were made by moni-
toring the appearance of a reaction product of
ampicillin degradation at 285 nm on a Perkin
Elmer Lambda 5 spectrophotometer equipped
with a thermostatic cell holder.

The reaction was carried out using a series of
methanolic solutions containing different excesses
of ampicillin (ranging from 10 to 500 x 10 ~* M),
constant metal concentration (1 x 104 M), and
also in ampicillin solutions of constant concentra-
tion (1 x 10~* M) and different metal ion concen-
tration (ranging from 2 x 107> to 2 x 1073 M).
The measurements were taken vs. methanol in 1
cm path length spectrophotometric cells.

In each kinetic experiment the reaction rate was
calculated from the slope of the straight line
obtained when the initial absorbance values were
plotted vs. time, d4/dz, and from the molar ab-
sorptivity of degradation product, which is equal
to 1.82 x 10* 1 mol~! cm ~!. In the kinetic mix-
ture which contained excess antibiotic (2000:1), a
zero order rate constant was obtained from the
285 nm absorbance increase.

2.4. Isolation and analysis of the degradation
product

A solution with 0.7427 g of sodium ampicillin
and 0.3084 g of Cd (NO;),.4H,O in 50 ml of
methanol (mole ratio 2:1) was kept at room tem-
perature for 24 h. After the completion of the
reaction, the solution was then evaporated in
vacuum at room temperature and cooled to
around 4°C obtaining a yellowish white precipi-
tate. The solid was filtered, washed with
methanol, ether and acetone, air-dried, and
finally, dried in a vacuum dessicator with P,Os.

Infrared spectra were recorded between 4000
and 400 cm ! on a Nicolet 20SXB using pota-
sium bromide pellets. 'H-NMR and *C-NMR
spectra were recorded at 300 MHz on a Bruker
AM-300 spectrometer. The powdered sample was
dissolved in DMSO-d, using TMS as reference.
Chemical analysis was performed on Perkin
Elmer 2380 atomic absorption equipment. An
electron impact mass spectrum was carried out on
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a Hewlett Packard HP-5988-A, with DIP: ramp of
25°C until 280°C (The electronic ionization was at
70 eV) and a LSIMS/FAB" spectrum by bombard-
ment with Cs™* ions in glycerol was carried on a
mass spectrometer Micromass model AutoSpe-
cEQ.

The results obtained were: C, 41.12; H, 4.95; N,
8.47; S, 6.49; Na, 4.60 and Cd, 11.40. 6,4, 1.35(6H,
CH,) 3.4(3H, OCH,) 7.25 (5H,C¢Hy); .13 30.58,
56.55, 57.41, 127.63, 127.97, 170.01, 203.50; 0.«
(KBr/em ~1) 1672, 1603 and 1385.

3. Results and discussion

Fig. 1 shows the spectra, of a methanol solution
of ampicillin with Cd(II) ion at equimolar concen-
trations at different periods of time. The spectrum
presents a steady rise in absorption, reaching a
peak at 285 nm. The changes observed in the
spectrum could be attributed either to the decom-
position reaction kinetics of ampicillin or to a
kinetic process in which a complex 1:1 was trans-
formed with time to another complex 2:1, both
formed by intact ampicillin coordinated with the
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Fig. 1. Absorption spectra of sodium ampicillin (1.25 x 104
M) and cadmiun chloride (1.25x 10~% M) in methanol
(20°C). The curves are labelled at times 0, 5, 10, 15, 20, 25, 30,
35, 40, 45, 50, 55, 60 and 70 min of reaction.
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Fig. 2. Absorbance change vs. reaction time in the Cd**
promoted methanolysis of ampicillin (I x 10 =% mol dm ~3) at
20°C: Cd>* concentration (mol dm~3) 2 x 1073, 3 x 104,
1 x10=% 4 x10~% 2 x 107, Infinity time =24 h.

Cd(II) ion. However, the second possibility can be
ruled out, since it is known that metal ions cata-
lyze the degradation of f-lactam compounds [6],
in both methanolic and aqueous media.

The absorbance at 285 nm tends towards a
constant value with time as can be seen in Fig. 2
where the spectrum at infinity was recorded.
These absorbance values obtained at the end of
the reaction are related to the initial concentra-
tions of ampicillin and metal ion. Fig. 3 shows the
absorbance values at infinity of kinetic mixtures
with different mole ratio. We can see that the
break point appears at a mole fraction value of
ampicillin equal to 0.67. This value corresponds
to a theoretical value for a 2:1 mole ratio. It
suggests that at the end of the reaction a product,
P with peak absorption at 285 nm, was formed by
the binding of two molecules of an assumed lig-
and, produced as a result of ampicillin decompo-
sition, to the Cd(II) ion(2:1). The shape of the
plot in Fig. 3 also demonstrates that the forma-
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Fig. 3. Job’s plot using absorbance values measured at the end
of the reaction (24 h) at 20°C. The sum of the reactants was
2.5x 104 M.

tion of the product occurs in a complete reaction,
showing that the absorbance values are propor-
tional to the reagent which is not present in
excess.

At the end of the reaction, under the experi-
mental conditions used, only the above mentioned
2:1 compound was formed. This fact was confi-
rmed by Coleman’s graphic test which was posi-
tive for a single absorbent species (Fig. 4). Thus,
we applied the test to the spectrophotometric data

ALj

1.00

270
295
0. 80 /:

0. 40 -]

C. 20+

4285

Fig. 4. Computer-assisted test for one species in the cadmium—
ampicillin system, based on the absorbance data taken after 24
h of reaction, infinity time.(4, is the absorbance value of a
solution j at a wavelength 7).

corresponding to two series of methanolic solu-
tions with varied concentration of reagents and
constant mole ratios (ampicillin:Cd) at 2:1 and
2.3:1, respectively. We obtained a family of lines
radiating from the origin when A; values were
plotted vs. A5, as can be seen in Fig. 4. This
group of lines agrees with Beer’s law throughout
the entire range of ultraviolet wavelengths, and
gives evidence that at the end of the reaction a
single reaction product is formed. Taking this fact
into account and that absorbance due to excess
ampicillin is negligible at the wavelength used. We
can suppose that absorbance at infinity time is
produced exclusively by the reaction product, P.
Thus, the molar absorption coefficient, €,, was
determined from the absorbance values at infinity
time of kinetic solutions in the presence of excess
ampicillin (from 4:1 to 16:1). The concentration of
the product, P, was assumed to be equal to that of
the Cd(II) ion, i.e. the reagent available in lower
amounts in all kinetics experiments. The average
value obtained for €, was 18162 +276 1 mol '
cm~!. The wavelength of maximum absorption
(at 285 nm) and the value of the molar absorption
coefficient can be associated with the formation of
the penamaldate derivative of ampicillin [9-11]
(formula 1 in Scheme 1).

This result is according to stoichiometry,
L,Cd(II), obtained by analyzing the isolated solid.
The elemental analysis results of the compound
obtained are consistent with the empirical for-
mula: Cd" (L>7), (H,0),, 989.30 g mol~!. The
two atoms of sodium probably form a salt
through the carboxylate group. In addition, the
spectrum UV as well as the molar absorption
coefficient at 285 nm (1.9 x 10* 1 mol~! cm 1)
were the expected values according to the study
made in solution.

The IR bands are consistent with the proposed
structure. The characteristic band of the car-
boxylic group is observed at 1603 cm~!
(v,,COO ™) and at 1385 cm ! (v, COO ~). More-
over, the distance between the two bands, 218
cm ~ !, is similar to that observed in the IR spec-
trum of the sodium salt of ampicillin. This fact
justifies the presence of the sodium ion in the
molecule of reaction product. The C=0 (f-lac-
tam) absorption is not observed near 1780 cm ~ !
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Scheme 1. Fragmentation of the degradation product.

Nonetheless, a band appears at 1672 cm ~ !, which
can be atributted to an ester group. It indicates that
the C=0 f-lactam is esterified in the ampicillin
degradation product. The presence of the ester
group is also confirmed from the 'H-NMR spec-
trum, in which absorption at 3.4 ppm can be
assigned to the protons of the methoxyl group [8].
In the '*C-NMR spectrum a signal at 170.1 ppm
can be observed. This signal relate to the carbon
from the f-lactamic carbonile group, which ap-
pears in ampicillin at 175.5 ppm [14]. This implies
the breaking of the ampicillin molecule.

Fig. 5a shows the electron impact mass spectrum
of the isolated solid at the end of the reaction. The
proposed fragmentation mechanism for the forma-

tion of ion fragments with higher stability (m/z 233,
201 and 101) is depicted in Scheme 1. Aside from
the above fragments, it is possible that the peak at
m/z ratio 465 is probably due to the binding of two
fragments (m/z 233) with the loss of a proton. This
is not surprising if we take into account the high
stability of fragment m/z 233. Ion fragments of m/z
261 would result from the loss of a R—C=0 group
by the ligand molecule. Finally, the peak at m/z 344
can be attributed to a fragment of m/z 261 which
remains linked to Cd(II) ion, losing a methoxyl
group. The m/z values of the ion fragments are in
agreement with the proposed formula for both the
reaction product, P, and the ligand, L, the latter
arising from ampicillin methanolysis.
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Fig. 5. (a) Mass spectrum (electron impact) of degradation product of ampicillin. (b) Mass spectrum (LSIMS) of the solid in
glycerol.

Spectrum FAB- (Fig. 5b) presents a series of abundant Cd isotope has a mass of 114, the peak

signals with a distribution of isotopic peaks which at a value m/z 991 can be related to a molecular
are the expected for the proposed formula. Cd ion from the isolated compound with a molecular
isotopes contribute in an essential way to such weight of 989.3 g/mol, as mentioned previously.

distribution. If we take into account that the most The highest spectrum peak at m/z 612 could
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Table 1

The kinetics of ampicillin decomposition in methanol in the presence of cadmium (II) ions at 20°C

[Ampicillin] x 10* (mol dm~3) (dA4/dt) x 10? Uops X 10° (mol-dm ~3min—") r?

10 4.753 2.617 0.999
12 3.663 2.017 0.999
16 2.313 1.274 0.998
25 1.856 1.022 1.000
50 0.7477 0.4117 0.998
100 0.6286 0.3461 0.998
150 0.5237 0.2878 0.999
200 0.4414 0.2430 1.000
250 0.4244 0.2332 0.999
500 0.3414 0.1880 0.995
Initial Cd(II) concentration: 1-10~% M.

correspond to the ion fragment resulting from the The v, values were related to the initial con-

loss of a ligand molecule (with a mass of 379.4) by
the molecular ion. The peak at 757 can be related
to a complex molecule which has lost a fragment
of m/z 233 (formula Il in Scheme 1) plus a
proton. The fragment of m/z 233 is the most
stable when the molecule is ionized by electron
bombardment. Therefore, the LSIMS spectrum
provides additional information to that obtained
from the electron impact spectrum, both are in
accordance with the proposed formula for
product P.

Once the empirical formula and the molar ab-
sorption coefficient at maximun absorption (285
nm) for the single reaction product of ampicillin
in presence of cadmiun ions was determined, we
studied the kinetic formation of the product P. In
order to do so, we measured the absorbance (285
nm) of methanolic mixtures of ampicillin and
metal at different times. The initial rate values
(vops ) of the kinetic process were calculated for
each experiment giving the following equation:

dA 1

& ()

Uobs =

where dA4/d¢ is the slope of the linear plot of the
initial absorbance data vs. time, and €, as noted
above, equals 1.82 x 10* I mol~! cm —!. The val-
ues of v, d4/d¢, and the linear determination
coefficient, r2, were calculated by fitting the ab-
sorbance—time plots, (Table 1).

obs

centration of ampicillin, as shown in Fig. 6a. It
indicates that the initial rate of the process de-
creases when antibiotic concentration increases, at
high concentrations of ampicillin, the rate tends
to become constant. This saturation effect is also
observed with respect to the metal ion as shown in
Fig. 6b. Under conditions of excess ampicillin
(> 1000 times), a constant rate was observed.
Thus, in this case a linear plot of absorbance vs.
time is obtained for all the reaction time. This
plot has not been included due to its simplicity.

To explain the saturation curves (Fig. 6) we
propose a scheme for the reaction where it is
assumed that the formation of two complexes of
ampicillin, S, and cadmium ion, M. The proposed
scheme is described in Eq. 2:

K,
S + M = SM + S = SM - P @
l k 1

where P is the reaction product. The appearance
rate of this product can be written as:
d[p
dipy =k, + k[SM] 3)
dr

The values of k (the first order constant with
respect to SM) and of K, (the formation constant
for the 2:1 complex (S,M) from the 1:1 complex
(SM)) were calculated following the kinetic
scheme given above, where k, is the lower rate for
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ampicillin degradation and can be associated to
the non-catalyzed reaction rate and/or to antibi-
otic degradation coordinated to metal complex
2:1 (S,M). Its value, which corresponds to the rate
asymptotic value of the curve in Fig. 6a, has been
obtained in a separated kinetic experiment with a
large excess of ampicillin (2000 times). Under
these conditions, the rate was constant 1.41 x
1077 mol 17! min—".

Formation of compounds SM was assumed to
be faster than their decomposition; ampicillin
concentration, which was much higher than cad-
mium ion concentration, remained virtually con-
stant. The equilibrium constant was therefore
written as:

[S:M]

e = AT “4)
[SM][S]
The concentration of SM was expressed as:
[M]z — [P]
[SM] = s s)
1+ K [S]+
Sl xS,

Vope® 108 (mol/dm3min)
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where [M]; is the initial cadmium concentration.

In practice, the concentration of the product [P]
and the concentration of free cadmium ion were
very small at the beginning of the reaction, and,
as such, could be neglected in the calculations.
Thus, the initial rate of appearance of the
product, v, could be expressed as:

L K
Uobs — ko k[M]T k[M]T g

(6)

Taking these equations into account, the first
order rate constant for formation of product k,
and the association constant K., were obtained
from the kinetic data of solutions in which the
concentration of Cd(II), [M], was kept constant
as the concentration of ampicillin was varied (pro-
vided that [S]; was much greater than [M].).

Fig. 7 shows the kinetic data plotted according
to Eq. (6). The curve was fitted using the least
squares method. The value of the linear determi-
nation coefficient (+2 ) was equal to 0.994. The
first order rate constant (k), calculated from the
intercept (2.583 x 10°) in Fig. 7, was 3.87 x 102
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Fig. 7. Plot of 1/v,, — k, vs. antibiotic concentration, [S];.
min~"' at 20°C. Considering the first order rate
constant and the slope, we calculated the associa-
tion constant (K,), which was 10323 1 mol —!.

On the other hand, the methanol in the medium
may be involved in nucleophilic attack on the
ampicillin molecule by the f-lactam carbonyl
group. Such a step would be favored considering
the arrangement of the cadmium ion to the ampi-
cillin molecule. The methanol, due to its marked
basicity (pK, >9), would act as a nucleophilic
catalyzer, leading to the formation of the corre-
sponding unstable penicilloic ester [13]. The
breakdown of this intermediate ester would be
expected to be slower than the rate of formation,
since the pK, of methanol is higher than 14 [12].

In addition, this ester (intermediate derivative)
appears to disrupt the thiol ring, an event that
would lead to the formation of the «-methyl
penamaldic derivative [12], a compound compat-
ible with peak absorption at around 280 nm.

Much remains to be clarified as to the chemical
mechanism of metal ion catalysis in the reaction
of ampicillin degradation. Nevertheless, we can
submit that the catalytic effect in methanolysis of
f-lactam catalysed by the metal ion appears to be
closely related to the different arrangement of the
metal ion.
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Abstract

Simple and sensitive spectrophotometric methods are described, for the first time, for the determination of sodium
salts of phenobarbital (1), thiopental (2), methohexital (3) and phenytoin (4). The methods are based on the reaction
of these drugs as n-electron donors with the o-acceptor iodine and various m-acceptors: 7,7,8,8-tetra-
cyanoquinodimethane; 2,3-dichloro-5,6-dicyano-1,4-benzoquinone; 2,3,5,6-tetrachloro-1,4-benzoquinone; 2,3,5,6-te-
trafluoro-1,4-benzoquinone; 2,5-dichloro-3,6-dihydroxy-1,4-benzoquinone; tetracyanoethylene and 2,4,7-trinitro-9-
fluorenon. Depending on the solvent polarity, different coloured charge-transfer complexes and radicals were
developed. Different variables and parameters affecting the reactions were studied and optimized. The formed
complexes were examined by UV/VIS, infrared and '"H-NMR. Due to the rapid development of colours at ambient
temperature, the obtained results were used on thin layer chromatograms for the detection of the investigated
compounds. Beer’s plots were obeyed in a general concentration range of 1-400 pg ml—! for the investigated
compounds with different acceptors. Interference from some co-formulated drugs was also studied. No interference
was observed due to additives commonly present in the pharmaceutical preparations. The proposed methods could
be applied successfully to the determination of the investigated compounds in pure and pharmaceutical dosage forms
with good accuracy and precision, the recoveries ranged from 98.7 + 0.5 to 101.1 + 0.5%. The results were compared
favourably with the official methods. © 1997 Elsevier Science B.V.

Keywords: Spectrophotometry; Charge-transfer complexes; Barbiturates and phenytoin; Pharmaceutical analysis

1. Introduction

Barbiturates are widely used as sedative hyp-
notic drugs in a wide variety of conditions and
are also employed to produce anesthesia [1].
Phenytoin is one of the cyclic ureides which re-
lated in structure to the barbiturates. It was re-
ported to be the least hypnotic, most strongly
anticonvulsant and most effective against grand
mal [1].

Different methods for the determination of the
sodium salts of barbiturates and phenytoin have
been reviewed [2-5]. Few direct spectrophoto-

metric methods have been reported for the deter-
mination of the investigated compounds [6-9].
Other reported methods involve, titrimetry [10—
13], gravimetry [13,14], stripping voltametry [15]
and chromatography [9,16—18]. Quantification of
phenytoin sodium in combination with either
phenobarbital free acid or phenobarbital free
acid, caffeine citrate and atropine sulphate (anti-
sacer compositum tablets) cannot be achieved by
adopting the B P 1993 method as these sub-
stances will interfere through co-extraction. In
addition, the analysis of phenytoin sodium
tablets is not specified by USP 23 NF 18.

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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With the exception of HPLC methods, most
procedures suffer from some drawbacks. The
British Pharmacopeia titrimetric and gravimetric
methods are time consuming and depend upon
measuring fairly concentrated solutions. They lack
simplicity, sensitivity and selectivity. In addition,
they could not be used for the determination of the
dosage forms containing barbiturate free acids in
conjunction with those of sodium salts. Therefore,
it was considered worthwhile to develop rapid and
selective procedures suitable for their routine qual-
ity control analysis. Moreover, the existing spec-
trophotometric methods cannot be wused to
distinguish between the sodium salts and the corre-
sponding free acid derivatives. There is a need for
selective spectrophotometric methods which could
be utilized in detecting and distinguishing between
the sodium salts and the free acids without the need
for any pretreatment or prior separation.

The molecular interactions between electron
donors and acceptors are generally associated with

H
O ‘L‘ ONa
10 9 8 3 Y
I_ 1:(j::(ﬂI‘IC‘I‘I2 I .

1413 1
HCCTLO=CCH

12CH,

Methohexital Sodum (3)

the formation of intensely coloured charge-transfer
complexes [19], which absorb radiation in the
visible region. A variety of electron donors [19-22]
were reported to yield charge-transfer complexes
with various acceptors. Rapid formation of the
complexes makes their utility in photometric anal-
ysis simple and convenient. Barbiturates and
phenytoin sodium salts have not yet been investi-
gated as n-electron donors to form charge-transfer
complexes and radical ions with iodine and differ-
ent m-acceptors.

This paper describes, for the first time, the
application of iodine, tetracyanoquinodimethane,
tetracyanoethylene and dichlorodicyanobenzo-
quinone, which were selected according to their
high electron affinities, to the spectrophotometric
determination of the sodium salts of phenobarbital,
thiopental, methohexital and phenytoin in pure
samples and in dosage forms. Interference from
commonly encountered substances was also stud-
ied. The structures of the compounds studied are
given in scheme 1.

Phenvtoin Sodium ()

Scheme 1.
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2. Experimental
2.1. Apparatus

A Perkin-Elmer 3B UV/VIS, Norwalk, CT and
a Uvidec-320, Tokyo, Japan. Spectrophotometers
with 1-cm matched quartz cuvettes. Infrared Spec-
trometer IR-470, Schimadzu, Japan. 'H-NMR
Spectrometer, EM-360, 60 M Hz NMR Spec-
trometer, Varian Instrument Division, Palo Alto,
CA. The geometries of phenobarbital anion,
TCNE and both together in all possible spatial
positions were fully optimized at the full self-con-
sistent field (SCF) level by using MNDO/3, a
general molecular orbital package implemented
with molecular mechanics software MMX-PC
[23].

2.2. Materials and reagents

All solvents used were of analytical reagent-
grade. Phenobarbital sodium: El-Nasr for Phar-
maceutical Chemicals, Cairo, Egypt; thiopental
sodium: Egyptian International Pharmaceutical
Industries, Cairo, Egypt; methohexital sodium:
Lilly Research Center, Windlesham, Germany;
phenytoin sodium: The Nile Company for Phar-
maceuticals and Chemical Industries, Cairo,
Egypt. Iodine: resublimed, Riedel De-Haen AG,
Germany, 8.5 mg ml~! in 1,2-dichloroethane, the
solution was found to be stable for at least one
week at 4°C. 7,7,8,8-Tetracyanoquinodimethane
(TCNQ): Aldrich Chemical, Milwaukee, WI, 1 mg
ml ' in acetonitrile, the solution was found to be
stable for at least one week at 4°C. Tetracya-
noethylene (TCNE): Nacalai Tesque, Kyoto,
Japan, 1 mg ml~! in acetonitrile, prepared fresh
daily. 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ): Merck-Schuchardt, Munich, Germany, 2
mg ml~! in methanol, the solution was prepared
fresh daily. 2,3,5,6-Tetrachloro-1,4-benzoquinone
(Chloranil), Prolabo, Rhone-Poulenc, France.
2,3,5,6-Tetrafluoro-1,4-benzoquinone (Fluoranil):
Aldrich-Europe (Beerse, Belgium). 2,5-Dichl-
oro-3,6-dihydroxy-1,4-benzoquinone (Chloranilic
acid), BDH Chemicals, Poole, UK. 2,4,7-Trinitro-
9-fluorenon (TNF), Fluka, Switzerland. Fluoranil,

chloranil, chloranilic acid and TNF, each 5 mg
ml 1 in acetonitrile, were prepared fresh daily.

2.3. Pharmaceutical formulations

The following commercial dosage forms
were subjected to the analytical procedures: (1)
sominaletta ampoules (The Alexandria Company
for Pharmaceuticals and Chemical Industries,
Alexandria, Egypt), labelled to contain phenobar-
bital sodium 40 mg per 1 ml ampoule; (2) thiopen-
tal sodium vials (Egyptian International
Pharmaceutical Industries, Cairo, Egypt), labelled
to contain 500 mg thiopental sodium per vial;
(3) brietal wvials (Lilly Research Center,
Windlesham, Germany), labelled to contain 500
mg methohexital sodium per vial, (4) epanu-
tin capsules (The Nile Company for Pharmaceuti-
cals and Chemical Industries, Cairo, Egypt),
under license from Parke-Davis, Detroit, MI),
labelled to contain phenytoin sodium 100 mg
per capsule; (5) epanutin with phenobarbital
capsules (The Nile Company for Pharmaceuticals
and Chemical Industries, Cairo, Egypt, under
license from Parke-Davis, Detroit, MI), lab-
elled to contain phenytoin sodium 100 mg
and phenobarbital free acid 50 mg per capsule;
and (6) antisacer compositum children tablets
(Swiss Pharma, Cairo, Egypt, under license from
Wander, S.A., Berne, Switzerland), labelled to
contain phenytoin sodium 50 mg, phenobarbital
free acid 25 mg, potassium bromide 200 mg,
caffeine citrate 10 mg and atropine sulphate 0.2
mg per tablet.

2.4. Procedures

2.4.1. Preparation of standard stock solutions

Into a 50-ml calibrated flask, 100-200 mg of
the drug was weighed accurately and dissolved in
2 ml methanol, completed to volume with the
same solvent (in case of DDQ), with 1,2-
dichloroethane (in case of iodine) and with ace-
tonitrile (in case of other acceptors) and diluted
quantitatively to obtain the suitable final concen-
tration listed in Table 1.
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Table 1

Linear calibration limits and molar absorptivity values for the reaction of the investigated compounds with various acceptors

Acceptor/donor Linear limits pg ml—!, £/10° dm>® mol~! cm—!
Phenobarbital Thiopental Methohexital Phenytoin

Iodine 25-150, 1.32 25-100, 1.63 25-150, 1.36 25-200, 0.73
TCNQ 5-20, 11.40 1-10, 25.20 5-250, 14.10 5-20, 14.00
TCNE 10-75, 2.72 5-50, 4.80 10-75, 2.66 10-75, 3.76
DDQ 10-100, 1.76 10-100, 2.21 10-100, 1.85 10-100, 2.09
TNF 10-150, 1.07 10-150, 1.34 10-150, 1.12 10-150, 1.27
Chloranil 50-400, 0.44 50-400, 0.55 50-400, 0.45 50-400, 0.32
Fluoranil 25-300, 0.71 50-400, 0.37 10-100, 2.15 25-200, 3.21
Chloranilic acid 25-150, 0.98 25-150, 1.19 25-150, 1.03 25-150, 1.17

The solvents used were 1,2-dichloroethane for iodine, methanol for DDQ and acetonitrile for other acceptors and the drugs were

as their sodium salts.

2.4.2. General procedure

Aliquot volumes of standard stock solutions,
containing 10-4000 pg drug was transferred to
10-ml calibrated flasks. One millilitre of the
reagent was added and diluted to volume with
the same solvent (in case of DDQ), with 1,2-
dichloroethane (in case of iodine) and with ace-
tonitrile (in case of other acceptors). The
absorbances of the resulting solutions were
measured at the wavelength of maximum ab-
sorption after the appropriate times, listed in
Table 2, at 254 5°C against reagent blanks
treated similarly.

2.4.3. Analysis of tablets and capsules

The contents of 20 tablets or capsules of
each drug were weighed and powdered or evac-
uvated and a quantity of the powder =100 mg
was transferred into a 50-ml calibrated flask,
dissolved in 2 ml of methanol, swirled and son-
icated for 2 min, completed to volume with the
corresponding solvent (as in standard solution),
shaken well for 15 min and filtered, rejecting
the first portion of the filtrate and then pro-
ceeded as in Section 2.4.2.

2.4.4. Analysis of ampoules

A volume of the mixed 10 ampoules contain-
ing about 50 mg drug was transferred into a
50-ml calibrated flask and proceeded as directed
in Section 2.4.3.

2.4.5. Analysis of vials

Into a 50-ml calibrated flask, 50 mg of the drug
was accurately weighed and then proceeded as in
Section 2.4.3.

2.4.6. Preparation of the complexes for infrared
measurements

To 2 ml of 0.05 M drug in methanol, 2 ml of 0.05
M of each acceptor in the appropriate solvent
(methanol for DDQ, 1,2-dichloroethane for iodine
and acetonitrile for other acceptors), was added in
a round bottom flask containing = 30 ml of the
appropriate solvent and stirred for 30 min. The
solvent evaporated under reduced pressure and the
resulting oily residues were dried over calcium
chloride.

2.4.7. Solutions for 'H-NMR measurements

30 mg of each drug, scheme 1, were dissolved in
1 ml d;-DMSO and 1 ml containing an equimolar
amount of the acceptors in the same solvent was
added and used directly for '"H-NMR measure-
ments.

3. Results and discussion

3.1. Reaction with iodine

1,2-Dichloroethane was found to be an ideal
solvent for the formation of tri-iodide ion pair
(inner complex). Methylene chloride, chloroform
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Table 2

The reaction time, peak position and intensity in polar and non-polar solvents

Acceptor Reaction time, (min) 1,2-dichloroethane® Acetonitrile®

Amax (nM) Emax Amax (nM) Emax
Iodine 5 293, 363 1320, 671 —b —b
TCNQ 20 605 1258 842 11400
TCNE 15 420 288 414 2720
DDQ 12 388 2008 460° 1760¢
TNF 30 412 178 485 1070
Chloranil 5 440 258 430 440
Fluoranil 5 312 487 400 712
Chloranilic acid 5 435 376 525 980

@ Using phenobarbital sodium as donor.
® High blank readings.
¢ The same readings were obtained with methanol.

and carbon tetrachloride produced lower ab-
sorbance readings. Polar solvents were found to
be unsuitable as their blanks with iodine gave
high absorbances.

The violet colour of iodine in 1,2-
dichloroethane (4,,,, at 240 and 515 nm) immedi-
ately changed into lemon yellow (/,,,, at 293 and
363 nm) upon the addition of any of the investi-
gated compounds typical for charge-transfer com-
plexes (Fig. 1). The consistency of these two
bands, in spite of the structural variations among
the different studied compounds, is probably due
to the common origin of the transition in n-elec-
tron transfer from the sodium salts of barbiturates
and phenytoin to the g-acceptor iodine. The high
intensity of the charge-transfer bands are common
to complexes of n-donors with iodine [19]. The
appearance of absorption peaks at 293 and 363
nm was attributed to the formation of a charge
transfer complex between the investigated drugs
and iodine having an ionized structure DI*...15,
taking into account that the spectrum of I in
1,2-dichloroethane shows two absorption maxima
at 293 and 363 nm (¢=45800 and 25000 dm?
mol ~! cm ~ !, respectively). This complex should
originate from an early intermediate outer com-
plex D...I,. From the investigated compounds and
iodine, only thiopental sodium absorbs at 293 nm,
other compounds have no absorption at 293 and
363 nm. Therefore, measurements are carried out
at 363 nm for thiopental sodium due to interfer-

ence from its native uv absorption and at 293 nm
for other compounds.

D+1, =D-I*I- =[D-I"] = I3
+1-
outer inner tri-io-
com- com- dide
plex plex ion
pair

3.2. Reaction with m-acceptors

The interaction of the investigated compounds
with certain polyhalo and polycyanoquinones -
acceptors in non-polar solvents (such as 1,2-
dichloroethane), Table 2 was found to produce
coloured charge-transfer complexes with low mo-
lar absorptivity values. In polar solvents, such as
acetonitrile, (Table 2 and Fig. 2), complete elec-
tron transfer from the donor to the acceptor
moiety takes place with the formation of intensely
coloured radical ions with high molar absorptivity
values, according to the following scheme:

polar
solvent
=D-A) =

D+A D*+A

complex radicals ions
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Fig. 1. Absorption spectra of: phenobarbital sodium (1); thiopental sodium (2) and their reaction products with iodine (3,4), using

25, 10, 175 and 70 pug ml—! respectively, all in 1,2-dchloroethane.

The dissociation of the (D—A) complex is pro-
moted by the high ionizing power of the solvent
acetonitrile [24].

The resulting bands of the named compounds
with 7-acceptors are similar to the maxima of
radical anions of the acceptors obtained by iodide
reduction method and coincide with the values
reported in the literature [24].

The predominant chromogen with TCNQ in
acetonitrile is the bluish-green coloured radical
anion which exhibits strong absorption maxima at
842, 825, 762, and 742 nm. These bands may be
attributed to the formation of the radical anion
TCNQ'—, which was probably formed by the
dissociation of an original donor—acceptor (D—A)
complex with the investigated compounds in ace-
tonitrile. With TCNE, the characteristic shaped
absorption band of TCNE radical anion with
reported maximum in acetonitrile at 432 nm was
not formed. Instead, droplet at 394 and 414 nm
was formed which corresponds to 1,1,2,3,3-penta-
cyano propenide (PCNP) anion. From the quanti-
tative point of view, PCNP anion is preferable to
TCNE anion in having high molar absorptivity
[24].

The formation of radical anions were possible
in methanol, ethanol, propan-1-ol, propan-2-ol or
dimethylsulphoxide. However, non-linear re-
sponse compared with acetonitrile was observed.
The latter was considered as an ideal solvent as it
also afforded maximum sensitivity due to its high
dielectric constant which promotes maximum
yield of radical anions in addition to its high
solvating power of the reagents. Methanol gave
maximum sensitivity in case of DDQ, inspite
chloroform and carbon tetrachloride could also
be used.

The relative sensitivity of the seven acceptors in
analytical work may be compared by their e-val-
ues. TCNQ, TCNE, DDQ and iodine, exhibiting
the highest ¢-values related to their high electron
affinities were selected for further quantitative
work. The weak and small values in cases of
TNF, chloranil and fluoranil may be explained on
the basis of insufficient ionization of these rela-
tively weak m-acceptors which possess lower elec-
tron affinities [19].

The application of the Job’s method [25] of
continuous variation indicated 1:1 ratio for all the
investigated compounds with all acceptors stud-
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Fig. 2. Absorption spectra of the reaction products of phenobarbital sodium (15, 83 and 67 pug ml—!) with each of TCNQ (1), DDQ
(2), TCNE (3) respectively, (2) in methanol, (1 and 3) in acetonitrile.

ied. This indicates that only one center is respon-
sible for the complex formation. These findings
are supported by the reaction of the sodium salts
with hydrochloric acid where they were found to
be titrated as monobases.

3.3. Reagent concentration

The results for variation of reagent concentra-
tion indicated that 1 ml of either 0.05% iodine,
0.1% TCNQ or TCNE, 0.2% chloranilic acid,
0.4% DDQ 0.5% chloranil or fluoranil, 1% TNF
are suitable. The higher concentrations used of
the reagents may be useful for rapidly reaching
equilibrium, thus minimizing the time required to
attain maximum absorbance readings at the corre-
sponding maxima.

3.4. Reaction time

The optimum reaction time was determined by
following the colour development at ambient tem-
perature (25 & 5°C). Complete colour develop-
ment was attained instantaneously or after 5-30

min with all compounds investigated (Table 2).
The colours remain stable for at least a further 30
min.

3.5. Infrared and '"H-NMR studies

The formation of donor—acceptor complexes
was confirmed by both IR and 'H-NMR tech-
niques.

The majority of infrared measurements on such
complexes have been concerned with shifts in the
vibrational frequencies in donor or acceptor (or
both). Decreases in the vibration frequency of a
particular band have been used as evidence for a
particular site of a charge-transfer interaction [19].
The infrared spectra of the complexes show some
differences compared with the sum of the spectra
of the two components. This was used to distin-
guish between weak charge-transfer complexes
and the products of electron transfer or proton-
transfer reactions [19].

The IR bands of the C—O or the C-S in the
complexed molecules are shifted ~20 cm~!
lower than the absorption of the free compounds.
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This indicates a decrease in the stretching force
constant and favours coordination to the oxygen
or sulphur atom. Moreover, the absorption fre-
quencies assigned to the C—N stretches are shifted
~ 20 cm ! to higher frequencies. These shifts are
expected if the oxygen or sulphur atoms are the
donor centers. Similar changes in the IR spectra
of the donor upon complexation have been re-
ported for several carbonyl compounds [26].
Dimethylacetamide and thioamides were reported
to bind the iodine by oxygen or sulphur respec-
tively [27].

In '"H-NMR, generally, the protons of the
donor are shifted to a lower field (paramagnetic
shift). The '"H-NMR spectra of the complexes of
the investigated compounds, with different accep-
tors were recorded in dg¢-DMSO together with the
spectra of the free compounds.

The aromatic protons of the complexed pheno-
barbital sodium are shifted to a lower field (Ad =
0.15 ppm) and the methyl and methylene protons
are shifted (from 0.1 to 0.2 ppm). In the com-
plexed thiopental sodium, 4-CH;, 1-CH, and
3—-CH are shifted to a lower field (Ad =0.15
ppm). In the complexed methohexital sodium,
8—CH, and 11-CH are shifted to a lower field
(Ao =0.2 ppm), while the other protons remain
unchanged. In the complexed phenytoin sodium,
the aromatic protons are shifted (Aé = 0.07 ppm).
Hence, as stated in similar reports [21,22], it could
be deduced that the charge-transfer may proceeds
from the anion formed from the dissociation of
ONa or SNa of barbiturates or phenytoin.

3.6. Molecular modelling, molecular mechanics
and proposed interaction mechanism

To study the sites of interactions between the
donor and the acceptor, the donor and the accep-
tor were minimized alone and together by compu-
tation. In this work, molecular modelling and
mechanics for phenobarbital sodium and TCNE
as examples for donors and acceptors respectively
led to the following:

(1) In the case of electroneutral fully optimized
molecules, phenobarbital sodium attacks TCNE
at the area of C=C. Phenobarbital sodium has two

possible donating entities (O~ and the N — 1 by
its lone pair of electrons). It is acceptable that the
electrostatic surface area of two molecules, such
as phenobarbital sodium and TCNE, can be the
mathematical sum of their individual total surface
areas (St). By this calculation, the hypothetical
sum will be 231 A2 (S; of phenobarbital anion)
+ 145 A2 (S; of TCNE) =376 A2. Strong elec-
trostatic attraction at the mentioned centers be-
tween the two molecules when minimized together
was found to result in an actual total surface area
of 351 A2 ie. 25 A? less than the hypothetical
sum.
(2) The distance between the O~ of phenobar-
bital anion and each of the two carbons of TCNE
(C=C) equals 2.83 and 3.14 A.

(3) The distance between the N — 1 of pheno-
barbital anion and each of the two carbons of
TCNE (C=C) equals 2.92 and 3.26 A.

From these studies it could be concluded that
there is a strong interaction between phenobarbi-
tal anion, the donor with TCNE and the acceptor,
guided by the reduced electrostatic surface (25
Az). Again, the source of electron donation can be
better from the O~ than the N — 1 of phenobar-
bital anion mediated by the distance between each
of these atoms and the acceptor.

3.7. Quantification

Under the specified reaction conditions, the
molar absorptivity at the 4., was found to be a
function of concentration of the investigated
drugs. In all cases studied, Beer’s law plots (n =
10) were linear with very small intercepts (—
0.0276 to + 0.0257), slopes ranged from 0.009 to
0.097 in the concentration ranges given in Table
1. The correlation coefficients ranged from 0.9950
to 0.9998. The confidence intervals for slopes and
intercepts were calculated. The intervals for inter-
cepts were tested at 95% confidence limits and 8
df and the results show that there were no signifi-
cant difference between zero and intercepts.

The mean of eight replicate analyses of solu-
tions of the studied compounds at the concentra-
tion limits listed in Table 1 gave relative S.D.
values up to 1.8%. This level of precision of the
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Table 3

Analysis of phenobarbital and phenytoin sodium salts in the presence of some co-formulated ingredients

Ingredients Amount (mg) Recovery %, +S.D.2
Todine TCNQ TCNE DDQ
Phenobarbital sodium (10 mg):
Paracetamol 200 99.0 +0.9 99.5+1.1 99.4+0.5 99.6 +1.1
Ergotamine tartarate 1 100.7 + 0.6 98.7+0.2 100.2+1.1 99.7+1.2
Mebrobamate 150 100.99 +1.2 99.5+0.9 100.3+0.9 99.8 +1.3
Chlorpheniramine maleate 1 1089+ 1.1 108.7+0.9 108.6 + 0.8 108.4 + 0.5
Phenytoin sodium (50 mg):
Thiocol 150 101.0 +£0.2 100.0 £ 0.8 99.4+0.6 99.6 + 1.1
Caffeine citrate 50 100.3+1.3 99.0+0.5 100.1 +1.1 100.1+14
Phenobarbital 50 999 +1.2 99.9 + 0.6 100.1 +£0.2 99.7+1.2
Atropine sulphate 0.2 99.4+1.0 994+1.3 993+ 1.1 100.1 +1.2
Methylphenobarbital 100 99.8 + 1.0 99.4+1.0 99.6 + 1.1 99.7+0.9
Potassium bromide 200 100.3+1.2 99.2+1.2 99.4+09 100.3 +0.8

@ Average of three determinations.

method is adequate for the quality control analysis
of the studied drugs.

3.8. Specificity and interference

The proposed procedures have the advantage
that most of the assays are performed in the
visible region away from uv-absorbing interfer-
ents that might be co-extracted from dosage
forms. Owing to the basic character of the in-
vestigated compounds, they can act as strong
n-electron donors (pK,=11-12), the reactions
were found to be specific for the sodium salts
derivatives in the presence of the structurally
related barbituric, thiobarbituric, phenobarbital
and methylphenobarbital free acids (pK, = 6-8).

Interference studies were carried out in order
to investigate the effect of commonly encoun-
tered compounds that present in barbiturate
dosage forms. No interference was observed
from phenobarbital, methylphenobarbital free
acids, paracetamol, atropine sulphate, thiocol,
potassium  bromide, ergotamine tartarate,
meprobamate and caffeine citrate. On the other
hand, chlorpheniramine maleate being basic
enough (pK, 9.2) was found to interfere with
the assay procedures, Table 3.

3.9. Analysis of pharmaceutical formulations

The obtained high intensity absorption bands
and the very low reagent backgrounds make these
procedures suitable for the routine quality control
analysis of the investigated compounds with mini-
mum interference. The proposed and official meth-
ods were applied to the determination of tablets,
capsules, ampoules and vials. The obtained mean
values (£ S.D.) of the labelled amounts ranged
from 98.7 +0.5 to 101.1 + 0.5, Table 4. In the ‘t’
and ‘F’ tests, no significant differences were found
between the calculated and theoretical values (95%
confidence) of both the proposed and official meth-
ods. This indicates similar precision and accuracy.

3.10. Identification on thin-layer chromatograms

The different colours developed from the interac-
tion of the investigated compounds with the differ-
ent acceptors could be used on thin layer
chromatograms for detection and differentiation of
these compounds (from their R; values), Table 5.
So spraying with iodine solution colours all the
spots yellow while with TCNQ spray reagent,
bluish-green radical anions spots are observed. The
colours obtained for other spray reagents are given
in Table 5. In general, the order of decreas-
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Determination of the investigated compounds in dosage forms

Dosage forms*

Claimed (mg/
unit)

Recovery %, +S.D.®

Todine TCNQ TCNE DDQ Official
Sominaletta ampoules 40 98.7+0.5 100.5+0.7 101.1+0.5 98.84+0.5 99.3 +0.8°
t: 1.52 t: 2.42 t: 1.96 t: 1.21
F: 2.71 F: 1.14 F: 2.71 F: 2.40
Thiopental sodium vials 500 100.0 £0.7 99.5+0.9 99.1+0.8 99.0+0.8 99.7 +1.4¢
t: 0.33 t: 0.32 t:0.85 t: 1.02
F: 4.56 F: 2.64 F: 2.90 F: 2.97
Brietal vials 500 99.2+1.0 99.4+1.0 99.6 +1.1 99.1 +£0.8 100.1 +1.8¢
t: 0.89 t: 0.76 t: 0.52 t: 1.14
F: 3.11 F: 2.93 F: 2.72 F: 4.71
Epanutin capsules 100 999+1.0 99.4+1.2 99.7+ 1.0 994409 99.5 4+ 1.8¢
t: 0.34 t: 0.12 t: 0.18 t: 0.16
F: 3.14 F: 2.12 F: 3.41 F: 4.33
Epanutin with phenobarbital capsules 100 100.74+0.5 99.5+1.0 99.8 +0.7 99.8 +1.0 99.5+1.7¢
t: 1.29 t: 0.10 t: 0.28 t: 0.26
F: 3.69 F: 3.05 F: 5.96 F: 3.24
Antisacer compositum children tablets 50 99.8 +1.0 99.3+1.2 99.4+1.0 100.4 +0.8

Theoretical values for t: 2.78 and for F: 6.39 (at p = 0.05).
2 For detailed composition, see Section 2.

® Average of five determinations.

¢B P 1993 (titrimetric).

4B P 1993 (gravimetric).

¢ USP 23 NF 18 (HPLC).

ing sensitivity is: TCNQ, TCNE, DDQ, iodine,
fluoranil, chloranil chloranilic acid, bromanil and
TNF. The detection limits with TCNQ (the most
sensitive reagent) ranged from 0.5 to 5 pg per 50
mm? for the studied compounds. The rapid devel-
opment of colours at room temperature with non-
corrosive reagents, the variation of colour shades,
the sensitivity and stability of colours suggest
obvious use of these acceptor reagents to supple-
ment existing methods for the detection of the
sodium salts of barbiturates and phenytoin on
chromatograms.

4. Conclusions

The proposed spectrophotometric methods are
simpler, time saving and more sensitive than the

British Pharmacopeia gravimetric and titrimetric
methods. In addition, they can be applied to the
quality control analysis of the sodium salts of
phenobarbital, thiopental, methohexital and
phenytoin pure or in combination with other
drugs. TCNQ exhibiting the highest € values with
all the studied compounds could be considered
the most suitable one for further work.

Moreover, the proposed methods could be con-
sidered superior to the British Pharmacopeia 1993
as they could be used successfully for the analysis
of phenytoin sodium in the presence of phenobar-
bital free acid (epanutin with phenobarbital cap-
sules and antisacer compositum tablets). In
addition to ultraviolet-visible spectrophotometry,
infrared and 'H-NMR spectroscopy could also be
used to study the possible site of interaction be-
tween the donor and acceptor.
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Table 5

Colours of TLC spots of the investigated compounds after spraying with different acceptor solutions

Acceptors Phenobarbital sodium Thiopental sodium Methohexital sodium Phenytoin sodium
Iodine Yellow Yellow Yellow Yellow

TCNQ Blue Brown Bluish-green Bluish-green
TCNE Yellow White White Red

DDQ Red Red Red Red

Chloranil Brown Violet Brown Brown

Fluoranil Violet Brown-violet Violet Orange-yellow
Bromanil Violet Brown-violet Violet Orange-yellow
Chloranilic acid Violet Violet Violet Violet

TNF Brown White Brown Brown

Adsorbent: silica gel G254 precoated plates; Solvent system: benzene:chloroform:ether:methanol (22:22:4:2); Rz 0.33, 0.82. 0.76 and
0.18 for phenobarbital, thiopental, methohexital and phenytoin sodium salts, respectively.
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Abstract

In the present study, an effective method is presented for the separation and preconcentration of uranium (VI) by
solid phase extraction (SPE). For this purpose, U(VI) oxinate is formed by the reaction of U(VI) with 8-hydroxy-
quinoline and adsorbed onto the octylsilane (C-8) SPE cartridge. The analyte is completely eluted with chloroform
and determined by differential pulse polarography. The SPE conditions were optimized by evaluating the effective
factors such as pH, oxine concentration, type and concentration of buffer and masking agent. By the proposed
method a preconcentration factor more than 100 was achieved. The average recovery of uranium (VI) oxinate
(0.1 mg 1- ") was 99.8%. The relative standard deviation was 1.6% for seven replicate determinations of uranyl ion
in the solution with a concentration 20 pg 1~ !. Some concomitant ions such as Ca*2, Mg*2 and Fe*? which
interfere in extraction or determination process of uranium were masked with EDTA in aqueous phase during the
extraction process. The proposed method was successfully used for the determination of uranium in Caspian Sea and
Persian Gulf water samples. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Uranium; Seawater; Solid phase extraction; Oxine; Chloroform; Trace analysis; Differential pulse
polarography

1. Introduction of uranium [1-9]. While characterized by detec-
tion limit in the subnanomolar range, such proce-

Considerable interest has developed in the de- dure often suffer from interferences due to

termination of trace uranium in environmental
sites as well as in facilities of the nuclear industry.
Electroanalytical techniques have frequently been
used for this purpose. In particular, adsorptive
stripping voltammetry (ADSV) is becoming a
widely accepted tool for ultra-trace measurement

* Corresponding author.

overlapping stripping peaks (from some co-exist-

ing metals). However, recently a direct and selec-

tive ADSV has been described [10,11]. A chemical

separation of the trace uranium prior to analysis

serves the dual purpose of:

e increasing its concentration to levels at which it
can be reliably determined by differential pulse
polarography.

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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e removing it from the seawater matrices to en-
hance the polarographic selectivity.

One of the most popular separation and precon-
centration methods in trace metal analysis involves
theliquid-liquid extraction of the analytes. We have
successfully used this technique followed by adsorp-
tive differential pulse polarography for the determi-
nation of uranium in mineral ores [12]. Concent-
ration factors of this technique are insufficient for
ultra-trace analysis even using sensitive methods as
well as differential pulse polarography. In an at-
tempt to overcome these limitations a method which
involves complexation of the metal ions with chelat-
ing agents followed by adsorption on octadecylsi-
lane chemically bonded silica gel (ODS) [13] or
activated carbon have been reported [14]. Although
ODS has been used for the preconcentration of some
trace metals from seawater [15,16]. This technique
has never been used for the separation and precon-
centration of uranium from seawater. The applica-
tion of ODS solid phase cartridge to the separation
and concentration of U(VI) from seawater and its
differential pulse polarographic determination after
elution from the solid phase with chloroform is
reported here.

2. Experimental
2.1. Chemicals and reagents

Chloroform, tri-butylamine, perchloric acid, and
8-hydroxyquinoline (oxine) were from E. Merck
p.a. grade. The supporting electrolytes used were
tri-butylammonium perchlorate (tri-BAP) and te-
trabutylammonium perchlorate (TBAP). Tri-BAP
was prepared by gradual neutralization of tri-buty-
lamine with perchloric acid while cooling the solu-
tion in iced water. Tri-BAP formed in slightly acid
solution was filtered, then washed several times with
double distilled water and dried in vacuum. The
dried crystals were washed by normal hexane and
evaporated the solvent. 400 mg solid phase extrac-
tion cartridges were from E. Merck.

Standard uranium solutions: A 10~ M aqueous
solution of UO,(NO;),6H,O from E. Merck was
prepared as a stock solution. The standard solutions
were prepared by successive dilution of this stock
solution.

2.2. Apparatus

All voltammograms were recorded with a three
electrode system. A polarograph E506 was used with
an E505 VA Stand including a dropping mercury
electrode from Metrohm (Switzerland) to plot the
DP polarograms. Solid phase extractions were
performed using vacuum waste collect adsorbex,
SPU, E. Merck (Germany).

2.3. Electrodes

The reference electrode Ag/AgCl (sat.), TBACI
(sat.) and TBAP 0.5 M in chloroform in separated
compartment was directly immersed in the reaction
cell. The working electrode were DME and the
auxiliary electrode was a platinum wire.

2.4. Preconcentration procedure

(1) Evaluation of alkaline earth cations concen-
tration in seawater: To a 25 ml portion of seawater
were added 10 ml ammonia buffer, pH 10, and a
few amounts of Erio chrom black T and titrated by
a standard solution of Na,H,Y.

(2) Sample pre-treatment: Seawater samples
were filtered through 25-50 and 4-5.5 pm sintered
glass respectively. To 100—500 ml filtered seawater
or standard solution of uranium (0.4 mg1~"), were
added 0.025 M plus a required excess amount
(depending on the alkaline earth cations concentra-
tion) of Na,H,Y and oxine up to 2 x 10 =3 M. After
1 min stirring the pH was adjusted to 5.5 with HCI
or NaOH (solution A).

(3) Solid phase extraction step: SPE cartridges
were first conditioned by successive washing by 1
ml acetonitrile and 1 ml water. A 10 ml portion of
oxine solution passed through over conditioned
cartridges, hence the columns were saturated with
oxine. The solution A was passed from SPE car-
tridge atabout 2.5—3 mlmin ~ !. The cartridges were
washed with 2 ml of the solution containing
Na,H,Y, pH 5.5. The analyte was then eluted with
5 ml of chloroform and the eluate was collected in
a 5 ml volumetric flask containing 2 x 10~% M
supporting electrolyte and 0.1 M oxine. The result-
ing solution was transferred into a polarographic
cell for recording of the polarograms.
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2.5. Polarography of uranium (VI) oxinate in
chloroform

Polarographic characteristics of U(VI) in chloro-
form were described with detail in our previous work
[12]. On the basis of the results obtained (calibration
graph was linear over the range 0.5-80 uM with
correlation coefficient of 0.998 and L.O.D. of 0.4
uM), the differential pulse polarographic measure-
ment of U(VI)-oxinate in chloroform eluate may be
done as follows:

Add 0.25 g of tri-BAP as supporting electrolyte
to 5 ml chloroform eluate, bubble nitrogene presat-
urated with chloroform through the solution for 20
min, record the DP polarogram by sweeping the
potential from 0.200 to — 0.500 vs. reference elec-
trode with scan rate of 5 mV s~ !, construct the
standard addition calibration graph to determine
uranium.

3. Results and discussion
3.1. Optimization of experimental conditions

Using 100 ml aqueous solution of 0.1 mg 17!
UO," 2, several experimental variables involve: type
and quantity of solid phase, loading rate, concen-
tration of oxine (HOX) in liquid phase as well as
on SPE cartridge, pH of sample, type and concen-
tration of buffer, type and volume of conditioning,
washing and elution solutions were optimized.
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Fig. 1. Effect of aqueous oxine concentration on the extrac-
tion efficiency from 100 ml of 0.1 mg 1—! of uranium.

3.2. Choice of solid phase cartridge

One of the reasonable ways for quantitative
adsorption of the metal ions on the solid phase is
the complexation of the metal ions with chelating
agents and retention of the produced hydrophobic
compounds on the non-polar solid phase. For this
purpose we have chosen oxine as chelating agent and
we have examined the efficiency of various columns
such as octylsilane (C-8), octadecylsilane (C-18),
phenyl bonded silica, and unmodified silica. The
results obtained showed that C-8 (100-400 mg)
cartridge has the most satisfactory behavior. There-
fore in further experiments, we have used this type
of solid phase cartridge.

3.3. Conditioning of solid phase

For this purpose, the cartridges were usually
washed by methanol and water successively. The
preliminary experiments in this work showed that
successive washing by 1 ml acetonitrile and 1 ml
water represent better results.

3.4. Choice of chelating agent

For solid phase extraction of U(VI), the use of
a chelating agent is required. For this purpose we
have chosen oxine and reasons are as follows.

(1) The uranium (VI) oxinate can be eluted from
solid phase with organic solvents such as chloroform
and dichloromethane.

(2) The uranium (VI) oxinate eluted, can be
determined directly in chloroform by differential
pulse polarographic method which has been previ-
ously developed by present authors [12].

3.5. Loading step

The preliminary experiment showed also that for
quantitative extraction of uranium oxinate on a
single column C-8 (400 mg), the concentration of
the analyte must not be exceeded from 3 mg 1~ 1.
In the light of extremely minute amount of uranium
in seawater, and relatively great adsorptive capacity
of the C-8 (400) column, no overloading problem
is made, even for the processing of several liters of
sample. The optimum loading rate was found 2.5—
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Fig. 2. Effect of pH on uranium extraction efficiency from 100
ml of 0.1 mg 1=! of model solution. Oxine (HOX), 1.96 x
10~3 M and EDTA 0.025 M.

3ml min ~ ' and had a little influence on the results.
On the other hand we have investigated the opti-
mum conditions for quantitative adsorption of the
uranium oxinate on the solid phase.

Influence of oxine concentration: The presence of
oxine on the solid and liquid phase and its abun-
dance is an effective parameter on the extraction
efficiency of U(VI). From the results obtained the
most satisfactory and reproducible results were
obtained when the solid phase was presaturated
with oxine and over 2 x 1072 M oxine was dis-
solved in sample solution (Fig. 1).

Influence of pH and type of buffer: Since the
solid phase used in SPE may be distracted at high
and low pH, therefore the pH range 2—8 often
offered as operation conditions. We have investi-
gated the effect of pH on the efficiency of
UO0,(0X), extraction. The results obtained showed
that the pH 5.5 was suitable (Fig. 2). Since EDTA
was used as an effective masking agent for the
selective extraction of analyte in the presence of
some concomitant elements, we have examined the
suitability of Na,H,Y for buffering of sample
solution at 5.5. We have demonstrated that a 0.025
M disodium salt of EDTA for the present SPE was
convenient. Note that in the absence of EDTA,
uranium oxinate precipitated on the solid phase at
the same pH. It seems that the presence of EDTA
in the solution is desirable, probably due to the
formation of some soluble aggregates between
UO,(0X), and EDTA.

Washing step: For the elimination of any con-
comitant ions or compounds, the cartridge washed

with 2 ml of solution containing Na,H,Y, pH 5.5.
The waste solution was analysed and no significant
uranium content was observed.

Elution: Due to excellent solubility of uranium
oxinate in chloroform and good electrochemical
behaviors of this compound in chloroform [12], we
have chosen this solvent as the eluant to benefit
from very sensitive electrochemical method as well
as differential pulse polarography for the previous
analysis. The adsorbed uranium oxinate was eluted
by three successive 5 ml portions of chloroform.
The analysis of the elutes showed that in the
optimum conditions, the average recovery of ura-
nium oxinate in the first eluate was over than 99.8%
and is sufficient for quantitative analysis.

3.6. Extraction efficiency and concentration factor

The results obtained for the various portions of
0.1 mg 1~ ! model solution of uranium showed that,
the recovery of uranium from 100 to 500 ml of the
solutions was 98—101% and concentration factor
exceeded than 100-fold. A typical pulse polarogram
recorded for chloroform eluate, corresponding to
100 and 500 ml of uranium model solution is shown
in Fig. 3.

3.7. Interference study

Interfering ions in seawater may be divided into
two groups:

(a) The elements with major amounts such as Ca
and Mg which their oxinates formed in the extrac-
tion conditions of UO,(OX),, fixed on the SPE
column and prevent the complete extraction of
analyte. However, their presence in the chloroform
eluate do not interfere with the pulse polarographic
determination of UO,(OX),.

(b) Theions with minor amounts such as Cu and
Fe which are extractable by SPE and their presence
in chloroform eluate, may interfere with the pulse
polarography of uranium. Each of the two groups
may be masked by EDTA in aqueous media. We
have demonstrated that in the presence of suitable
EDTA concentration (0.02 M, plus a required
excess, depending on the alkaline earth cations
concentration) there was no interference from con-
comitant ions mentioned above.
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Table 1
Results of recoveries from mokel uranium solutions

Volume of solution (ml) Recovery (R%) R% RSD%
1 2 3

100 (0.1 pg ml— 1) 101.9 98.7 98.8 99.2 1.9

500 (0.2 pg ml— 1) 98.2 98.5 102.5 99.7 2.4

3.8. Recovery and precision

Before attending analysis of seawater, a series
of experiments were performed to assess the re-
covery of uranium at the concentration ten
times higher than normal concentration in sea-
water in the experimental conditions optimized.
Uranium spiked bidistilled water (0.1 mg 1=7)
was analysed by proposed methods, using stan-
dard addition procedures in polarographic cells.

The results obtained are given in Table 1. As
seen from this table, the recovery of uranium
was 99.8% and the relative standard deviation
for five replicate determinations was 1.9-2.4%.
On the other hand, the relative standard devia-
tion for seven replicate determinations of 500 ml
model water sample containing 20 pg 1~ ! uranyl
ion, was about 1.6%.

3.9. Seawater analysis

Results for the analysis of two seawater sam-
ples (Caspian Sea and Persian Gulf) are given in
Table 2. All samples were analysed in triplicate.

Table 2
Uranium contents of seawater samples

No. of samples Uranium Contents (ug 1)

Persian Gulf Caspian Sea

1 2.25 2.85

2 2.30 2.75

3 2.28 2.80
C=228 C=2.80

RSD% =1.2 RSD% =1.8

Since a standard method for the determination
of uranium in seawater has not been reported in
literatures and inductively coupled plasma mass
spectrometry (ICP-MS) as accepted independent
method is not available, the accuracy of the
method was examined by recovery study of the
spiked samples. The recovery of the spikes
added to seawater samples is given in Table 3.
The quantitative recovery of the uranium spikes
and relative standard deviation of 2.5% confirm
the good precision and accuracy of the proposed
method for the determination of uranium which
can be converted to U(VI) oxinate at SPE con-
ditions.

4. Conclusions

Solid phase extraction of UO,(OX), combined
with its pulse polarographic determination in
chloroform eluate, provide an accurate, precise
and reliable technique for the separation, con-
centration and determination of trace uranium
from 500 ml of sea-water. Due to the accessible
high concentration factor (100-fold), this method
is very sensitive.

Table 3
Recovery of 2.5 pg of uranium spiked in 500 ml of seawater

No. of sample  Persian Gulf (%) Caspian Sea (%)

1 99.2 99.7
2 99.5 98.6
3 98.1 99.3
RSD% =1.8 RSD% =2.1
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Fig. 3. Differential pulse polarograms of (a) 5 ml chloroform eluate obtained from SPE in optimized conditions, (b)—(e) successive
addition of 5 pg of uranium as UO,(OX), to (a). Supporting electrolyte 0.2 M tri-BAP + 0.01 M Oxine, pulse amplitude, 50 mV.
Scan rate 2 mV s~ !, polarogram I for 100 ml of solution containing 0.1 mg 1= ! of UO5"2, polarogram II for 500 ml of solution

containing 0.02 mg 1= ! of UO; 2.
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Abstract

With the aim of carrying out a calibration transfer for routine analysis, partial least squares (PLS) regression was
successfully applied to simultaneously determine thallium and lead by stripping voltammetry when an interfering
background current is present. The presence of a significant blank signal that overlaps the thallium peak, together
with the overlapping thallium and lead signals were both suitably modelled by this multivariate regression technique.
Moreover, once the PLS models are built, the piecewise direct standardization (PDS) method can be used to transfer
these models over time in such a way that the number of calibration samples that will be needed in future
determinations is reduced from 25 to 9, without a loss of quality in the analyses. The mean of the relative errors (in
absolute values) obtained for thallium and lead is below 4.94% and 3.19%, respectively. © 1998 Elsevier Science B.V.
All rights reserved.

Keywords: Calibration transfer; Partial least squares regression; Background current; Overlapping signals; Multiana-
lyte determination; Stripping voltammetry

1. Introduction charging current and the background component
related to redox reactions of impurities, support-

The simultaneous determination of thallium ing electrolytes, solvents or reactions of the elec-

and lead is commonly performed by stripping
voltammetry, where the current recorded during
the stripping step is given by the sum of both the
current corresponding to the metal of interest and
the background current, unrelated to the reaction
of interest. The latter can also be divided into the

* Corresponding author.

trode itself.

The accuracy of the stripping voltammetric de-
terminations depends on the discrimination that
can be achieved against the different contributions
to the total current, i.e. on the uncertainty in
measuring the current of the reaction of interest.
Effective approaches for compensating the charg-
ing current have been developed, perhaps the

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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most widely used being the differential pulse strip-
ping voltammetry [1] which in addition, gives a
gain in the overall signal-to-background ratio.

However, it should be noted that the differen-
tial pulse mode discriminates only against the
nonfaradaic charging current whereas it does not
correct the various faradaic components of the
background current. To also discriminate this lat-
ter contribution some subtractive procedures have
been developed with the aim of measuring the
background current and subtracting it from the
recorded current. Among these, the subtractive
stripping voltammetry [1] presents the disadvan-
tage of needing two identical electrodes (with the
same surface area, morphology, etc.), which im-
plies that, since two electrode surfaces are not
perfectly matched, the background current is not
always completely compensated.

The present-day electrochemical instrumenta-
tion and Chemometrics [2] provide wide informa-
tion about a system under study and useful
mathematical tools respectively, that allows one
to approach the background current problem
from a different point of view. The use of multi-
variate regression techniques [3], such as the par-
tial least squares (PLS) regression [4,5], implies
the extraction of the most relevant information
related to the analyte of interest and possibly a
way to discriminate the background current, from
the whole voltammetric signal (not only from the
peak current).

In this paper, PLS regression has been used to
simultancously determine thallium and lead by
differential pulse anodic stripping voltammetry
(DPASYV) when the experimental blank also gives
a voltammetric peak that seriously interferes with
the thallium peak. The determination of these two
metals in most electrolytes is difficult because of
the similar potentials at which both are oxidized,
which results in the overlapping of their voltam-
metric peaks and, hence, in an analytical error. In
fact, several chemical and mathematical ap-
proaches have been proposed to solve these two
overlapping peaks that include the use of extrac-
tion techniques [6], suitable electrolytes [7,8] or
surfactants [9], medium-exchange [10,11], and oth-
ers such as: derived voltammetry [12], Kalman
filter [13,14], PLS [15] or continuum regressions
[16], etc.

Once the PLS models had been built, a calibra-
tion transfer procedure was carried out to reduce
the experimental effort that would be needed in
similar analyses in the future carried out in a
routine way. Among the several standardization
procedures [17-20] that have been developed, the
piecewise direct standardization (PDS) method
[17,21] has provided very successful results when
it has been used with NIR spectroscopic data, but
it can also be applied to polarographic [22] and
voltammetric data [23]. This method is based on
calculating a matrix, the transformation matrix F,
which relates a subset of signals measured for
instance on a specific instrument or a set day to
other signals measured on another instrument or
a different day. Then, the PLS model built with
the whole primary calibration set can be applied
to the signals of the new situation corrected by
means of the transformation matrix, in such a
way that only a small subset of calibration sam-
ples has been measured in the new situation.

In this way, the number of samples needed for
simultaneously determining thallium and lead in
future analyses by means of the PLS regression
has been reduced from 25 to 9, without a loss of
quality in the determinations.

2. Experimental
2.1. Apparatus

The voltammetric measurements were carried
out using a Metrohm 646 VA processor with a
647 VA stand in conjunction with a Metrohm
multimode electrode (MME) used in the hanging
mercury drop electrode (HMDE) mode. The
three-electrode system was completed by means of
a platinum auxiliary electrode and an
Ag|AgCIKCl (3 mol dm ) reference electrode. A
Crison micro pH-2002 pH-meter was used for pH
measurements. The analysis of data was done
with PARVUS [24] and MATLAB [25].

2.2. Reagents

Analytical-reagent grade (Merck) chemicals
were used without further purification. All the
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solutions were prepared with deionised water
obtained in a Barnstead NANO Pure II system.
The voltammetric measurements were carried
out in an oxalic acid (0.1 mol dm~?%) and hy-
drochloric acid (0.1 mol dm ~2) supporting elec-
trolyte medium (pH = 1.037). Nitrogen
(99.997%) was used to remove dissolved oxygen.

2.3. Procedure

The solution was placed in the voltammetric
cell and purged with nitrogen for 10 min. Once
the solution had been deoxygenated, a deposi-
tion potential of —0.600 V was applied to the

Table 1
Experimental design used in calibrates A and B

Sample Experimental design Concentration (M x 107)

level
Thallium Lead Thallium Lead
1 1 1 3.2659 2.2909
t1 1 1.5 3.2594 3.4295
2 1 2 3.2530 4.5636
3 1 3 3.2402 6.8185
4 1 4 3.2275 9.0557
5 1 5 3.2148 11.2754
6 2 5 6.4047 11.2315
7 2 1 6.5059 2.2818
8 2 2 6.4803 4.5457
9 2 3 6.4549 6.7918
10 2 4 6.4297 9.0203
t3 2.5 4 8.0214 9.0027
11 3 1 9.7205 2.2728
12 3 2 9.6824 4.5278
13 3 3 9.6445 6.7652
14 3 4 9.6070 8.9852
15 3 5 9.5698 11.1880
16 4 1 12.9098 2.2639
17 4 2 12.8594 4.5102
12 4 2.5 12.8343 5.6267
18 4 3 12.8093 6.7389
19 4 4 12.7597 8.9504
20 4 5 12.7104 11.1448
t4 4.5 5 14.2717 11.1233
21 5 1 16.0742 2.2551
22 5 2 16.0117 4.4926
23 5 3 15.9496 6.7128
24 5 4 15.8880 8.9158
25 5 5 15.8269 11.1019

t1 to 14 are the test set samples.

200F 7

Current / nA

-550 -500 -450 -400 -350 -300
Potential / mV

Current / nA

-550 -500 -450 -400 -350 -300
Potential / mV

Fig. 1. Stripping voltammograms recorded for calibrates A (a)
and B (b). The peaks correspond to thallium (left) and lead
(right).

mercury electrode during 30 s. Next, the stirrer
was switched off and, after 30 s of rest period,
an anodic potential scan was initiated from —
0.558 V to —0.282 V in the differential pulse
mode. Other instrumental parameters were:
modulation amplitude, 50 mV; pulse repetition
time, 0.6 s; nominal area, 0.40 mm? scan rate,
10 mV s—!; stirring rate, 1290 rev. min—!. The
solution was stirred and deoxygenated for 15 s
after each addition.

3. Results and discussion

The major overlap of thallium and lead peaks
is the most significant obstacle found in the
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Fig. 2. Stripping voltammograms corresponding to the experi-
mental blank (dotted line) and to sample 33 of calibrate A
with (dash-dot line) and without (solid line) subtracting the
blank signal.

simultaneous determination of both metals by
stripping voltammetry. Previous analyses demon-
strate that this interference is so important that if
an insufficient experimental design is used (eight
training samples distributed in a central com-
posite design), then the information provided to
the PLS model is too limited and, consequently,
the regression model built becomes useless (ex-
plained variance below 96%). Therefore, the ex-
perimental design showed in Table 1 has been
used, which exhaustively covers the considered
concentration ranges; the training set is formed of
25 calibration samples whereas the test set is
composed of four samples.

Table 2

A whole calibration set was recorded by apply-
ing the experimental procedure to the samples of
the experimental design, the corresponding
voltammograms being shown in Fig. la, that
henceforth will be denoted as calibrate A. As
expected, the presence of two overlapping voltam-
metric peaks, that can be analysed by means of
multivariate techniques [15,16], is observed; the
first (left) assigned to thallium and the second
(right) to lead.

However, the supporting electrolyte used in this
paper also gives a voltammetric peak which, as
can be seen in Fig. 2, overlaps the thallium peak.
This signal, considered background current, leads
to a significant increase in the recorded signal
(solid line) with regard to the net signal (dash—dot
line) obtained when the blank signal is subtracted.
Likewise, a shifting of the thallium peak (the left
peak) is observed since the blank signal and the
thallium peak potential do not coincide exactly,
which is more evident by comparing the voltam-
mograms in Fig. 2. In Fig. 1a the thallium peak is
being shifted to more positive potentials when the
concentration of thallium is increased, i.e. when
the thallium contribution to the peak is greater.
Whereas in Fig. 2, when the blank signal has been
subtracted, the peak potential is about —0.435 V
in all the voltammograms recorded for the differ-
ent levels of thallium considered.

Usually, if a blank gives a voltammetric signal
in the potential range where the peaks of the
metals to be determined appear, this signal is

Explained and cross-validated variance of the PLS models built for calibrate A

L. V. Thallium

Lead

Y block X block

Y block X block

Explained vari-

Cross-validated vari- Explained vari-

Explained vari- Cross-validated vari- Explained vari-

ance ance ance ance ance ance
1 47.15 48.93 81.00 54.43 55.71 81.00
2 94.31 94.62 98.10 99.28 99.32 98.10
3 99.68 99.65 99.33 99.36 99.40 99.27
4 99.71 99.67 99.52 99.58 99.57 99.57
5 99.72 99.64 99.72 99.58 99.52 99.75
6 99.72 99.53 99.86 99.59 99.49 99.86

L.V. is the number of the considered latent variables.
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recorded at 47 potential values as predictor vari-
ables for each sample, the concentration of metal
being the response variable in each case. The data
have not been autoscaled. The full cross-valida-
tion method [26,27] has been used with the aim of
evaluating the stability and prediction ability of
the PLS models built.

The high explained and cross-validated variance
values, showed in Table 2, indicate that the inter-
ference due to the blank signal has been suitably
modelled by the PLS regression, despite the sig-
nificance of the phenomenon, principally on the
thallium calibration. The models built for both
metals consist of four latent variables, whose

Fig. 3. Loadings for the Ist (a), 2nd (b) and 3rd (d) latent
variables corresponding to the PLS model built for thallium
(calibrate A).

subtracted from the calibration and test set
voltammograms alike to avoid undesirable analyt-
ical errors. But, it is not always possible to have
the experimental blank signal and so, a method
able to model this interference would be of great
interest. So, to evaluate the ability of the PLS
regression to model this kind of interference,
which in this case is added to the above indicated
strong overlap of thallium and lead peaks, the
original signal has been used in the analysis, i.e.
the voltammograms showed in Fig. 1 where the
blank signal has not be subtracted.

3.1. Multivariate regression models

A PLS model has been built independently for
both thallium and lead, taking the current

200
o 21 32 4353
= ot 1 22 33 34
= 12 44 55
o ER 45
-100f 14 24 25 35
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Fig. 4. Scores for the Ist-2nd (a) and Ist-3rd (b) latent
variables corresponding to the PLS model built for thallium
(calibrate A). The first digit indicates the concentration level of
thallium, the second is the level of lead.
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Fig. 5. Standardization subsets (samples signalled with a circle) used in the calibration transfer procedures. On ordinates the level

of thallium and on abscissae that of lead.

chemical interpretation has been analysed through
the corresponding loadings and scores, Fig. 3 and
Fig. 4, respectively.

The shape of the loadings calculated for the
first latent variable, showed in Fig. 3a for thal-
lium, corresponds to a ‘mean voltammogram’,
which indicates that it is a size factor, as was
expected. However, the loadings corresponding to
the second latent variable, Fig. 3b, establish a
difference between the two ‘evident’ overlapping
peaks of the signal, extracting that information
related to the metal of interest in each case and
adequately correcting the interference due to the
other overlapping peak. Thus, those potentials
related to the metal of interest have positive val-

ues, whereas the contribution of the rest to the
signal is subtracted through the negative sign of
the corresponding loadings. In fact, the distribu-
tion of the scores in the plane formed by these
first two latent variables reproduces the experi-
mental design used (Fig. 4a) where the samples
are arranged along the abscissae axis in increasing
concentration order (from sample 11 to 55). The
models built with both latent variables have high
explained and cross-validated variance (Table 2)
but the need for more variables in the PLS models
is evident, especially for thallium since the inter-
ference of the blank signal is critical in this case.

On the other hand, the loadings obtained for
the third latent variable in the model built for
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Table 3

135

Effect of modelling the blank interference on the concentration calculated with the PLS models for the test set samples of calibrate

A. True values are found in Table 1

Sample Concentration (M x 107) calculated with the two latent Concentration (M x 107) calculated with the four latent
variables PLS models (without modelling interferences) variables in PLS model (modelling interferences)
Thallium Lead Thallium Lead

t1 5.3312 3.3714 3.2613 3.5082

t2 13.1027 5.8917  13.3710 5.7825

t3 8.5162 10.0103 8.0696 9.4880

t4 12.9128 11.6537  14.0989 11.0425

thallium (Fig. 3c) are related principally to the left
side of the voltammogram, establishing the differ-
ence between those potentials related to the thal-

45T

35

30

4451

401

Sl

30

25F

Fig. 6. SEP contour lines of the response surfaces correspond-
ing to thallium (a) and lead (b).

lium peak and those corresponding to the blank
signal, which is subtracted. Moreover, the linear
relation that exists between the scores of the first
(size factor) and third latent variables (Fig. 5b)
indicates that the phenomenon modelled by the
third latent variable is intimately related to the
predictor variables themselves, i.e. to something
referred to the global signal and not to the con-
centration of the metals. This was confirmed since
another two PLS models built by subtracting the
blank signal to the training set voltammograms
had similar explained and cross-validated variance
values, but no latent variable presented this char-
acteristic structure (the scores in Fig. 4b seem to
‘put in order’ the samples in the plane of the 1st
and 3rd latent variables taking into account the
sum of the concentrations or levels of both ana-
lytes).

With regard to the fourth latent variable, which
is included in the models of both metals, it seems
to be related rather to specific samples or objects
than to more general phenomena.

Table 4
Relative errors (%) for the test set samples of calibrate B
calculated without and with calibration transfer

Sample With the full calibra- Using calibration trans-
tion matrix B fer
Thallium Lead Thallium Lead
tl 7.01 7.17 5.07 0.71
2 —2.39 —-279 =313 —2.95
t3 —2.20 —447 —4.72 —5.24
t4 —2.85 —340 —6.77 —3.38

The parameters used in the calibration transfer were: no =7
and w =47 for thallium and no =7 and w =21 for lead.
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The third and four latent variables are then
related to the interference and some irregularities
so, if one does not consider these two latent
variables, it is possible to evaluate the error due to
the interference. In the training set, considering
only two latent variables, the mean relative error
(in absolute value) is 3.11% versus 2.24% when
the concentration of lead is calculated with four
latent variables. In the case of thallium the effect
is much more important, 14.48% versus 1.51%
with two and four latent variables, respectively.
This high discrepancy is due to the fact that the
interference shows an overlapping signal in the
range of potentials where the thallium peak ap-
pears. Detailed errors for test samples are shown
in Table 3. Mean errors obtained are 5.59% versus
2.80% for lead and 20.34% versus 1.51% for thal-
lium.

The loadings and scores shown in Fig. 3 and
Fig. 4 for thallium were similar to those obtained
in the PLS model built for lead, so a parallel
analysis was made.

3.2. Calibration transfer

As the PLS regression technique has proved to
be useful in the determination carried out, a cali-
bration transfer procedure, the PDS method, has
been applied for minimizing the experimental ef-
fort that would be necessary in later routine
analyses. For this purpose, a new calibration set,
henceforth named calibrate B, was recorded some
days later following the above experimental de-
sign. This new training set (Fig. 1b) is very similar
to the former, corresponding to the calibrate A
showed in Fig. 1a, but they are not identical.

The PDS method [17,21] consists of relating the
voltammograms measured in two different situa-
tions, in this case on different days, through a
transformation matrix F which is calculated from
a small subset (standardization subset) of voltam-
mograms recorded in both situations (X, and X
for calibrates A and B, respectively).

X, = XzF
The standardization subset should be large

enough in such a way that predictor variables
sufficiently cover the whole experimental range. In

this way, each predictor variable (x;) from the first
day is related to a moving window (Z;) of vari-
ables measured on the second day by means of a
local multivariate regression, the corresponding
regression vectors being arranged along the main
diagonal of the transformation matrix and the
rest of the elements being zero, so the size of F is
p X p, p being the number of predictor variables
measured.

Z,= [xB,ifjn XB,i—jr 1o+ XBitk—1> Xp il
xA,f:Zibi

Then, F can be used to correct any voltam-
mogram measured on the second day to the for-
mat which would have been obtained if it had
been measured on the first day. In this way, the
previously built and analysed PLS models can be
applied, through their corresponding closed forms
[28], to the corrected signals for determining the
concentration of thallium and lead in the samples
measured on the second day.

The m-function pdsgen, implemented in the
PLS Toolbox by Wise [29], has been used to
calculate the transformation matrix F. The input
parameters for this function are the two training
sets (X, and Xy), the window size and the stan-
dardization subset. With the aim of optimizing
the standardization procedure, several values have
been used for the last two parameters. The win-
dow size (w) has taken the following values: 3, 5,
7,..., 47; i.e. 23 different values in all, whereas the
different standardization subsets (7o) used are
those shown in Fig. 5.

The standard error of prediction (SEP), calcu-
lated from the test set samples, has been used to
evaluate the quality of the calibration transfer
procedures carried out, although those errors re-
lated to the training set samples have also been
taken into account. SEP is given by the square
root of

2

Z(J’j _}913,1‘)2

¥ J

where y; and yy ;, are the true concentrations and
those computed by the PLS model built for cali-
brate B respectively, and J is the number of
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objects in the test set. Fig. 6 shows, through the
contour lines of the response surfaces, the values
of SEP obtained for both metals as a function of
the different values of w and no used in the
calibration transfer (a total of 207 independent
calibration transfers have been done). As can be
seen, the best results are related to the standard-
ization subsets 1 and 7; whereas the worst were
obtained with the standardization subset 6, whose
samples correspond to one of the diagonals of the
design (Fig. 6) and for this reason, this subset
provides highly correlated voltammograms that
lead to a significant structural defect in this stan-
dardization subset [30].

Since no = 1 implies all the training set samples
in the standardization procedure, i.e. it corre-
sponds to a full recalibration (25 training set
samples), and no =7 requires only the measure-
ment of nine standardization samples in the new
situation, it is evident that the latter is the opti-
mum standardization subset for simultaneously
determining thallium and lead by DPASV
through the calibration transfer procedure pro-
posed. The use of only one standardization subset
for both metals is a desirable feature of the cali-
bration transfer because, in this way, no addi-
tional experimental effort is necessary to
determine one of the metals.

The influence of the different window sizes used
on the SEP values is less than that of the stan-
dardization subsets. For no =7, the minimum
SEP corresponds to w =47 for thallium and w =
21 for lead. The larger window size for thallium is
due to the fact that the blank signal seriously
interferes with the thallium peak, which makes
necessary the use of some potentials where this
interference does not exist to adequately carry out
the calibration transfer. So, the interference of the
background current is also detected in the calibra-
tion transfer step.

The relative errors corresponding to test set
samples of calibrate B calculated by means of the
calibration transfer and the PLS models built with
the full recalibration are shown in Table 4. The
errors obtained with the calibration transfer for
both test and training sets are similar to those
corresponding to the full recalibration, ie. to
those calculated by the PLS models built with all

the calibration samples of calibrate B, which indi-
cates the success of the standardization approach.
To confirm the ability of the instrumental stan-
dardization to predict the concentrations of thal-
lium and lead, the procedure has been applied to
the 16 samples of calibrate B which do not belong
to transfer set no = 7; these samples are indepen-
dent of the standardization procedure and their
concentrations are known. The mean of the rela-
tive errors (in absolute values) obtained for thal-
lium and lead is 4.94% and 3.19% respectively.
These errors are in the range expected when this
stripping technique is used, but the number of
standard calibration samples that will be needed
in later routine determinations of both metals has
been reduced to 64%.
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Abstract

A new concentration method of rhodium using Mg—W cell-electrodeposition has been developed. The method was
combined with electrothermal atomic absorption spectrometry (ETAAS) with a tungsten tube atomizer. The optimal
immersing time was 120 s. The most suitable pH for rhodium electrodeposition was 1.0. Under optimal conditions,
the detection limit of rhodium by the ETAAS with the preconcentration was 13 ng ml~—! (3S/N). The severe
interferences on the AAS signal of rhodium by large amounts of Ca, Cu, Fe, K, Na, Pb and Zn were eliminated by
the Mg—W cell-electrodeposition method. The method was applied to the determination of rhodium in river and sea
water. The recovery of rhodium spiked environmental samples was in the range of 95.6—109%. The present Mg—W
cell-electrodeposition method can be utilized in in-situ sampling of trace elements in environmental samples (water).
Furthermore, after sampling, it is easy to carry and store the W-sheet without contamination for a long time. © 1998
Elsevier Science B.V. All rights reserved.

Keywords: Preconcentration; Electrodeposition; Mg—W cell; Electrothermal atomic absorption spectrometry;
Rhodium; Water

1. Introduction separation, evaporation, flotation, freezing (cold-

trap), sorption and adsorption (activated carbon,

Until now, ion-exchange chromatography, liq-
uid chromatography, plane, chromatography,
gel-filtration chromatography, liquid—liquid ex-
traction, coprecipitation (Fe(OH),;, La(OH)s,
Zr(OH),, etc.), electrolytic deposition (electrode-
position, stripping voltammetry), electrophoretic

* Corresponding author. Tel.: + 81 59 2319427; fax: + 81
59 2319442; e-mail: kaneco@chem.mie-u.ac.jp

alumina, glass beads, silica gel, tungsten wire,
etc.) and ultrafiltration have been reported as
preconcentration (collection) and separation
methods of trace metals in various samples [1—
13]. These preconcentration methods combined
with instrumental analysis have frequently been
used for the determination of ultra-trace analytes
in complex matrix samples. Most of them are
complicated and time-consuming, except for ad-

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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sorption methods, which are simple and conve-
nient. The electrolytic deposition method needs a
power supply (electric source) like a potensiostat
but metal ions are collected efficiently. A precon-
centration method having the advantage of both is
the new electrodeposition method, reported here.

Recently, rhodium has been widely used as a
catalytic converter for the control of automotive
emission and as a raw material of plating in
electronic instruments [14]. As a result, rhodium
has been widely spread in the environment. ETAAS
with a metal tube, a conventional method for the
determination of trace elements [15-17], is useful
for the determination of rhodium in biological
samples [18].

In this work, a novel, simple and convenient
electrodeposition method is presented and applied
to the determination of trace rhodium in environ-
mental samples such as seawater and river water by
ETAAS with a tungsten tube atomizer.

2. Experimental
2.1. Apparatus

The galvanic electrodeposition cell (Mg—W cell),
used here for the preconcentration of rhodium, was
reported in previous papers [19,20]. As cathode, a
tungsten sheet (2.5 x 2.5 mm, 0.05 mm thick,
99.95% purity, Rembar) and, as anode, a magne-
sium sheet (8 x 8 mm, 0.10 mm thick, 99.9% purity,
Niraco), were used. Both were connected with a
copper lead wire having clips at both ends.

The ETAAS optical system employed for the
rhodium determination was described in detail
elsewhere [18]. A tungsten tube atomizer (20 mm
long x 2.0 mm i.d.) made of tungsten foil (0.05 mm
thick, 99.95% purity, Rembar) was used for the
ETAAS measurements. The atomizer had a slit
(0.08 x 2.7 mm) at the mid-point of the tube to
insert the W-sheet. The analytical line was 343.5 nm
Rh (hollow cathode lamp, Hamamatsu Photonics).

2.2. Reagents

Solutions of the matrix elements for the interfer-
ence study were prepared as chlorides in 0.1-6 M

hydrochloric acid. A standard stock solution (1
mg ml~!, 1 M HCI solution) of rhodium was
obtained from Kishida Chemistry, Osaka, Japan.
All of the chemicals used here were of analytical
grade purity.

2.3. Procedures

Mg and W sheets used as electrodes were de-
fatted with acetone and washed with 0.1 M HCI
prior to electrodeposition. Sample solution (3 ml)
was put into the cell and the pH adjusted to 1.0
with HNO;. Mg—W sheets with a copper wire
dipped into the solution and the solution was
stirred for 120 s. The W-sheet put out was
washed with demineralized-water and then per-
pendicularly inserted from a slit on the tungsten
tube atomizer into the atomizer. An upper part
of the W-sheet was exposed from the atomizer.
The W-sheet was dried at 80°C for 10 s, py-
rolyzed at 590°C for 10 s and atomized at
2230°C (using a heating rate of 5.5°C ms~—!) for
3 sin Ar 480 ml min—' + H, 20 ml min ! purge
gas.

3. Results and discussion

When two metals (magnesium and tungsten) are
combined and then dipped in acidified solution, a
spontaneous redox reaction begins in the solution.
Since this is a galvanic cell, the cell can provide a
voltage and an electron flow through an electrical
circuit. The voltage and the electrons can be used
for the deposition of metal ions in the solution.
Thus, a Mg—W cell was proposed for the precon-
centration of rhodium in sample solutions. Since
tungsten metal is relatively inert in dilute acids, the
redox half-reactions [21] in the cell are as follows:

Rh** 43¢~ - Rh E°=0.758 V
Mg>*+ +2e~ - Mg E°= 2372V
2Rh3* 4 3Mg E°=3.130 V

—2Rh+3Mg*
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Therefore, the reaction proceeds from left to
right. Based on the Nernst equation it could be
calculated that when the Mg?* concentration
becomes 0.01 M, then Rh®** is completely elec-
trodeposited because its theoretical concentra-
tion becomes 7.0 x 10 ~1%* M. Thus the Mg-W
cell is suitable for the preconcentration of
rhodium on a W-sheet.

It has been reported in a previous paper [18]
that the optimal purge gas on ETAAS with a
tungsten tube atomizer was Ar 480 ml min~
1+H, 20 ml min—!, the optimal atomization
temperature was 2230°C and the pyrolysis tem-
perature 590°C, to obtain the maximum ab-
sorbance of rhodium and protect the metal
atomizer from oxidation by residual traces of
oxygen in the atomizer chamber. Therefore, the
subsequent experiments with the preconcentra-
tion of the electrodeposition were performed
under these experimental conditions.

3.1. Effects of pH and immersing time on the
electrodeposition of rhodium

It has been found that electrolytic deposition,
sorption and adsorption methods are frequently
affected by pH and immersing time [1-4].
Therefore, the effects of pH and immersing
time on the electrodeposition of rhodium in a
Mg—W cell were investigated. The results are
illustrated in Figs. 1 and 2. The effect of pH
was evaluated at immersing times of 120 s.
Above pH 2, the amount of electrodeposition
of rhodium decreased with pH. In 1.5 M of
HNO,, it was observed that the consumption of
the Mg-sheet was very high. Consequently, 1.0
was recommended as optimum pH for the Rh
electrodeposition.

The absorbance of rhodium increased with
immersing time up to 120 s and then reached a
plateau. Subsequently, an immersing time of
120 s was selected.

3.2. Effect of electrodeposition on interferences
Chemical interferences by some matrix elements

in the determination of rhodium by ETAAS have
been observed [18]. Therefore, the electrodeposi-
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Fig. 1. Effect of pH of electrolyte on absorbance of rhodium.
Rh 500 ng ml !, Immersing time 120 s; Purge gas, 480 ml Ar
min ~! + 20 ml H, min —'; Pyrolysis temperature, 590°C; At-
omization temperature; 2230°C.

tion of rhodium on the W sheet in the presence of
matrix elements such as Ca, Cu, Fe, K, Na, Pb
and Zn (1000-10 000 folds) was investigated. The
rhodium AA signal was measured in terms of
both peak height and peak area. The results are
summarized in Table 1. Most of the matrix ele-
ments did not interfere with the rhodium
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Fig. 2. Effect of electrodeposition time on absorbance of
rhodium. Rh 500 ng ml~—!, pH 1.0; Purge gas, 480 ml Ar
min !+ 20 ml H, min—!; Pyrolysis temperature; 590°C; At-
omization temperature; 2230°C.
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Table 1
Effect of Mg—W cell electrodeposition on the interferences

Interfering element  Peak height Peak area
(amount) Abs. Abs. *t
Rh (250 ng ml—1) 0.298 +0.073 0.309 + 0.055
Ca (250 pg ml~! 0.294 +0.026 0.283 +0.043
(2.5 mg ml—) 0.296 + 0.026 0.293 4+ 0.051
Cu (250 pg ml=1) 0.319 + 0.053 0.303 +0.028
Fe (250 pg ml—1h) 0.305 4+ 0.072 0.296 + 0.048
K (250 pg ml—") 0.300 + 0.021 0.292 + 0.060
(2.5 mg ml—) 0.292 +0.026 0.283 +0.063
Na (250 pg ml—1) 0.316 + 0.060 0.306 + 0.015
(2.5 mg ml—) 0.313 4+ 0.024 0.300 + 0.024
Pb (250 pg ml—") 0.296 + 0.001 0.291 +0.070
Zn (250 pg ml—1) 0.312 4 0.025 0.301 +0.053

The number of measurement >3.

absorbance. The standard potentials of major co-
existing ions [21] are as following.

E°=0.342 V (Cu?*)

E°= —0.037 V (Fe+)
E°= —0.126 V (Pb>*)
E°= —0.762 V (Zn?+)

From these values, it can be understood that,
except for copper, rhodium is preferentially elec-
trodeposited in the Mg—W cell. Therefore, it is
reasonable that the coexisting metals investigated
did not interfere with the rhodium signal, by
considering this interference study.

Since this electrodeposition method seems rela-
tively interference-free, the Mg—W cell electrode-
position method was used to determine rhodium
in environmental samples.

3.3. Detection limit and reproducibility

The detection limit of rhodium by the ETAAS
combined with the electrodeposition method was
13 ng ml~! (3S/N). The value was approximately
the same as the detection limit obtained with
graphite atomizers [22] and better than those ob-
tained with ICP-AES (30 ng ml~! [23]). The
reproducibility for the ETAAS with preconcentra-

tion of the electrodeposition was investigated. The
relative S.D. for 500 ng ml—! of rhodium was
4.1% for 10 measurements.

3.4. Determination of rhodium in river and sea
waters

Environmental samples spiked with 100—-250 ng
Rh ml—! were analyzed by ETAAS with the
tungsten tube atomizer after the Mg—W cell-elec-
trodeposition method under optimal conditions.
The calibration curve constructed from standard
solutions of rhodium was lined up to 350 ng
ml~"'. Table 2 shows the results obtained for the
environmental samples. The recovery from
rhodium-spiked river and sea water was in the
range of 95.6-109%. The relative S.D. for the
determination of rhodium in the environmental
samples by the proposed method were better than
10% at > 3 replicate analyses.

The preconcentration method developed is sim-
ple, rapid and relatively free from interferences
caused by matrix elements. By the combination of
ETAAS using a tungsten tube atomizer and the
Mg—W cell electrodeposition method, many ultra
trace metals in heavily contaminated samples can
be determined rapidly and accurately, immedi-
ately after the dip of the Mg—W electrodes into

Table 2
Determination of rhodium in sea and river water

Sample Amount of rhodium, ng ml~!
Added Found Recovery, (%)
Sea water
Ise bay — nd —
100 107 + 11 107
250 266 + 10 106
River water
Iwata river — nd —
100 109 + 10 109
250 248 +7 99.2
Shitomo river — nd —
100 10248 102
250 239+8 95.6

The number of analysis > 3.
nd, not detected.
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acidified sample solutions. The preconcentration
method can be most suitable to in-site sampling of
environmental samples like seawater. Further-
more, after sampling, it is easy to carry and store
the W-sheet without contamination for a long
time.
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Abstract

An alternative method for the determination of the concentration of diethylenetriamine (DETA) in aqueous
mineral flotation solutions is described. This method is based on the formation of a DETA-Ni(II)-sulphite complex,
which shows a UV absorption maximum at 285 nm that varies linearly with the concentration of DETA throughout
the 0-50 mg 1~ ' DETA range. A high concentration of Ni(II) is used to offset the effect of any Cu(II) or Ni(II) ions
that may already be present in the industrial plant solutions under analysis. The intensity of the absorbance maximum
is dependent on the sulphite ion concentration, but this problem is overcome by measuring the absorbances when the
test solutions are spiked with different concentrations of DETA and then extrapolating the absorbance versus DETA
concentration plot to zero absorbance to obtain the original concentration of DETA in the test solutions. © 1998
Elsevier Science B.V. All rights reserved.

Keywords: Diethylenetriamine; Concentration; Aqueous

1. Introduction

Diethylenetriamine  [N-(2-aminoethyl)-1,2-di-
aminoethane, HN(CH,CH,NH,),, DETA] has
been suggested as a reagent for the depression of
pyrrhotite (FeS) in industrial flotation circuits
[1,2]. It can be analyzed by means of a UV
spectroscopic method in which the absorption
maximum at 386 nm for the complex formed

* Corresponding author. Fax: + 1 514 3983797.

between DETA and fluram (4-phenylspiro[furan-
2(3H),1’-phthalan]3,3'-dione) is monitored [3].
The absorbance of the DETA-fluram complex at
this wavelength varies linearly as a function of the
concentration of DETA. The method is only ac-
curate and reliable provided the plant solutions
being tested do not contain any interfering spe-
cies. In our experience, however, the results ob-
tained by this method are subject to significant
variations if the plant solutions contain any ionic
species that can interact with DETA. In the pres-
ence of Ni(Il) ions, we have found that the ab-
sorbances recorded are significantly lower than

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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Fig. 1. UV absorbance spectra of: (a) Ni/DETA/Metabisulfite; (b) [Ni(DETA),]Br,; (¢) [Ni(H,0)]SO,.
those in the absence of Ni(Il) ions. These ab- solutions. In routine industrial operations, how-
sorbance differences are attributable to the forma- ever, this is not an easy procedure. While it is
tion of Ni(II)-DETA coordination complexes and relatively simple to determine the concentration of
can be compensated for by using reference blanks Ni(I) by atomic absorption spectroscopy, the

having the same Ni(II) concentrations as the test chemical state of the Ni(II) ions depends on which
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Fig. 2. Variation of absorbance (285 nm) with added DETA
concentration mg 1~ ! (all correlations have r values of 0.933
or better). Laboratory test trials use an artificial unknown
DETA sample, plant test trials are the simulated flotation
ciruit samples.

other ionic species are present in the solution. For
example, in the presence of sulphite or metabisul-
phite ions, Ni(Il) forms a Ni(II)-DETA-sulphite
complex, which shows significantly different ab-
sorbances in its UV spectrum (Fig. 1a) than those
for Ni(II)-DETA mixtures in the absence of sul-
phite or metabisulphite ions, e.g. [Ni(DETA),]-
Br,-H,O (Fig. 1b) or from [Ni(H,O)¢** itself
(Fig. Ic).

We have now developed an alternative method
for the quantitative determination of DETA in
aqueous mineral flotation solutions by UV spec-
troscopy. The analysis is based on monitoring the
variation of the absorbance of the UV maximum
at 285 nm of the complex formed when DETA
interacts with Ni(II) in the presence of sulphite
ion at alkaline pH 8.5-9.5. The presence of vary-
ing amounts of Ni(Il) ions in solution is overcome
by having a large excess of Ni(Il) (by addition a
soluble nickel salt) in the test solutions. This
alternative procedure has also been designed to
offset the effect of sulphite ions on the measured

absorbance values. As with any standard addition
procedure, it is best that the additions be com-
parable to those expected in the test solutions. If
the range is too large, the relationship is no longer
linear, too small and the results are not relevant.

2. Experimental

The following stock solutions were prepared:
NiSO,-7H,0, 5 g Ni(II) 1='"; simulated indus-
trial plant DETA solutions containing 1 g 1-!
sodium metabisulphite and set to pH 9.0-9.5 by
adding lime; reference blank solution containing 1
g 17! sodium metabisulphite and set to pH 9.0—
9.5 by adding lime; standard DETA solution,
0.955 g 1! DETA.

2.1. Procedure

Nickel sulphate solution (10 ml) and the refer-
ence blank solution (85 ml) were mixed together
in a 100-ml volumetric flask. The volume was then
made up to the 100-ml mark with distilled water.
The mixture was centrifuged on an International
Micro-Centrifuge for 6 min and a sample of the
resulting green solution was decanted into a 1.00-
cm quartz cuvette and the background UV ab-
sorbance at 285 nm was determined. The time
between mixing the solutions and recording the
UV spectrum was set at 10 min in each case, as
the absorbance does decrease with time. The same
procedure was repeated for 85 ml samples of the
industrial plant test solutions by adding known
quantities of the standard DETA solution to the
mixtures before making up to the 100-ml mark
with distilled water. The concentration of the
DETA added was in the 0—50 mg 1! range. The
absorbances measured at 285 nm for the different
solutions were plotted as a function of the concen-
tration. The concentration of the DETA in the
plant test solutions was determined by extrapolat-
ing the graph to zero absorbance and dividing the

! This concentration is about ten-fold in excess of that
required in order to minimize the effect of any Cu(II) or Ni(II)
ions already present in the industrial solutions under analysis.
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Table 1

Concentrations of DETA from the Ni(II)-DETA-sulphite absorbance measurements

Actual DETA concentration

DETA concentration from our method

Range of added DETA used in trial (mg 17!)

(mg 171 (mg 171

10.0 10.1# 0-48.0
1.20 1.142 0-48.0
3.87 4.18 0-10.0
1.22° 1.02 0-40.0

® Average of three replicate trials.
® Value determined by fluram method.

value of the x-axis intercept by 0.85 (to account
for the volume dilution from 85 to 100 ml).

3. Results and discussion

The UV spectrum of the Ni(IT)-DETA-sulphite
complex is shown in Fig. 1a. The 285-nm absorp-
tion band is clearly characteristic of the complex
and increases proportionately with increasing con-
centration of DETA. Fig. 2 is a typical plot of the
results obtained for an initially unknown concen-
tration of DETA. The concentration of DETA
measured by this method compares well with that
determined by the fluram method. The results
given in Table 1 show that our alternative UV
spectroscopic procedure is reliable over the tested

range of 1-50 mg 1= ' DETA, which is the range
normally expected in flotation plant solutions and
effluents. Moreover, it will probably prove to be
the method of choice for industrial situations
where varying concentrations of Ni(Il) ions are
already known to be present in the pulp solutions.
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Abstract

The solubility of Ba(IO5), has been determined in solutions containing a supporting electrolyte (KCl) to maintain
the ionic strength in the 0-0.5 M range. The approach envisaged was based in the amperometric determination of
iodine (or triiodide) generated in the reaction involving iodate in equilibrium in the saturated solutions and iodide
contained in the solution carrier using a flow injection procedure, the electrode potential being maintained at + 0.2
V in a wall-jet cell. The effect of the supporting electrolyte on the solubility of barium iodate was demonstrated and
a good approximation of the value for the thermodynamic solubility constant of the precipitate was found by an
appropriate correction of the solubility data using mean activity coefficients of barium iodate. The mean activity
coefficients were estimated at each ionic strength by using the Debye—Hiickel equation and the corrected solubility
constant determined at 27°C was found to be 2.7 x 10 =2 mol® 173, © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Solubility product; Ba(IO5),; Flow injection; Amperometric detection

1. Introduction

The determination of the solubility of a slightly
soluble compound in a specific solvent requires
measurements of the equilibrium concentration of
one or both species in a saturated solution at a
fixed temperature. Owing to the influence of the
ionic strength in the solubility of ionic precipi-
tates, it is very important to take into account
that the measurements can be influenced by the
ions of the compound itself (when the solubility is
not negligible) or by ions of an inert electrolyte
deliberately added to the solution. If side reac-

* Corresponding author. Fax: + 55 11 8155579.

tions (hydrolysis of metal ions or protonation of
anions derived from weak acids) are not of impor-
tance, thermodynamic solubility products can be
achieved after consideration of the activity coeffi-
cients of the ions, which are dependent on the
ionic strength of the solution. Hence, the relation-
ship between the concentration solubility product
(K,) and the thermodynamic solubility product
(K?) for an A* B~ compound is expressed by the
following equation [1]:

Kg:st;AJrf;sf M
where f,, and f, are defined as the activity
coefficients for both ions, which can be theoreti-
cally calculated by using the Debye—Hiickel equa-
tion [2].

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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In this paper we have carried out some studies
on the determination of the solubility of barium
iodate at various values of ionic strength main-
tained with KCI. A very common procedure to
determine the solubility of iodate compounds con-
sists of a titration of the iodine generated after
addition of iodide to the filtered saturated solu-
tions [3]. In a similar way, the iodine quantita-
tively formed can also be quantified
spectrophotometrically at a fixed wavelength [4]
and this procedure is best suitable for iodate
precipitates which have solubility values low
enough to restrict titrimetric methods. In this end,
we have developed an alternative method based
on the generation of iodine (or trilodide) with
further amperometric detection at a suitable po-
tential. This indirect amperometric determination
with chemically generated iodine has already been
reported in the development of analytical methods
for nitrite [5,6]. Methods for determination of
sulphite have also been used with this principle in
mind, but in these cases the quantification of the
analyte was based on the decrease of the ampero-
metric signal for iodine [7,8]. In order to avoid
time consuming procedures and to achieve a
higher sample throughput, we have proposed a
flow injection analysis method with amperometric
detection for the determination of the equilibrium
iodate concentration in the saturated solutions,
the analytical signal being compared with those
ones of standard iodate solutions. We will show
that this approach (electrochemical detection as-
sociated with flow injection analysis) allows the
determination of the equilibrium iodate concen-
tration to be performed with excellent sensitivity,
high reproducibility, high sampling rates and low
volume of samples.

2. Experimental
2.1. Materials

All solutions were prepared from reagents of
analytical grade. Iodate stock solutions were pre-
pared from the primary standard potassium salt
dissolving 0.1070 g in to a 50 ml calibrated volu-
metric flask to give a 10 mM solution. lodide

solutions were prepared just after each experiment
in order to avoid the formation of iodine in
sulphuric medium. Saturated barium iodate solu-
tions were prepared by addition of a sufficient
quantity of the compound to each of a series of 25
ml volumetric flasks containing potassium chlo-
ride solutions, ranging in the concentration from
zero (i.e. pure water) to 0.5 M. The barium iodate
solutions were shaken vigorously during 1 h and
laid down for a week in order to achieve a com-
plete saturation. The excess solid barium iodate
was removed by a filtering process, so that the
solutions could be analyzed without interference
from any suspended solid particle. Experiments
were carried out at 27°C.

2.2. Apparatus

Voltammetric experiments were performed with
an EG and G Model 273A potentiostat interfaced
to an IBM 486 PC, the electrodes being a glassy
carbon electrode (area = 3 mm?), Ag/AgCl as ref-
erence (3 M NaCl) and a platinum wire as auxil-
iary. Before experiments, the bare glassy carbon
electrode was polished with alumina (1 pm).
Voltammetric experiments involving the use of
microelectrodes were carried out in a two elec-
trode cell, the reference electrode being a Ag/
AgCl electrode. Platinum microelectrodes were
fabricated by sealing microwires (r=12.5 pum)

5
B
I/nA
ok A
5|
C
i 1 |
0.6 0.4 0.2
POTENTIAL /V

Fig. 1. Steady state voltammograms for a platinum microelec-
trode (r = 12.5 pm) in a solution containing 0.1 M H,SO, (A),
0.1 M H,SO, + 0.4 mM iodine (B) and 0.1 M H,SO, +1
mM iodide (C). Potential scan rate =20 mV s !,
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into glass pipettes and polishing the resulting
microdiscs with moist alumina powder (0.05 pum)
on a polishing cloth. The flow cell was a wall-jet
type, where the stream flows from a nozzle per-
pendicularly onto the working electrode surface.
The body of the cell was made of glass, the
reference electrode being a silver wire covered by
silver chloride immersed in a plastic tube contain-
ing KCl. The auxiliary electrode was a steel wire.
The fiagrams were recorded in an HP 7090 A
plotting and measurement system connected to
the 273A potentiostat output. The carrier flow
was delivered by gravity, the characteristic
parameters being as follow: flow rate=2 ml
min !, injection loop =100 pl and tube dimen-
sion = 1 mm inner diameter (polyethylene).

3. Results and discussion
3.1. Analytical determination of iodate

The proposed method for monitoring the equi-
librium concentration of iodate in the series of
solutions containing different amounts of sup-
porting electrolyte involved the measurement of
iodine (or triiodide) resulting from the reaction
between the analyte and iodide in excess in acidic
medium, according to the following equation:

105 + 51 + 6H = 31, + 3H,0 )

The measurement of the current for the reduction
of iodine provides a convenient and reproducible
way to monitor the concentration of iodate as-
suming that reaction Eq. (2) is carried out quanti-
tatively to the formation of products. This can be
accomplished working with excess of iodide and
protons, so all experiments were performed in a
0.1 M sulphuric acid 440 mM iodide solution,
taking in account that the expected value for the
solubility of barium iodate is around a few mM.
The potential for monitoring the iodine concen-
tration was selected with base in steady state
voltammetric curves recorded for iodine and io-
dide using a 12.5 pm platinum microelectrode. As
it is shown in Fig. 1, iodide is oxidized at poten-
tials more positive than +0.4 V. Fig. 1 also
shows that at less positive potentials iodine can be

100 vA

—
100 s

Fig. 2. Amperometric signals recorded at a glassy carbon
electrode (area =3 mm?, E= +0.2 V) after sequential injec-
tions of 100 pl of 2.0 mM potassium iodate to a carrier
solution containing 40 mM iodide + 0.1 M H,SO,.

detected at the microdisc due to an electrochemi-
cal reaction that involves its reduction to iodide
according to the following equation:

L+2 =21 3)

Therefore, the cathodic current at + 0.2 V was
used to monitor the concentration of iodine and
hence the iodate level in the solutions without
interference from the components of the carrier
solution or even from dissolved oxygen, since the
signal for its reduction at + 0.2 V is negligible if
a comparison is made with the iodine signal after
injection of saturated iodate solutions. Limiting
currents data for the anodic and cathodic pro-
cesses shown in Fig. 1 are in excellent agreement
with the steady state currents calculated using the
equation that describes the limiting current for a
disc microelectrode [9], which is a function of the
concentration of the electroactive species, radius
of the microelectrode, number of electrons in-
volved in the electrochemical reaction and the
diffusion coefficient (1.6 x 107% cm? s—' and
0.83 x 10 =% cm? s ~! for iodide and iodine respec-
tively [6,10]).

Fig. 2 shows some consecutive fiagrams
recorded after injection of aliquots of 2.0 mM
potassium iodate to the carrier solution (sodium
iodide in sulphuric medium). As the reaction in-
volving iodate and iodide takes place in the flow-
ing solution, electroactive iodine is generated
giving rise to a peak when it reaches the electrode
surface maintained at + 0.2 V. The reproducibil-
ity of the peaks shown in Fig. 2 was very good
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(standard deviation = 0.9% for n = 5) and after all
injections the current dropped to its background
value. For a 0-3 mM iodate range the peak
currents were plotted as a function of the analyte
concentration, a very nice straight line being ob-
tained which can be represented by the equation

I(BA) = 107.0C, g0 o(mM) + 3.0 @)

with a regression coefficient, 2 = 0.9992.

3.2. Determination of iodate in the barium iodate
solutions

The effect of both barium ions and the support-
ing electrolyte on the recorded current at + 0.2 V
was checked by addition of solutions of barium
chloride (3 mM) and potassium chloride (0.5 M)
to the flowing solution (iodide + sulphuric acid).
No signal was observed after addition of these
species, what means that the response obtained
after injection of barium iodate samples to the
carrier solution is exclusively dependent on the
amount of iodate. A test was also carried out to
verify the eventual influence of the ionic strength
on the measured signal but the peak current had
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Fig. 3. Plot of the solubility product for barium iodate as a
function of the ionic strength maintained with potassium
chloride (triangles). Circles represent the same values after
correction using the appropriate activity coefficients for bar-
ium iodate.

Table 1

Corrected solubility product of barium iodate at various ionic

strength values calculated by using Eq. (6)

Tonic strength
(M)

Ba(10,), activ-
ity coefficient

Corrected solubility
product (10~ mol?
173)

0.003 0.890 2.7
0.104 0.602 2.5
0.205 0.531 2.5
0.305 0.491 2.5
0.405 0.463 2.3
0.505 0.443 2.0

The activity coefficients for barium iodate were determined
according to Eq. (7).

the same value whatever a solution containing 1
mM potassium iodate or 1| mM potassium iodate
+0.5 M KCI was injected. Hence, the iodate
quantification in the solutions containing potas-
sium chloride was performed by comparing the
resulting peaks with an analytical curve ranging
from 0 to 5 mM potassium iodate dissolved in
pure water. Three injections were made for each
one of the set of barium iodate solutions contain-
ing KCl and the average value was used to calcu-
late the equilibrium concentration of iodate,
standard deviations of the peak currents not being
larger than 1%. The concentration equilibrium
constant, i.e. the equilibrium constant using molar
concentrations (K;), was calculated for which one
of the six barium iodate solutions containing
potassium chloride (0—0.5 M) by multiplying the
ionic concentrations of both ions and taking in
consideration that [Ba®>*] was half of [IO; ] in the
saturated solutions. Fig. 3 shows a plot of K as a
function of the ionic strength () of the solutions
calculated according to the following equation [1]:

1
u= EZCI'Z? 5)

which can be rearranged taking in account that
the barium iodate is a 2:1 electrolyte to give

"= CKCI + 3CBa(IO3)2 (6)

where C means the molar concentration of potas-
sium chloride and the solubility of the barium
iodate solutions respectively.
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The increase in K values and in solubility as
shown in Fig. 3 is due in part to the electrostatic
attraction between the inert electrolyte ions and
the ions in the crystal lattice of the solid. This
effect can be corrected taking into account the
mean activity coefficients of barium iodate at each
of the solutions to convert the K, values to a set
of corrected solubility constants using the rela-
tionship expressed by Eq. (1). The activity coeffi-
cients for Ba(IO,;), in the solutions containing
potassium chloride at different concentrations
were calculated by using the Debye—Hiickel equa-
tion [2], which follows:

log /. = 05U|Z, Zp |1 @
* 1+0.3294/

where f, is defined as the geometric mean of the
single-ion activity coefficients and it is preferable
to be used since it is inherently impossible to
measure activity coefficients for individual ions.
Values for barium iodate mean activity coeffi-
cients were calculated according to Eq. (7) using
Kielland’s values of & [11]. For barium iodate
d=4.5 A, which resulted in the set of f, values
for each ionic strength shown in Table 1. Cor-
rected solubility products for barium iodate were
then calculated by using Eq. (1) taking into ac-
count the relationship between single-ion activity
coefficients and mean activity coefficient ex-
pressed by Eq. (8):

fi = (fBaer ’ JFIO_{ 2)1/3 (8)

Solubility products data for the compound after
the correction using the mean activity coefficients
would all be the same if the Debye—Hiickel equa-
tion were perfect and the slight deviation is likely
to be related with the increasing error in the
equation as the ionic strength increases. There-
fore, the value obtained from the solution con-
taining no KCIl (ionic strength =0.003 M) was
adopted as a more reliable determination of the
Ba(10,), solubility product and this result is in a
good agreement with other value reported in the
literature (1.6 x 10=° mol® =3 at 25°C [12]).

4. Conclusions

The proposed flow injection procedure
was found to be a very reliable way to deter-
mine the equilibrium concentration of iodate in
solutions saturated with barium iodate. The in-
direct amperometric detection with iodine al-
lows very low concentrations of iodate to be
quantified, so even more insoluble iodate pre-
cipitates like Hg(I05), (K;=2.0x 10~ mol®
173 would have its solubility successfully deter-
mined. The simplicity, reproducibility of the re-
sults and low volume of saturated solutions
(typically a few hundred microliters) are also of
importance and make the method very advanta-
geous for solubility studies involving other io-
date compounds.

The solubility product of barium iodate was
determined after the needed corrections using
the activity coefficients in the potassium chlo-
ride medium were performed. The Debye—
Hiickel equation was used for this end and the
determined solubility constant is to be found as
a good approximation of the thermody-
namic solubility product of barium iodate since
this system is immune to problems associated
with side reactions involving Ba®>* or iodate at
the working pH (~6) [13,14]. On the other
hand, some errors may be expected owing to
the dependence of activity coefficients upon the
specific chemical properties of the ions instead
of upon just the charge and radius. Another
aspect to concern refers to the formation of
soluble ion pairs which would involve both ions
in a side equilibrium. This is particularly likely
to occur for a 1:2 electrolyte and many exam-
ples are to be seen like AgSO,” or HgCly(aq)
[15].
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Abstract

DNA-damaging agents in the environment represent a serious danger to human health. We use a supercoiled
DNA-modified mercury electrode as a fast-response biosensor for the detection of DNA strand cleaving agents. The
sensor is based on a strong difference between the a.c. voltammetric responses of covalently closed circular
(supercoiled) and of open circular (nicked) plasmid DNA. We show that the sensor can detect hydroxyl radicals in
laboratory-prepared solutions and in various natural and industrial water samples. The sensor is also capable of
detecting unknown DNA-damaging agents in industrial waters. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Supercoiled DNA; DNA-modified electrode; Electrochemical biosensor; -OH radicals; DNA damage;

Environmental analysis

1. Introduction

In recent years, a number of nucleic acid-based
electrochemical biosensors were developed. Most
of these biosensors [1-6] were constructed for
DNA sequence-specific recognition based on nu-
cleic acid [1-3,6,7] or peptide nucleic acid [4]
probe immobilization at the electrode surface fol-
lowed by hybridization with the target DNA and
an electrochemical [1-5,7] or electrogenerated
chemiluminescence [6] signal transduction. Several
papers have dealt with electrochemical DNA

* Corresponding author. Tel.: +42 05 41517177; fax: +42
05 41211293; e-mail: palecek@ibp.cz

biosensors for the detection of substances, such as
drugs and pollutants, that selectively interact with
the probe DNA (e.g. by intercalation [8]) or that
damage the DNA by chemical modification of
base residues (e.g. hydrazines [9] or dimethyl sul-
fate [10]).

Damage to DNA usually results in serious dis-
turbances in the life of the cell (e.g. mutations,
malignant transformation, apoptosis [11]) and
may endanger human health. Thus, monitoring of
DNA-damaging agents in the environment is very
significant. Many kinds of DNA damage result in
the formation of DNA strand breaks (i.e. cleavage
of the DNA sugar-phosphate backbone). Re-
cently, we have found that transition of covalently

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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Fig. 1. (A) Scheme of supercoiled DNA (a) and the formation of open circular (b) or linear (c) DNAs as the result of interruption
of one DNA strand (1, single-strand break (ssb); e.g. by ionizing radiation) or both strand in the same site (2, double-strand break
(dsb); e.g. by a restriction endonuclease or by high doses of radiation; in the latter case, the molecule of linDNA contains a number
of single strand breaks). (B) Scheme of the sensor for DNA strand cleavage based on scDNA-modified HMDE. The sensor electrode
is prepared by immersing of HMDE into solution containing scDNA which is adsorbed at the electrode surface (a). After washing
(W), the scDNA-modified electrode is transferred (T) into the sample tested (b). If the sample contains hydroxyl radical for example,
surface-attached scDNA is nicked, thus producing oc (or linear) DNA. After washing, the sensor electrode is transferred into blank
background electrolyte (c) followed by voltammetric signal transduction.

closed circular, supercoiled (sc) DNA to open
circular (oc) DNA (by introduction of a single-
strand break into the scDNA molecule) or to
linear DNA (by scission of both DNA strands
at the same site) (Fig. 1) results in the appear-
ance of an a.c. voltammetric peak 3 [12] (Fig.
2). It has been shown that the latter peak (a
non-faradaic peak observed in weakly alkaline
solutions), characteristic of single-stranded DNA
[13,14], is also produced by oc and linear dou-
ble-stranded DNAs. These DNA molecules have
free strand ends of one or both DNA strands
and they can be partially unwound at the elec-
trode. Supercoiled DNA, both strands of which
are covalently closed circles, cannot be unwound
and consequently, scDNA does not yield peak 3
[12,14]. Under certain conditions, one DNA
strand break can be detected using a.c. voltam-
metry among several hundred thousand phos-

phodiesteric bonds [12]. Compared to gel
electrophoresis (currently applied for this pur-
pose), the voltammetric assay is substantially
faster (it takes a few minutes, in contrast to the
hours necessary to run gel electrophoresis) and
offers easier quantitation of data.

Intact scDNA can be anchored at the mer-
cury electrode surface by adsorption forces
[12,14—16]. If the scDNA-modified electrode is
dipped into a solution containing DNA cleaving
agent (e.g. chemical [12] or natural nucleases),
strand breaks are introduced into the probe
DNA immobilized at the electrode surface (Fig.
1), which are subsequently detected by means of
a.c. voltammetry [12]. In this paper, we demon-
strate the possible use of this sensor for detec-
tion of DNA strand cleaving agents in several
natural samples, including mine and technologi-
cal water obtained from the uranium industry.
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Fig. 2. The dependence of peak 3 height on time for which the
sensor was exposed to 50 uM Fe/EDTA reagent (see Section
2) in 50 mM sodium phosphate, pH 8.5. The reaction was
started by addition of hydrogen peroxide into a stirred solu-
tion of other components with dipped sensor electrode. Inset
(a), blank sensor response for scDNA (solid) and for ocDNA
control (oc DNA was prepared by DNase I-treatment of
scDNA in solution and subsequently adsorbed at HMDE,
dashed); (b) sensor response for 60 s incubation of scDNA-
modified electrode in 50 uM Fe/EDTA reagent in 50 mM
sodium phosphate pH 8.5 (solid) and for 120 s incubation in
the same mixture with an addition of fresh hydrogen peroxide
and ascorbate after the first 60 s. For other conditions, see
Section 2.

2. Experimental

2.1. Material

Supercoiled plasmid pUC19 DNA was isolated
by lysozyme/SDS/EDTA lysis followed by CsCl-
gradient centrifugation as described [12]. Control
oc DNA was prepared by treatment of scDNA
with 0.02 U of deoxyribonuclease I (Sigma) in 6

Table 1

mM MgCl,, 2 mM CaCl, and 40 mM Tris—HCI
pH 7.4 at 0°C for 90 min followed by extraction
with phenol and chloroform, then ethanol precipi-
tation [17].

2.2. Fenton reaction

The reaction mixture contained FeSO,, EDTA
and sodium ascorbate at the ratio 1:2:20; the
starting H,O, concentration was always 0.03%
(about 9 mM) [18] (for example, ‘50 uM Fe/
EDTA reagent’ contained 50 puM FeSO,, 0.1 mM
EDTA, 1 mM sodium ascorbate and 9 mM
H,0,). The sensor electrode was immersed in a
solution containing the reaction components ex-
cept H,O, followed by hydrogen peroxide addi-
tion (with intensive stirring).

2.3. Mine and technological water samples

Water samples obtained from the uranium in-
dustry (from a flooded mine, from a water purifi-
cation plant and a sample of free circulating
technological water from a chemical uranium ore-
dressing plant) were used for testing the usability
of the sensor in water (environmental) analysis.
The content of some substances in the samples is
displayed in Table 1.

2.4. Sensor procedure

DNA was adsorbed at the electrode surface
from 5 pl drops of solution containing 100 pg
ml~' scDNA (or 50 pg ml~' ocDNA for control
measurements), 0.2 M NaCl and 10 mM Tris—
HCI (pH 7.4) for 60 s. The DNA-modified elec-

Characterization of mine and technological water samples: approximate contents of some substances

Sample U@mgl ) Fe(mgl™) Mn(mgl™! SS@mgl? IS (mg 1I7Y) Radioactivity (Bq 171) pH
VK3 10 19 6 2839 14 1.7 7

HVP® 0.02 4 5 2725 5 0.02 6.9
VCA II¢ 0.3 1.1 0.5 7909 18 — 9.5

SS, soluble substances; IS, insoluble substances.

2 Water from a flooded uranium mine taken at the input of the water purification plant.

> Water taken at the output of the water purification plant.

¢ Free circulating technological water from the chemical uranium ore-dressing plant.
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trode was washed with distilled water and trans-
ferred into the solution of the tested sample for 60
s, if not stated otherwise. The electrode was then
washed with water, followed by a background
electrolyte solution and transferred into deaerated
blank background electrolyte, which was then
bubbled with argon for 60 s. The initial potential
E;= — 0.6 V was applied at the electrode for 15 s
(quiescent period) prior to the voltage scan.

2.5. Voltammetric signal transduction

Alternating current voltammetric measurements
were performed with an EG and G PAR 174A
Polarographic Analyzer connected to a 174/50
AC Polarographic Interface, a 5208 Two Phase
Lock-in Amplifier and a Philips PM 8134 X, Y,
Y, Recorder. The following parameters were cho-
sen: frequency 230 Hz, amplitude 10 mV, scan
rate 20 mV s~ !. The phase-in component was
measured due to better resolution of the DNA
signals as compared to the out of phase compo-
nent. Linear sweep and square wave voltammetry
were performed with an AUTOLAB (EcoChemie,
Utrecht, The Netherlands; for settings, see legend
to Fig. 3). A Metrohm 647 VA-Stand electrode in
HMDE mode controlled by a 646 VA-Processor
was used. All measurements were performed with
a saturated calomel reference electrode (SCE) and
a platinum wire counter electrode. 0.3 M NaCl,
50 mM sodium phosphate, pH 8.5 was used as a
background electrolyte.

3. Results and discussion

3.1. Nicking of scDNA at the mercury electrode
surface by hydroxyl radicals or by
deoxyribonuclease 1

We showed previously [12] that peak 3 appears
(Fig. 2, inset) as a result of submerging the
scDNA-modified HMDE in a solution containing
free radicals prior to the a.c. voltammetric mea-
surement (Fig. 1B). In this study, we use this
system for testing natural and industrial samples.

Fig. 3. Linear sweep (A) and square-wave (B) response of the
sensor. (---), control ocDNA (see Fig. 2); (-----), blank
scDNA response; (——), sensor response for 50 pM
[Fe(EDTA)>~, 1 mM sodium ascorbate, 0.03% H,O, in 50
mM sodium phosphate pH 8.5. LSV, scan rate 1 Vs~ !; SWV,
frequency 2 kHz, step potential 3.05 mV, amplitude 100 mV.
For other details, see Fig. 2.

We tested the influence of individual compo-
nents of the Fenton reaction mixture (in which
hydrogen peroxide is reduced to hydroxide anion
and hydroxyl radical by [Fe(EDTA)]? ~; the fer-
rous ion is then regenerated by reaction with
ascorbate [18]) on the immobilized scDNA. No
cleavage was observed in the absence of H,O, (in
a solution of 50 uM Fe?*). However, in solutions
free of the ferrous complex or ascorbate (but
containing hydrogen peroxide), a small peak 3
was obtained (Table 2). For this reason, in all
further experiments the reaction was started by
addition of hydrogen peroxide into stirred solu-
tion with an immersed sensor electrode. Fig. 2
displays the temporal increase of peak 3 in a
stirred solution of 50 uM Fe/EDTA reagent; un-
der these conditions, the peak 3 height rapidly
increased up to about 1 min and then leveled off,
probably due to decomposition of a substantial
portion of the H,O, and/or ascorbate added.
Deeper DNA cleavage (resulting in a further in-
crease of peak 3 as more strand breaks occur) can
be achieved by increasing the starting concentra-
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tion of hydrogen peroxide and ascorbate or by a
second addition of these compounds after the first
minute (see inset in Fig. 2). Similar results were
obtained when the ferrous/ferric redox pair was
replaced by the cuprous/cupric pair (Table 2). In
another experiment, the sensor was immersed in a
solution containing 20 U ml~' deoxyribonuclease
I, an enzyme that introduces single-strand breaks
in DNA. Again, an incubation time-dependent
increase of peak 3 was observed (Table 2). More
details about the enzyme interaction with immobi-
lized DNA will be published elsewhere.

3.2. Testing of natural and industrial samples

The possibility of detecting damage to immobi-
lized scDNA by hydroxyl radicals generated
through the Fenton reaction in various media was
investigated. In addition, the influence of the sam-
ple by itself (with no additions) on the sensor
response was tested. Results are shown in Table 3.
In natural ground water samples, as well as in
technological waters, the additions of the reagents
yielded qualitatively similar results as the labora-
tory-prepared solutions, suggesting that the sensor
is applicable in environmental analysis. Satisfac-
tory results were obtained with beverages such as

Table 2
DNA cleavage at the HMDE surface

Agent Peak height* (%)
None® 0
Fe(EDTA)+ascorbate + H,0$ 95
Fe(EDTA)+H,0$ 14
ascorbate + H,0% 10
Fe(EDTA)+ascorbate® 0
Cud 0
Cu+ascorbate+ H,0, 105
DNase I¢, 1 min 35
DNase I¢, 2 min 60

2 The height of peak 3 yielded by ocDNA control (see Fig. 2)
was taken as 100%.

®50 mM sodium phosphate pH 8.5.

¢ Complete 50 mM Fe/EDTA reagent in 50 mM sodium
phosphate pH 8.5, stirred.

450 uM CuSO,, 1 mM sodium ascorbate, 0.03% H,O, in 50
mM sodium phosphate pH 8.5, stirred.

¢20 U ml"!' deoxyribonuclease I in 6 mM MgCl,, 2 mM CaCl,,
40 mM Tris—HCI pH 7.4, unstirred.

Table 3
Testing of various samples by the sensor

Peak 3 height No additions Complete?I5(%)®
L(%)°

Water from puddle 5 203
River water 8 212
VK3¢ 125 —
HVP* 3 220
VCA II¢ 0 110
Wine 9 22
Wine, diluted? 9 47
Tangerine juice® 45 47
Tangerine juice, 0 17

boiled’

2 Complete 100 pM Fe/EDTA reagent.

® Height of peak 3 yielded by ocDNA control (see Fig. 2) was
taken as 100%.

¢ See Table 1.

4 10-fold diluted by distilled water.

¢ Juice squeezed from fresh tangerine, centrifuged and 10-fold
diluted with distilled water.

" Juice squeezed from fresh tangerine, centrifuged, 10-fold di-
luted with distilled water and heated in a boiling water bath
for 5 min.

wine or tangerine juice (especially if diluted 10-
fold, Table 3). With tangerine juice, significant
DNA nicking activity was detected in the pure
(centrifuged and diluted) natural sample; how-
ever, after 5 min of boiling, no DNA damage was
observed. When the complete Fenton reaction
mixture was added to the boiled sample, nicking
of the probe DNA was observed again, suggesting
that the original nicking was due to the activity of
a thermolabile nuclease.

Strong damage to the immobilized scDNA was
observed in the water sample obtained from a
flooded uranium mine (sample VK3 with no addi-
tions, Tables 1 and 3). In contrast, the water
sample taken at the output of the water purifica-
tion plant (HVP) and from the open catchpit
(VCA 1I) provided no sensor response unless the
Fenton reaction mixture was added. This result
demonstrates the capability of the sensor to mon-
itor the contamination of technological waters
and to detect unknown DNA damaging agents.
(As shown in Table 1, the ‘input’ sample displays
a higher content of iron, uranium and insoluble
substances as compared to the ‘output’ sample.
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Redox active metal-induced damage to DNA by
non-Fenton mechanisms under aerobic conditions
has been published by others [19-21]). The low
(or zero) sensor responses for the HVP and VCA
IT samples (without addition of the Fe/EDTA
reagent, Table 3), not exceeding the response of,
for example water from a puddle, also suggest the
good efficiency of the decontamination process
and relative safety of the uranium technology.

It may be expected that biological samples with
high protein contents (blood) will require de-
proteination to prevent protein interferences
[12,22,23].

3.3. Linear sweep (LS) and square-wave (SW)
voltammetry

The best resolution of DNA peak 3 is reached
using phase-sensitive alternating current voltam-
metry (phase-in component). This technique,
however, is not included in most moderately
priced instruments and will hardly be widely ap-
plied in biochemical and molecular—biological
laboratories. For this reason, we tested more com-
mon fast-scan voltammetric techniques (included
in the software of many modern voltammetric
analyzers) for their ability to differentiate between
sc and oc DNA-modified mercury electrodes and
to give the sensor response for 50 uM Fe/EDTA
reagent after 1 min. Fig. 3 shows, in LSV, only a
poorly developed peak (inflex) 3 was obtained as
a result of the cleavage reaction (although the
control ocDNA-modified electrode yielded a quite
well-developed peak). On the other hand, square
wave voltammetry provided much better sensitiv-
ity, yielding a well-developed peak 3 under the
same conditions. In SWV, peak 3 is even rela-
tively higher (as compared to the less negative
peak 1, yielded by both sc and ocDNA) than in
a.c. voltammetry. However, the peak resolution is
somewhat worse. In any case, SWV seems to be a
valuable technique for electrochemical transduc-
tion of the sensor response. Our preliminary re-
sults further suggest that damage to scDNA can
also be sensitively detected using constant current
derivative chronopotentiometry in neutral ammo-
nium formate [24,25]. HMDE may represent a
relative disadvantage of this biosensor. Our at-

tempts to utilize carbon electrodes for the same
purpose were however, not successful, as the re-
sponse of lin (oc) DNA and scDNA did not
substantially differ [26]. Further experiments will
be performed to find and to optimize the electro-
chemical technique that provides the best sensitiv-
ity and selectivity.

In conclusion, our results show that a scDNA-
modified HMDE that sensitively reflects DNA
strand breaks can be applied as an electrochemi-
cal biosensor for the analysis of DNA damage-in-
ducing agents in natural and industrial waters.
This biosensor is capable not only to detect the
presence of an unspecified DNA-nicking agent, as
shown in this paper, but also to provide informa-
tion about the nature of this agent. Our prelimi-
nary results show that by combining
electrochemical and biochemical approaches, in-
formation about the nature of the metal involved
in Fenton chemistry as well as about the base
damage preceding the strand interruption can be
obtained. More details will be published else-
where.
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Abstract

N-n-Octylaniline in xylene is used for the extractive separation of palladium(II) from hydrochloric acid medium.
Palladium(II) was extracted quantitatively with 10 ml of 2% reagent in xylene from 0.5-2 M hydrochloric acid
medium. It was stripped from the organic phase with 1:1 ammonia and estimated spectrophotometrically with
pyrimidine-2-thiol at 420 nm. The effects of metal ion, acids, reagent concentration and of various foreign ions have
been investigated. The method affords binary separation of palladium(Il) from iron(IIl), cobalt(Il), nickel(II) and
copper(I) and is applicable to the analysis of synthetic mixtures and alloys. The method is fast, accurate and precise.

© 1997 Elsevier Science B.V.

Keywords: Palladium; N-n-Octylaniline; Solvent extraction

1. Introduction

The abundance of palladium in the earth’s crust
is 8.5 x 10~ 13%. Palladium and its alloys have a
wide range of applications both in the chemical
industry and in instrument making. As a catalyst
it is principally used in various organic reactions.

Solvent extraction has been widely used for
separation of the platinum metals [1-3]. This
technique of separation uses the differences in
their kinetic behaviour for the formation of ex-
tractable species as well as the strength of electro-
static interaction of their chloro-complexes with
liquid anion exchangers. The inertness of the
chloro-complex of palladium(II) towards aqua-

* Corresponding author. Fax: + 91 231 656133.

tion plays an important role in its extraction from
acidic solution by an anion exchange mechanism
with organic bases such as amines [4—7].

High molecular weight amines (HMWA) popu-
larly known as liquid anion exchangers, uniquely
combine some of the advantages of liquid—liquid
extraction and ion exchange. Further, Smith and
Page [8] observed that the acid binding property
of HMWA depends on the fact that the acid salts
of these bases are essentially insoluble in water
but readily soluble in hydrocarbon solvent.

The use of n-octylaniline in the extraction of
the noble metals has been described [7,9-12].
Palladium(II) was extracted with 1 M n-octylani-
line in chloroform from 3 M hydrochloric acid
but this method requires several extraction stages
for quantitative recovery of metal ion (2 x 15

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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min) [7] and the effectiveness of n-octylaniline in
these extractions depends on its method of prepa-
ration [13]. Tri-iso-octylamine [14] has been used
as a group extractant for the noble metals from 1
M hydrochloric acid medium with 2 min shaking.
Palladium(II) was completely extracted from 11.5
M hydrochloric acid as a chloro-complex in the
presence of tin(II) chloride by tri-n-octylamine
(TOA) [15] in benzene and measured at 410 nm.
Other extractants reported for palladium(Il) are
triphenylphosphine [16], di-octyl sulphonide [17],
tri-isobutyl phosphine sulphide [18] and sulphide
podand 1,12-di-2-thienyl-2,5,8,11-tetra-thiadode-
cane (TTD) [19].

N-n-Octylaniline has been employed success-
fully in this laboratory for extractive separation of
In(I1I), TI(ID), ZndI), Bi(Ill) and Ga(Ill) [20—
22]. Owing to generally greater solubility, primary
amines are used less frequently than secondary
amines. In addition, in N-n-octylaniline, the pres-
ence of an octyl group attached to the amino
group in aniline renders this amine less soluble in
water. Here, the use of N-n-octylaniline as an
extractant for palladium(II) from hydrochloric
acid is reported.

Because the determination of small amounts of
noble metals in minerals containing large amounts
of base metals is difficult, the effectiveness of
N-n-octylaniline was evaluated as an extractant

Percentage Extraction, %E

—a—HCIO4
20 —e—HBr

0 \ s s 1 ' L s s '
] 04 08 12 186 2 24 28 786 8

[Acid], M

Fig. 1. Extraction of Pd(II) with 2% N-n-octylaniline in xylene
as a function of acid concentration. Pd(IT) = 100 pg.

Table 1
Extraction behaviour of palladium(II) as a function of N-n-
octylaniline concentration

[HCI] (M)  N-n-Octylaniline (% v/v) %E D
0.5 M 0.2 35 135
0.5 50 2.50
1.0 78 8.86
2-7 100 oo
1M 0.2 75 7.50
0.5 94 39.00
1-7 100 o
2M 0.2-7 100 o
3IM 0.2 260 0.88
0.5 320 1.18
1.0 420 1.80
2.0 570 331
3.0 716 6.30
5.0 95.0 47.50
7.0 100 o
4 M 0.2 14.0  0.40
0.5 18.0  0.55
1.0 238 0.78
2.0 440 196
3.0 68.6  5.46
5.0 83.6 12.74
7.0 91.7 27.62
5M 0.2 9.0 025
0.5 110 0.30
1.0 180 0.55
2.0 400 1.66
3.0 463 2.16
5.0 59.7  3.70
7.0 746 7.34

Pd(IT) = 100 pg; Aq/Org = 25:10.

for palladium(Il) from a variety of palladium-
bearing materials and process solutions. The
method proposed here offers extraction separa-
tion and determination of palladium(II) from as-
sociated elements as a function of hydrochloric
acid media.

2. Experimental

2.1. Apparatus

An Elico digital spectrophotometer model CL-
27 with 1-cm quartz cells was used for absorbance
measurements.
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2.2. Reagents

A stock solution of palladium(Il) was pre-
pared by dissolving 1 g of palladium chloride
hydrate (Johnson Matthey, UK) in dilute analar
hydrochloric acid (1 M) and diluting to 100 ml
with distilled water and standardised [23]. A
working solution of 100 pg/ml was made from
it by diluting the stock solution with distilled
water.

Other standard solutions of different metals
used to study the effect of diverse ions were
prepared by dissolving weighed quantities of
their salts in distilled water or dilute hydrochlo-
ric acid. Solutions of anions were prepared by
dissolving the respective alkali metal salts in wa-
ter. All the chemicals used were of AR grade.
Distilled water was used throughout. N-n-Octy-
laniline was prepared by the method of Gard-
lund et al. [24] and its solutions (% v/v) were
prepared in xylene.

2.3. Procedure

To an aliquot of solution containing 100 pg
palladium(II) in a 125-ml separatory funnel,
enough hydrochloric acid and water were added
to give a final concentration of 1 M with respect
to hydrochloric acid in a total volume of 25 ml.
The aqueous phase was equilibrated once with
10 ml of 2% N-n-octylaniline solution in xylene
for 1 min. The phases were allowed to separate
and the metal from the organic phase was back-
stripped with two 5-ml portions of 1:1 ammonia
solution. The extracts were evaporated to moist

[(RR'NH," ),PdCI2 ]
where R = ~CHj, R’ = ~CH,(CH,),CHs.

3. Results and discussion
3.1. Effect of acidity

The extraction of 100 pg of palladium(Il) was
carried out from different acid media with 2%
N-n-octylaniline in xylene keeping the aqueous
to organic volume ratio 2.5:1. The extraction
was found to be quantitative from hydrochloric,
sulphuric, perchloric and hydrobromic acid (Fig.
1) but was incomplete in nitric acid due to
emulsion formation. Although the extraction is
quantitative in sulphuric acid media over a wide
range, it needs a higher concentration while in
perchloric acid and hydrobromic acid media, a
narrow range of acidity is required and the
equilibration time is greater. Hence the use of
hydrochloric acid is recommended for further
studies.

3.2. Effect of reagent concentration and nature of
the extracted species

The concentration of N-n-octylaniline in
xylene was varied from 0.2 to 7% over the acid
range 0.2—10 M hydrochloric acid. It was found
that 2% reagent in xylene was needed for quan-
titative extraction of metal ion from 1 M hy-
drochloric acid (Table 1).

Log-log plots of the distribution ratio versus
N-n-octylaniline concentration (Fig. 2) at 4.0
and 5.0 M hydrochloric acid yield slopes of 1.8
and 1.5, respectively indicating that the metal to
amine ratio in the extracted species is 1:2. The
probable extracted species is,

The extraction mechanism can be explained as follows:

[RR'NH] o) + HCl o, == [RR'NH; CI -]

(org)

[2[RR'NH;" Cl~ Jiorg) + PACE Gy = [(RR'NH;),PACE ~ | 01y + 2C1 5

dryness and leached with dilute hydrochloric
acid to form the solution. Palladium(II) was es-
timated spectrophotometrically with pyrimidine-
2-thiol [25,26].

(aq)

Variation of equilibration period from 5 s to
30 min showed that shaking for 30 s each for
hydrochloric and sulphuric acid, 10 min for
perchloric acid, 5 min for hydrobromic acid is
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Fig. 2. Log—log plot of distribution ratio (Dpy) versus N-n-
octylaniline concentration at 4 M and 5 M HCL

needed for complete extraction of palladium(II).
Prolonged shaking up to 30 min had no adverse
effect on the extraction.

Table 2
Effect of diverse ions on the extractive determination of Pd(II)

The extraction of palladium(I) was quantita-
tive when aqueous to organic volume ratio was
100:10. The aqueous to organic volume ratio in
the recommended procedure was 2.5:1.

The loading capacity of 10 ml of 2% N-n-
octylaniline was found to be 7.5 mg of palladiu-
m(II).

3.3. Effect of diluents

The extractions were performed from 1 M
hydrochloric acid medium using 2% N-n-octy-
laniline in various solvents as diluents. The ex-
traction was incomplete with n-butyl alcohol,
4-methyl-2-pentanol, chloroform and amyl alco-
hol as diluents for amine. The extraction be-
comes quantitative with amine solution in
benzene, toluene, xylene, isobutyl methyl ke-
tone, carbon tetrachloride and amyl acetate.
Xylene is recommended for further extraction
procedures.

Diverse ion added Amount tolerated (mg)

Diverse ion added

Amount tolerated (mg)

Mn(II) 15
cd(In 20
Mg(IT) 20
Fe(II) 5
Fe(III) 20
Pb(I) 10
Hg(ID) 5
V(V) 10
u(vI) 15
Ni(II) 10
Bi(III) 10
TI(III) 15
Co(IT) 20
Ce(1V) 20
Sn(II) 5
Zn(1D) 20
Be(Il) 15
Ca(Il) 20
Ba(ll) 20
Mo(VI) 15
Cu(Il) 20

Os(VIII) 1
Au(III) 1
Ag(D) 5
Cr(VI)? 5
Se(IV) 20
Te(IV) 15
Rh(IIT) 0.5
Ru(I1I) 1
Pt(1V) 1
Mn(VII) 20
Sr(IT) 20
Sb(I1I) 5
Tr(I11) 0.5
Tartrate 200
Fluoride 200
Citrate 200
Ascorbate Interfere
Oxalate 200
Acetate 200
EDTA 20

Pd(II) = 100 pg; aqueous phase =1 M HCIl; Aq/Org = 25:10; extractant = 2% N-n-octylaniline in xylene.

@ Masked with tartrate.
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Table 3

Binary separation of palladium(Il) from iron(III), cobalt(II), nickel(II) and copper(II)

Composition of Recovery of palladiu-

Relative standard devi- Recovery of added metal

Relative standard devia-

metal ion, pug m(I)* (%) ation (%) ion* (%) tion (%)

Pd, 200; Fe(IlI), 99.7 0.07 99.5 0.19
5000

Pd, 200; Co(II), 99.6 0.13 99.4 0.15
5000

Pd, 200; Ni(II), 99.8 0.13 99.6 0.25
5000

Pd, 200; Cu(II), 99.6 0.11 99.5 0.16
5000

& Average of six determinations.

3.4. Effect of diverse ions

Palladium(II) was extracted in the presence of
a large number of diverse ions. The tolerance
limit was set at the amount of foreign ions caus-

Table 4
Analysis of synthetic mixtures

ing an error of less than + 2% in the recovery of
palladium(IT) (Table 2). It is observed that the
method is free from interference from a large
number of transition, non-transition metal ions
and anions.

Composition (ug)

Palladium
found® (ng)

Recovery(%) Relative stan-
dard deviation

(%)
Pd, 200; Au, 1000 199.6 99.8 0.05
Pd, 200; Os, 1000 199.8 99.9 0.07
Pd, 200; Pt, 1000 199.4 99.7 0.07
Pd, 200; Ru, 1000 199.6 99.8 0.05
Pd, 200; Rh, 500 199.4 99.7 0.07
Pd, 200; Ir, 500 199.2 99.6 0.06
Pd, 200; Pt, 500; Ru, 500 199.0 99.5 0.07
Pd, 200; Pt, 500; Rh, 500 199.4 99.7 0.07
Pd, 200; Pt, 500; Ir, 500 199.2 99.6 0.06
Pd, 200; Ru, 500; Os, 500 199.4 99.7 0.07
Pd, 200; Ru, 500; Ir, 500 199.4 99.7 0.07
Pd, 200; Os, 500; Ir, 500 199.6 99.8 0.05
Pd, 200; Ru, 500; Rh, 500 199.8 99.9 0.07
Pd, 200; Rh, 500; Ir, 500 199.6 99.8 0.05
Pd, 200; Rh, 500; Os, 500 199.2 99.6 0.06
Pd, 200; Pt, 500; Os, 500 199.0 99.5 0.07
Pd, 200; Pt, 200; Ru, 200; Rh, 200; Os, 200; Ir, 200 198.8 99.4 0.05
Pd, 200; Pt, 200; Ru, 200; Rh, 200; Os, 200; Ir, 200; Au, 200 199.0 99.5 0.07
Pd, 200; Fe, 2000; Co, 2000; Ni, 2000; Cu, 2000 199.4 99.3 0.07
Pd, 200; Pt, 200; Ru, 200; Rh, 200; Os, 200; Ir, 200; Au, 200; Fe, 2000; 199.4 99.6 0.07

Co, 2000; Ni, 2000; Cu, 2000

Pd, 200; Ni, 1200; V, 200 199.2 99.6 0.06
Pd, 200; Pt, 200; Ni, 600; V, 95 199.6 99.8 0.05

@ Average of six determinations.
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Table 5
Analysis of alloys

Alloy Composition (%)

Palladium taken Palladium

Recovery (%)  Relative stan-

(ng) found®(ug) dard deviation
(7o)
Dental alloy Pd, 25; Pt, 15; Au, 17; Ag, 250 248.5 99.4 0.06
38; Cu, 4; Zn, 1
Low melting dental alloy  Pd, 34; Au, 10; Co, 22; Ni, 170 169.15 99.5 0.09
34
Stibio palladinite mineral ~ Pd, 75; Sb, 25 150 149.4 99.6 0.08
Jewellery alloy (Pd—Ru al- Pd, 95.5; Ru, 4.5 191 190.61 99.8 0.05
loy)
Jewellery alloy (Pd—Au al- Pd, 50; Au, 50 100 99.7 99.7 0.11
loy)
Solder alloy Pd, 30; Pt, 10; Au, 60 150 149.7 99.8 0.08
Oakay alloy Pd, 10.5; Pt, 20; Ni, 60; V, 105 104.48 99.5 0.13
9.5
Pd, 18.2; Pt, 18.2; Ni, 54.2; 182 181.64 99.8 0.07
V, 9.1
Pd—Cu alloy Pd, 60; Cu, 40 120 119.64 99.7 0.12
Pd-Ag alloy Pd, 60; Ag, 40 120 119.52 99.6 0.11
Golden coloured silver al-  Pd, 25.5; In, 21; Cu, 18; 102 101.49 99.5 0.10

loy resistant to transhing Ag, 35

& Average of six determinations.

3.5. Binary separation of palladium(ll) from
iron(IIl), cobalt(Il), nickel(Il) and copper(Il)

The method permits separation and determina-
tion of palladium(II) from a binary mixture con-
taining either iron(III), cobalt(Il), nickel(I) and
copper(1I).

Palladium is separated from iron(III),
cobalt(Il), nickel(IT) and copper(Il) by its extrac-
tion with 2% N-n-octylaniline in xylene from 1 M
hydrochloric acid. Under these conditions all the
base metals remain quantitatively in the aqueous
phase where these are determined spectrophoto-
metrically with thiocyanate [23], 1-nitroso-2-naph-
thol [23], DMG [23] and pyrimidine-2-thiol [27],
respectively. Palladium is stripped from the or-
ganic phase with two 5-ml portions of 1:1 ammo-
nia solution. The extracts were evaporated to
moist dryness and leached with 1 M hydrochloric
acid to form the solution. Palladium(II) was esti-
mated spectrophotometrically with pyrimidine-2-
thiol. The recovery of palladium(Il) and that of
the added ions was 99.4% and the results are
reported in Table 3.

3.6. Separation and determination of
palladium(Il) in a synthetic mixture

Naturally occurring palladium(II) is always as-
sociated with the other platinum group and base
metals, hence its separation from these metals is
of great importance. Under the optimum extrac-
tion conditions for palladium(II), there is a quan-
titative extraction of Au(IIl), Pt(IV), Os(VIII) and
incomplete extraction of Ru(III), Rh(III) and
Ir(I11). But the coextracted metal ions cannot be
backstripped by 1:1 ammonia solution. Thus the
reagent (N-n-octylaniline) is made selective to-
wards palladium(IT) by taking advantage of the
stripant used. The proposed method allows the
separation and determination of palladium(II)
from many metal ions and the results of analyses
are shown in Table 4.

3.7. Analysis of alloys
The proposed method is applicable for the anal-

ysis of various alloys for palladium content. If the
sample is available, the dissolution is carried out
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according to the earlier procedures [25,26,28].
This brings the elements present into the proper
oxidation states for extraction of palladium(II)
with N-n-octylaniline. However, the samples were
not available at the working place, which forced
us to use synthetic mixtures. These were prepared
corresponding to the composition of the alloys.
The results of the analysis are reported in Table 5.
The average recovery of palladium(II) was 99.6%.

4. Conclusion

The important features of the method described
here are that: (i) it permits selective separation of
Palladium(II) from other platinum group and
base metals which are generally associated with it;
(i1) it is free from interference from a large num-
ber of diverse ions which are associated with
palladium(II) in its natural occurrence; (iii) low
reagent concentration is required; (iv) time re-
quired for equilibration is very short (30 s); (v) the
method is applicable to the analysis of palladiu-
m(II) in synthetic mixtures with composition cor-
responding to alloys; (vi) the method appears to
enable a higher ratio of sample to reagent solution
to be used which can be of advantage when
dealing with trace amounts of palladium(II), as in
refinery process streams; and (vii) it is very simple,
selective, reproducible and rapid requiring only
half an hour for separation and determination.
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Abstract

A simple, inexpensive, on-line bulk acoustic wave (BAW) DNA biosensor is proposed by using an Ag-plated
surface rather than the conventional Au surface. Bovine serum albumin (BSA) is used as an active coating for DNA
immobilization. Impedance analysis reveals that the film composed of didodecyl dithiono-oxamide (DDDTO) and
BSA can dramatically enhance the amount of immobilized DNA. Detection of dissociation and hybridization of
immobilized DNA is demonstrated as an example of the potential application of this type of acoustic wave DNA

biosensor in clinical practice. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Bovine serum albumin; DNA biosensor; Silver surface; Bulk acoustic wave; Immobilization

1. Introduction

For many years, researchers have made great
efforts to develop a good method for DNA sens-
ing, and DNA hybridization is most often used.
Radioactive probe (usually labeled with 3*P) tech-
niques dominated the field of hybridization assay
for more than two decades and provided ex-
tremely high sensitivities. However, the short shelf
life, the health hazard, the cost and the long
exposure times (many hours to days) have limited
its development in the clinical laboratory. There-
fore, new methods, which eliminate the time-con-
suming labeling procedures and the problem of

* Corresponding author. Fax: + 86 731 8824525; e-mail:
szyao@hunu.edu.cn

fluctuations, are necessary to make it safer and
more convenient for DNA molecular diagnostics.

Among those methods tried, an optical sensor
with a detection limit of 86 ng/ml was reported
[1]. As another approach, nano or subnanogram
quantities of the complementary DNA were de-
tected by using electrochemical techniques, such
as voltammetric DNA sensors [2,3], carbon-paste/
PSA method [4], and FIA [5]. Hashimoto et al. [6]
even reported a 0.1 pg/ml detection limit for a
4.4-kb target sequence. These sensors have the
ability to respond to the structure/formation
changes of DNA duplex. But they have the limita-
tion of requiring the use of redox-active DNA
intercalators or groove-binders as label, which are
often sequence-dependent. A similar situation is
also faced by optical DNA sensors. Strictly, these

0039-9140/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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two kinds of DNA sensor cannot provide real
response signals, i.e. they measure other sub-
stances rather than the DNA molecule itself.
On the other hand, the bulk acoustic wave
(BAW) DNA biosensor, because of its simplic-
ity, capability of offering in-situ information
and possibility for miniaturization and incorpo-
ration in a microchip array, has attracted much
attention. This so-called DNA biosensor is a
bulk acoustic wave device with single stranded
(ss-)DNA immobilized on the sensing areas of
the device. The ss-DNA complementary to
target DNA are then hybridized with a sample
solution containing the target DNA, and the
bulk acoustic wave signals are recorded. Com-
pared with the existing techniques, it does not
need an extra indicator and reflects the real re-
action responses. It has the advantages of low
sensitivity to nonspecific DNA and high sensi-
tivity to the target molecule. Moreover, it has
the ability to record a real-time plot of each
step of the DNA reaction and thus provides an
approach to the dynamic and mechanism study.
A key step in developing such sensors is to im-
mobilize probe DNA molecules effectively onto
the surface of the bulk acoustic wave devices.
Most bulk acoustic wave DNA biosensors are
made with gold-plated quartz crystals. Fawcett
et al. [7] first reported such a sensor in 1988.
They took an AT-cut gold-plated quartz crystal
and had the single-stranded nucleic acid immo-
bilized onto it through covalent binding to a
styrene-acrylic acid copolymer. The real in-situ
liquid-phase measurement was carried out by
Okahata et al. [8] who bound the modified ss-
DNA having an -SH group at the 5-phosphate
end onto a BAW device with Au electrodes on
both sides through self-assembled chemisorp-
tion, which was developed by Ito et al. [9].
They also developed a cast film of a DNA-
lipid complex deposited on a quartz-crystal mi-
crobalance to study intercalation behavior of
dyes in DNAs [10]. Su et al. [11] undertook a
study to elucidate the immobilization of nucleic
acids on PdO deposited on Au-plated quartz
crystals with a view to study the DNA biosen-
sor through the network analysis method. In
addition to these, LB-membrane and other

methods have also been developed [12,13].

However, to our knowledge, few investiga-
tions have been undertaken to evaluate the im-
mobilization behavior of DNA on the surface
of Ag-electrode quartz crystals of the bulk
acoustic wave (BAW) sensor — these are more
easily available and have the advantages of
much lower cost than the Au-plated ones. In
this paper, we proposed a BAW biosensor with
probe DNA covalently immobilized on the di-
dodecyl dithiono-oxamide (DDDTO)-bovine
serum albumin (BSA) modified Ag surface.

Bovine serum albumin, as an important mod-
ifying material in clinical laboratories, has at-
tracted much interest. Due to the presence of
amino groups in its structure, it has been
widely used in enzyme sensors to assist the im-
mobilization of enzyme molecules [14,15]. Re-
sults have shown that BSA can hardly be
desorbed from the surface of the self-assembly
thiol monolayer [16]. Thus, the BSA method
combined with the self-assembly technique in
more recent years has improved its stability and
widened its application in the study of biologi-
cal phenomena. The reports from those early
researchers have confirmed that sulfide and/or
disulfide compounds can be strongly adsorbed
on Ag surfaces, as well as Au and Cu surfaces,
forming a very stable monolayer [17]. Hence,
the combination of BSA method and self-as-
sembly technique can be used for immobilizing
DNA on Ag-plated BAW sensors.

In our preliminary work, the possibility of
immobilizing DNA on an Ag-plated BAW
device is investigated. Impedance analysis has
been used to study the surface modification
procedures and the DNA immobilization pro-
cesses. The experiment results show that DNA
can be successfully immobilized on the less
costly BAW sensor with an Ag surface which
gives a good result in terms of immobilizing ca-
pacity and stability. The dissociation and hy-
bridization experiments reveal that the proposed
Ag-plated BAW DNA biosensor can be reused
and can give as good results as those from Au-
plated ones.
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2. Experimental

2.1. Apparatus

The experimental setup was the same as that
described previously [18]. An AT-cut 9 MHz
quartz crystal (Model JA-5, Peking Factory No.
707) with silver electrodes on both sides (area:
0.28 c¢cm? x 2) was used as the BAW resonator.
A home-made oscillator [19] was used to drive
the crystal at its resonant frequency in aqueous
solutions. The frequency output from the oscil-
lator was measured by a universal counter
(Model SC-7201, Iwatsu Co., Tokyo) and was
recorded by an IBM compatible personal com-
puter via an HPIB bus and an HP-IB interface
plugged in the computer (Hewlett-Packard). An
HP 4192A-LF impedance analyzer was em-
ployed to perform admittance measurements of
the BAW crystal. The temperature was con-
trolled by a water jacket and a model WMZK-
1 Temperature Controller (Medical Equipment
Co. Shanghai) at 15+ 0.1°C except where oth-
erwise stated.

2.2. Materials

Double-stranded salmon sperm DNA (ds-
DNA, Shanghai Biochemical Products
Institute) and bovine serum albumin (MW
66000, A%, <0.06, Shanghai Bo’ao Biotech-
nical Co.) were used as received. Den-
atured single-stranded DNA was obtained by
heating the native dsDNA in a water bath at
100°C for ca. 5 min followed by rapid cooling
in an ice bath. 2 x SSC buffer solution was
prepared by mixing 300 mmol 1-! sodium chlo-
ride with 30 mmol 1-' sodium citrate, and its
pH value was adjusted to pH 7.4. Didodecyl
dithiono-oxamide (DDDTO) of chemical-reagent
grade was used. HOAc—NaOAc buffer solution
(pH 5.0) was deoxygenated before each experi-
ment. All chemicals used were of analytical-
reagent grade. Double distilled water was used
for the reagent preparation and throughout the
procedure.

2.3. Surface modification

The surface modification processes were moni-
tored through impedance measurements. The
measurements were made in-situ with one surface
of the BAW resonator in contact with solutions,
except where otherwise stated. Before the experi-
ments, 30 min were needed to stabilize the whole
setup including the impedance analyzer, the fre-
quency counter and the power supply.

1. Cleaning procedure. The BAW resonator was
mechanically polished to a mirror finish using
50-nm alumina to avoid the effects of surface
roughness on frequency response. After being
rinsed with distilled water, the resonator was
dipped for 30 min in 1.0 mol 1-! NaOH and
rinsed again with distilled water. Then 1.0 mol
1= ' HCI was applied to the surface for another
30 min, followed by rinsing with water, alco-
hol, water and air-dried. With this cleaning, a
clean crystal surface was formed on each sen-
sor to give better repetition.

2. DDDTO-BSA modification. The cleaned
BAW resonator was dipped in a ca. 1.2%
solution of DDDTO in acetone for 1.5 h, then
air-dried and washed with acetone and water
three times. After this, the sensing surface was
treated with 20 pl 4.5% (wt.) of BSA solution
for 2 h.

3. DNA immobilization. After rinsing thoroughly
with water and then HOAc—NaOAc buffer
solution, 20 ul ds-DNA solution (0.5 pg pul =)
was added into the detector cell and left for
1.5 h. Then the crystal was washed with
HOAc—-NaOAc buffer and water.

3. Results and discussion

3.1. Modified Ag-plated BAW sensor with
DDDTO and BSA

It is well known that a bulk acoustic wave
sensor is an electromechanical transducer which
converts electrical energy to mechanical energy,
and vice versa. Its electrical equivalent circuit was
shown previously [20]. For this equivalent circuit,
the admittance Y (reciprocal of impedance Z) is:
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Y=1/Z=G+jB

where G is conductance and B, susceptance,
which are the real part and the imaginary part of
admittance Y, respectively. From the impedance
analysis, the four circuit elements, i.e. R, the
motional resistance, L,,, the motional inductance,
C.., the motional capacitance and C,, the static
capacitance, can be related to the loss of mechan-
ical energy dissipated to the surrounding medium,
the mass and the mechanical elasticity of the
vibrating body, and the geometry of the quartz
crystal electrode [20], respectively. They can be
extracted from G and B frequency spectra ob-
tained through impedance measurements (Fig. 1)
by fitting admittance data using a nonlinear least
square technique, the Levenberg—Marquardt
method [21,22], to minimize the sum of the
squares of the differences between measured and
computed admittance data.

The modification of DDDTO and BSA onto
the Ag surface was monitored by the BAW device
through impedance measurements. Fig. 2(a)
shows a typical profile of the frequency of maxi-
mum conductance (f,, f,=1/2n(L,C,)"?) re-
sponses of the sensor upon the introduction of
DDDTO solution onto the Ag surface. As can be
seen from Fig. 2(a), f, decreases rapidly during
the first 10 min for up to 33 Hz, and then slows
down. As DDDTO is self-assembled onto the Ag
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Fig. 1. Typical plots of the conductance (G) and susceptance
(B) spectra of a 9-MHz BAW resonator.
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Fig. 2. Responses of the resonant frequency (Af,, a) and static
capacitance (C,, b) of the 9-MHz BAW device with silver-
plated electrodes upon DDDTO loading.

surface, we can assume that initially the binding
sites on the surface were sufficient enough to let
DDDTO molecules be easily adsorbed onto the
Ag surface when its solution was applied to the
bare Ag electrode and caused a rapid decrease in

/.- With time, the adsorbed monolayer began the

procedure of assembling towards a highly ordered
structure [17,23-25], as well as the procedure of
adsorbing onto the Ag surface. Accordingly, the
rearrangement of the DDDTO molecules made
the mass loading not so significant as during the
first 10 min.

Additional information, such as the static ca-
pacitance C,, can be obtained from the equivalent
circuit parameters measurements. C, is predomi-
nantly determined by the dielectric properties of
the quartz crystal. Yet, in a conductive solution, it
is directly affected by the structure of the elec-
trified interface, i.e. the capacity of the electrical
double layer at the charged interface [26]. As
shown in Fig. 2(b), the initial adsorption results in
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an increase in C, and further adsorption leads to
a significant decrease. The DDDTO molecules
approach the surface in its native state with most
of the polarizable groups located on the outer
surface, which causes an increase in the polarity
and hence the charge density at the inner
Helmholtz plane and thus a rise in the double-
layer capacitance. As the adsorbed monolayer
forms a self-assembly structure, the declination in
surface polarity due to the redistribution of those
groups occurs, leading to a decrease in the dou-
ble-layer capacitance and thus in C, [27].

The BSA modification step was subsequently
carried out. From the experiment, we noted that
the DDDTO-coated BAW sensor exhibited a
rather hydrophobic surface, which gave a good
background for BSA adsorption because BSA
molecules tend to be adsorbed strongly to a hy-
drophobic surface [28]. The pH was pH 5.0 which
was around the isoelectric point of the BSA
molecule and thus enhanced its hydrophobicity by
loss of its net electric charge.

In impedance analysis, L, is the quantity
reflecting the mass of the vibrating body. Yet,
because L, and C, are always correlated, the
corrected L’ is used [29]. The real-time plots of
changes in L' during the procedure of BSA ad-
sorption are given in Fig. 3. The overall L’ shift is
60.44 pH corresponding to a frequency shift of
120 Hz.

It is known that the width of the half-height of
the conductance maximum of the crystal should
broaden if the viscoelastic properties of the film
affect the resonant frequency. In this stage, no
significant difference was found between the bare
crystal and the DDDTO-BSA coated one. There-
fore the film behaved as a quasi-rigid layer under
the experimental conditions. Assuming that BSA
is an ellipsoidal molecule with rough dimension of
4 x 4 x 14 nm [30], monolayer coverage of BSA
should be approximately 550 ng cm ~2 for head-
on type adsorption and 140 ng cm ~?2 for side-on
type arrangement calculated from the molecular
mass of 66 000 as two extreme cases. These corre-
spond to frequency changes of ca. 140 Hz and 36
Hz for our 9-MHz AT-cut quartz crystal, respec-
tively, based on the Sauerbrey’s equation [31]. The
frequency shift obtained in our experiment shows

BSA loading is between the two extreme cases,
suggesting that the arrangement of BSA molecules
under the experiment conditions was not exactly
like the two extreme cases. The above discussion
does not take into account the possible denaturing
and unfolding of BSA on the electrode surface. It
should be emphasized that this discussion is not
strictly enough, however this theoretical calcula-
tion can provide a rough estimate of the upper
and lower limits of the amount of adsorption.

3.2. Immobilization of DNA

Covalent immobilization of DNA on the
DDDTO-BSA modified Ag surface was observed
(Fig. 4). The in-situ frequency responses of the
control experiments are also shown in Fig. 4.

The frequency shift Af, of the first curve (bare
electrode surface) is — 140 Hz, while the third
curve (DDDTO-BSA modified crystal) gives Af,
of —482 Hz, confirming the successful immobi-
lization of DNA on the Ag-plated BAW device.

Owing to the presence of amino groups in the
BSA structure, the BSA-coated quartz crystal be-
comes protonated and attracts the negative charge
of the nucleic acid’s 5'-phosphate groups, forming
a phosphoramidate bond.
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Fig. 3. Inductance changes of the silver-plated BAW sensor
with time upon BSA adsorption.
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Fig. 4. Comparison of frequency changes of the silver-plated
BAW DNA biosensor with time after addition of DNA solu-
tion (at point B) under different surface modification condi-
tions: (1) Bare electrode; (2) Single DDDTO modified
electrode; (3) DDDTO-BSA modified electrode.

It is known that the isoelectric point of the
DNA molecule is in the range of pH 4.0 ~4.5.
When pH > 4.0, the DNA molecule exhibits a
highly polycationic state. On the other hand, as
the stability of hydrogen bond formed between
the base pairs depends on the pH value, the pH of
the solution is often kept at less than 11 for the
sake of stability [32]. Thus, the medium pH in this
experiment is chosen to be within the range of
5.0 ~ 7.4, which makes the DNA molecule more
readily bind the amino groups of the BSA
molecule.

Conductance spectra of the BAW resonator in
solutions are shown in Fig. 5, the G,,,, decreases
during the DNA immobilization and the width of
the half-height of the conductance maximum
broadens, suggesting that the adsorbed DNA film
is more viscous than that of the sublayers and
hence the amount of the adsorbed DNA cannot
be determined exactly using the Sauerbrey’s equa-
tion. Further study on the relationship between
the frequency response of the proposed BAW
DNA biosensor and the mass of adsorbed DNA
is being undertaken. The initial DNA contact
(curve b) causes the decrease in G,,, (or an

increase in R,) while the f, remains unchanged
(which implies no significant mass loading or elas-
ticity change takes place), suggesting an increase
in loss of mechanical energy dissipated to the
surroundings, i.e. addition of DNA causes an
increase in p-y of the solution. On the other
hand, the final f, of the DNA solution shifts
towards a lower frequency (curve c), reflecting an
increase in L. The above observation reflects the
adsorption of DNA onto the surface of the silver-
plated electrode.

3.3. Comparison of immobilizing capacity

Because of its amido groups, DDDTO can
attract the nucleic acid’s 5'-phosphate groups, too.
However, due to the steric hindrance effect caused
by the two long alkyl chains in its structure, it
might not provide many active binding sites for
immobilizing DNA which itself is a huge
molecule. To compare the value of the frequency
shift corresponding to DNA immobilization on
different surfaces, a series of experiments were
carried out (Fig. 4). The frequency changes of the
BAW device were monitored under the same con-
ditions.
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Fig. 5. Conductance spectra of the silver-plated BAW DNA
biosensor in solution observed in the course of DNA immobi-
lization. (a) DDDTO-BSA coated crystal; (b) Initial contact
of the crystal with DNA; (c) The sensor with immobilized
DNA.
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Compared with the bare crystal and the single
DDDTO coated one, the film consisting of
DDDTO and BSA layers dramatically enhanced
the amount of immobilized DNA. Thus we may
deduce that the BSA coated on the DDDTO
sublayer possesses a large surface area and pro-
vides a rich active site for immobilizing DNA.

In order to test the stability of the modified
DNA layer, the unreacted BSA was blocked with
0.1 M glycine solution (pH 7.4). Then, the crystal
was immersed in HOAc—-NaOAc buffer, and the
frequency was monitored. Results showed that the
frequency of the BAW DNA biosensor slightly
increased (perhaps resulting from the removal of
nonspecific adsorption), only in the initial 10 min,
and then stabilized with a frequency variation of
4+ 8 Hz for an observation interval of 1 h.

3.4. Dissociation and hybridization of DNA on
the BAW DNA biosensor

The dissociation and hybridization processes of
the immobilized DNA were monitored as an ex-
ample of the potential application of this BAW
DNA biosensor. An HOAc—NaOAc solution
containing 1 mg ml~! DNA was applied to the
DDDTO-BSA treated Ag surface. It was then
allowed to incubate overnight. Immobilized DNA
was dissociated by treating with 95 ~ 90°C 2 x
SSC buffer solution (pH 7.4) for 5 min to get
single-stranded (ss-)DNA. Then it was hybridized
again with ss-DNA. In order to get a highest ratio
of hybridization, the condition was controlled at
65°C in a 2 x SSC hybridization buffer solution
(pH 7.4) [33]. The series resonate frequency was
measured before and after each step and the
results are listed in Table 1. Apparently, the
longer the incubation time, the more the amount
of immobilized DNA, provided that the satura-
tion point was not reached.

The overall Af, corresponding to DNA immo-
bilization is 658 Hz, confirming the successful
immobilization of DNA on the Ag-plated BAW
sensor. The dissociation step caused an increase in
f., for about 335 Hz. Somehow it is a bit higher
than that expected for the loss of all complemen-
tary single strands (329 Hz). Partial removal of
nonspecific adsorption during the washing step

Table 1
Frequency responses of the BAW DNA sensor under different
conditions

BAW DNA sensor Af,, Hz
Coated with DDDTO-BSA* 0
Modified with ds-DNA (1 h) —119+2
Modified with ds-DNA (overnight) —658+2
Dissociated —323+2
Hybridized —651+2

The values are the average of five experiments.
2The frequency responses to DDDTO and BSA coatings are
controlled at about 160 Hz and 120 Hz, respectively.

might account for this observation. However, the
difference is not very significant and is around the
range of experimental error. In the hybridization
procedure, the 328-Hz decrease is in accordance
with the expected value, suggesting a possible way
to make the sensor reusable. Compared with the
results given by the Au-plated DNA sensors [13],
it can be said that our Ag-plated BAW DNA
biosensor can provide as good results as those
from Au-plated ones.

4. Conclusions

The possibility of immobilizing DNA on Ag
rather than an Au-plated BAW device has been
investigated. The results demonstrated that on the
basis of DDDTO-BSA coating, DNA can be
immobilized on the Ag surfaces. Successful DNA
immobilization in our experiment makes the pro-
posed silver-plated BAW DNA biosensor a
promising tool in clinical applications. The stan-
dard deviation of background signals during the
measurement of series resonant frequency is in the
region of + 2 Hz. Accordingly, the limit of detec-
tion for on-surface DNA under the currently un-
optimized experimental conditions is about 2 ng.
Since this method is uncomplicated, rapid, con-
ceptually simple, and economically feasible, it will
become a competitive method over presently ex-
isting techniques. Further exciting possibilities for
the future lie in the development of a rapid re-
sponse method combined with this BAW DNA
biosensor. The specificity could be raised by im-
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mobilizing a highly specific genetic fragment as
the probe.
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Abstract

An investigation of chemiluminescence (CL)-emission generated by the oxidation of pyrogallol using various
inorganic oxidant compounds is reported in this F.I.A.-merging zone application. The oxidant compounds that
showed measurable CL-emission were permanganate, periodate, hypochlorite anions, cerium(IV) and hydrogen
peroxide. The different oxidant compounds showed CL-emissions at different pH-ranges. The CL-emission was
limited by the inner filter effect and this was more intense for oxidants of selective oxidation. Kinetic effects were also
found in the case of oxidation by permanganate. Plots of CL-emission against pH give evidence of speciation and or
deactivation mechanism effects. The analytical parameters for the determination of the oxidants are given. Sensitivi-
ties of 895600, 19500, 33723, 10680 and 56703 mV M ~! were found for the determination of permanganate,
cerium(IV), periodate, hypochlorite and hydrogen peroxide, respectively. The calibration curves of the oxidant
determination were generally S-shaped; the S-shaped calibration curve of periodate was closer to a straight line
relationship while that of hypochlorite was almost a straight line; detection limits in the range of 10 % M oxidant
concentration were found for nearly all oxidants. The analytical parameters for determination of pyrogallol by the
CL-emission generated through oxidation by the different oxidants at optimum conditions were 1.16 x 10* mV M ~!
for permanganate; 0.086 x 10° mV M ~! for cerium(IV); 0.91 x 10° mV M ~! for periodate; 0.012 x 10° mV M ~! for
hypochlorite; and 0.25 x 105 mV M ~! for hydrogen peroxide. The detection limit was 1.0 x 10 ~* M. The nearly
straight-line relationship (initial part of the plot) for CL-emission with oxidant concentration gives an indication that
the CL-reaction of pyrogallol oxidation by hypochlorite proceeds through a process that involves energy transfer
while the pronounced S-shaped curve produced by permanganate gives the indication that the reaction proceeds
through a process that does not involve energy transfer according to the mathematical model of CL-emission that
controls the F.I.A.-merging zone technique of the flow apparatus used in this work. The sequence of completeness of
the oxidation process by each oxidant was MnO, > H,0, > 10, > OCl —; the stoichiometric quantity of the oxidant
per pyrogallol molecule for the rapid part of the overall oxidation by each different oxidant was attempted; this is an
index-value of the oxidation state of the fluorescent excited molecule. Finally, the impact of the above findings for
further analytical applications is discussed. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Chemiluminescence (CL)-emission; Pyrogallol oxidation; Oxidants; pH-selectivity; Prospects for analytical
applications
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1. Introduction

Chemiluminescence (CL)-reactions are becom-
ing increasingly popular for trace analysis, be-
cause of their high sensitivity, rapidity, simplicity
and low cost of instrumentation [1-3]. Some CL-
reactions are extremely sensitive to concentration
changes while recent developments in increasing
sensitivity and reliability of photomultipliers have
given extra interest in CL-reactions. In addition
the implementation of the CL-reaction analytical
system with a F.ILA. manifold gives an extra
element of simplicity, reproducibility, rapidity,
convenience and above all provides a degree of
automation to the analytical procedure.

The CL-emission generated during pyrogallol
oxidation by H,0, has not met the proper atten-
tion by researchers because other CL-systems
were far more sensitive. However, the CL-emis-
sion that accompanies the oxidation of pyrogallol
by H,O, [4] is also observed with oxidation by
other oxidants i.e. by permanganate [5,22], by
periodate [6—8], and is observed with other pyro-
gallol substituted compounds (i.e. gallic acid, tan-
nins, etc.). The CL-emission intensity can be
enhanced by catalytic or sensitizing effects
[4,6,22]. Finally, and more important the CL-
emission is pH-range selective to the oxidants and
the pyrogallol-compounds.

The above properties of the pyrogallol CL-sys-
tem are very important in analytical chemistry
and further investigation of the system may lead
to useful applications in the determination of
organic compounds in samples like drugs, phar-
maceuticals, food products, biological fluids, etc.
The generation of CL-emission by a number of
oxidant reagents that show pH-range specificity
may become a tool for the determination of such
oxidants in different fields of science, i.e. in envi-
ronmental chemistry (determination of OCI ™),
clinical chemistry (determination of H,0,) and in
organic analytical chemistry (determination of
10, ). The selective determination of oxidative
anions may also be of benefit to ion-chromatogra-
phy with post column detection of these anions.
Finally, the phenomenon is important in instru-
mental analysis using enzyme immobilization on
particles of high specific surface area and packing

them in the optical cell. Many such applications
are being investigated in our laboratory.

The present study reports the investigation of
the CL-emission generated during pyrogallol oxi-
dation by different oxidant compounds. Each py-
rogallol—oxidant system is investigated for the
effects of the pH, and of concentrations of pyro-
gallol and oxidant.

2. Experimental
2.1. Reagents

All chemicals were of analytical reagent grade
unless otherwise specified and distilled water was
used throughout.

Buffer solutions of HCIO,/NaClO,, H,PO,/
H,PO,, CH,;COOH/CH,COO~, H,PO,/
HPO2—, H,CO,;/HCO; and HCO; /CO3~ were
prepared by dissolving a tenth of the formula
weight of the corresponding salt in water and
diluting to 900 ml, adjusting to the desired pH by
the addition of 70-72% w/w HCIO, (Merck) or 1
M NaOH titrisol solution (Fluka) and making up
to 1 1 with distilled water.

Oxidant stock solutions (0.01 M) of potassium
permanganate (Baker), cerium sulfate tetrahy-
drate (Merck), and potassium periodate (Fluka),
were prepared by dissolving one hundredth of the
specific formula weight of the oxidant compound
in the desired buffer solution and further diluting
with the buffer solution to 1 1. The oxidant solu-
tions were stored in reagent bottles or when neces-
sary in dark brown glass bottles to avoid
photochemical decomposition.

Oxidant 0.01 M stock solution of hydrogen
peroxide was prepared by diluting the proper
volume of 30% w/v H,O, (Merck) to 1 1 with the
proper buffer solution.

Oxidant 0.1 N standard solution of hypochlor-
ite was prepared by standardising a commercial
sodium hypochlorite solution by iodometric titra-
tion and then diluting a certain volume of the
commercial solution to the appropriate