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A comparative study was carried out of the potentiometric application of boron-
and phosphorus-doped and undoped glassy carbon samples prepared at the same heat
treatment temperature (HTT 1000 ºC). The electrochemical activities of the obtained
electrode materials were investigated on the example of argentometric titrations. It was
found that the electrochemical behaviour of the doped glassy carbon samples are very
similar to a Sigri (undoped) glassy carbon sample (HTT 2400 ºC). The experiments
showed that the potentiometric response depends on the polarization mode, the nature of
the sample, the pretreatment of the electrode surface, and the nature of the supporting
electrolyte. The amounts of iodide, bromide, and of chloride were determined to be 1.27
mg, 0.80 mg and 0.54 mg, respectively, with a maximum relative standard deviation of
less than 1.1 %. The obtained results are in good agreement with the results of compara-
tive potentiometric titrations using a silver indicator electrode. The titration method was
applied to the indirect determination of pyridoxine hydrochloride, i.e., vitamin B6.

Keywords: boron- and phosphorus-doped glassy carbon electrodes; potentiometric titra-
tion of halides; determination of vitamin B6.

INTRODUCTION

Recently, great attention has been paid to the study of the electrochemical proper-
ties of some new carbonaceous materials homogeneously modified, rather than surface
modified.1 Namely, it is to be expected that an electrode modified at the atomic level
would exhibit efficient catalysis, high stability, and comparatively simple renewability.
Glassy carbons (GC) involving a variety of heteroatoms, including nitrogen, silicon,
and halide have been prepared by thermolysis of the appropriate precursors.1,2 Arecent
study3 showed that doping glassy carbon with boron and phosphorus significantly
changed the surface properties of the material.

In our prevous work, one of the research directions was the applicability of various
carbonaceous electrodes for monitoring the course of amperometric and potentiometric ti-
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trations of different substances.4–12 In continuation of these investigations, in the present
work, the potentiometric application of boron- and phosphorus-doped and undoped glassy
carbon electrodes, prepared at the same heat treatment temperature (HTT 1000 ºC), for the
determination of halides was studied. The developed procedure was also applied for the
analysis of pyridoxine hydrochloride (4,5-dimethylol-3-hydroxy-2-methylpyridine hydro-
chloride, C8H11NO3�HCl, relative molar mass Mr = 205.69), i.e., vitamin B6.

EXPERIMENTAL

Chemicals and solutions

All employed chemicals were of analytical reagent grade. Solutions were prepared in doubly
distilled water. The standard solution of silver nitrate had a concentration of 1� 10-2 mol/dm3. The
concentration of the halide solutions was 1� 10-3 mol/dm3. The supporting electrolytes tested were
solutions of sulphuric, nitric, and perchloric acids, as well as potassium nitrate and sodium perchlor-
ate of different concentrations.

Pyridoxine hydrochloride was analyzed in Bedoxin tablets (ICN Galenika, Belgrade, Yugo-
slavia). The content of the active component, according to the declaration, was 20 mg per tablet.

Apparatus

The comparative investigations encompassed a GC sample doped with boron (B-GC10), con-
taining 0.6 % of boron (w/w in the starting resin), a GC sample doped with phosphorus (P-GC10),
containing 1.0 % of phosphorus in the starting resin, and an undoped sample (GC10). All the GC sam-
ples, in the form of rods (� 3 mm), were prepared by carbonization at 1000 ºC of a phe-
nol-formaldehyde resin, with (H3BO3 or P2O5)3 or without the doping element. The results were also
compared with those of a Sigri (undoped) GC sample whose heat-treatment temperature was 2400 ºC
(GC24), and a silver electrode. In all the experiments, only the electrode disc area was exposed to the
solution, except for the silver electrode which was in the form of a wire.

The established optimal pretreatment procedure of the electrodes GC10, B-GC10, and
P-GC10 involved their polishing with alumina (Buehler LTD, micropolish, Linde A, 0.3 � m Alpha
alumina) wetted with doubly distilled watter, to a mirror finish (about 5 min). Afterwards the elec-
trode was washed in an ultrasonic bath with distilled water to remove any residual polish. In the titra-
tion of iodide, the electrode was polished with alumina at the beginning of each series of measure-
ments, of bromide after each five, and of chloride after each titration. In all cases the electrode was
washed before each titration. However, if the solution contained a supporting electrolyte, it was nec-
essary to polish the electrode before each titration, then it was negatively polarized against a saturated
calomel electrode (SCE) in distilled water (whose conductivity can be ascribed to the ions leached
out from the electrolytic bridge and introduced with the electrode), to pass a current of –5 � A for 5
min. When using the GC24 electrode it was necessary to repeat the whole pretreatment procedure be-
fore each titration, irrespective of the nature of the halide to be titrated. It is interesting to note that an
in situ pretreatment in the solution to be titrated gave no satisfactory results.

The microcomputer-aided13,14 potentiometric titrations were carried out either at zero current or
at a controlled-current, with two of the above-mentioned indicator electrodes �GC (+)� GC (–)� or with
one indicator electrode (polarized either positively �GC (+)� SCE (–)� , or negatively �GC (–)� SCE (+)�
and coupled to a SCE via a double-junction salt bridge. Acurrent of 1 � Awas chosen for the titration of
iodide and bromide, and 2 � A for chloride. The titrant was added continuously using a Radiometer
ABU 80 automatic piston burette at an optimum rate of 0.25 cm3/min.

Procedure

Four Bedoxin tablets were dissolved in water and diluted to volume in a 200 cm3 volumetric
flask. Aliquots of 10.00 cm3 were used for titration.
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The titration endpoint was determined using a computer program for finding the intersection
of the straight lines before and after the equivalence point (iodide and bromide) or from the first deriv-
ative maximum (chloride). The results of the chloride determination were corrected for the blank.

RESULTS AND DISSCUSION

The objective of this work was a comparative study of the potentiometric applica-
tion of boron- and phosphorus-doped and undoped glassy carbon samples prepared at
1000 ºC in the argentometric titrations of halides, employing either zero-current or con-
trolled-current potentiometric indication. The results were compared with those ob-
tained using a GC24 and a silver wire electrode.

Optimization of conditions

Optimization experiments were carried out to find the best experimental conditions
for the potentiometric titrations with respect to the polarization mode, the nature of the GC
sample, the electrode pretreatment mode, and the nature of the supporting electrolyte.

Choice of method

The controlled-current potentiometric titrations curves obtained with one P-GC10
indicator electrode polarized either positively (curve 1) or negatively (curve 3) both vs.
SCE, as well as with two P-GC10 indicator electrodes (curve 4) are presented in Fig. 1. In the

sameFigure thepotentiometric titrationcurveatzerocurrent (curve2) isalsoshown.Ascan
be seen, the best result was obtained with the negatively polarized indicator electrode. Ex-
periments concerned with the optimal polarization mode of the other GC materials yielded
the same conclusion. Therefore, this polarization mode was chosen in the further optimiza-
tionexperiments.Theappropriatecurrent intensitywaschosenas thesmallestonegiving ti-
tration curves of satisfactory shape and reproducibility, and this was –� � A for the iodide
and bromide titrations. However, the determination of chloride at this current resulted in
poor reproducibility of the titration curves, which was significantly improved at –2 � A.
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Fig. 1. Effect of the electrode polariza-

tion mode on the shape of the poten-

tiometric titration curves of 1.27 mg

iodide with 1� 10-2 mol/dm3 AgNO3:

1) � P-GC10(+) 	 SCE(–) �, (I = 1 � A);

2) � P-GC10� SCE � , (I = 0); 3)

�P-GC10(–)� SCE(+) �, (I = 1 � A); 4)

�P-GC10(+) � P-GC10(–)], (I=1 � A).



Choice of indicator electrode

The effect of the nature of the GC sample on the shape of the titration curve is il-
lustrated in Fig. 2. As can be seen, the glassy carbon doped with boron (curve 3) and

with phosphorus (curve 4) compared favourably with the undoped material (curve 2).
However, all the mentioned glassy carbon electrodes (curves 2 – 4) are suitable for the
determination of iodide, whereby the change of the potential around the equivalence
point is in all cases greater than that obtained using a silver electrode (curve 1). Namely,
before the titration end point, the potential is determined by the composition of the titra-
tion solution and after that by silver ions. Because of this, the electrode potential and the
shape of the titration curve after the titration end point are very similar to those obtained
with the Ag electrode. It can also be noticed that the inflection point of the curve ob-
tained with the silver electrode (curve 1), which corresponds to the titration end point,
coincides with the beginning of the abrupt change of the potential on the titration curves
2 – 4 obtained with the other electrodes. Hence, the titration end point in the cases when
GC electrodes are used should be determined by extrapolating the straight portions of
the titration curve before and after the equivalence point. However, in the titration of
chloride, the shape of this part of the titration curve was not reproducible, so that the end
point was determined from the first derivative maximum. Also, to obtain correct re-
sults, it was necessary to take into account the blank titration. By comparing the behav-
iour of GC24 (curve 5) with that of other glassy carbon electrodes (curves 2 – 4) it can
be noticed that the total change of the potential is similar to that obtained with the
P-GC10 electrode. The advantage of using the P-GC10 electrode compared with the
B-GC10 and GC10 as indicator electrode is more obvious (not so much in the shape of
the curve as in the precision of the determination) in the determintion of bromides, and
especially of chlorides.
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Fig. 2. Effect of the nature of the nega-

tively polarized indicator electrode (I

= 1 � A) on the shape of the potenti-

ometric titration curves of 1.27 mg of

iodide with 1� 10-2 mol/dm3 AgNO3:

1) Ag, (I = 0); 2) GC10; 3) B-GC10;

4) P-GC10; 5) GC24.



Effect of supporting electrolyte

Effect of acids. Sulphuric, nitric, and perchloric acids were tested. The effect of
the concentration of sulphuric acid as supporting electrolyte on the shape of the ob-
tained titration curves using the investigated B-GC10 electrode is illustrated in Fig. 3. It
is evident that the most suitable titration curve is obtained in the absence of supporting
electrolyte (curve 5). The presence of sulphuric acid in concentrations from 3.3 � 10–3

to 1.3 mol/dm3 (curves 2 –4) resulted in changes of the shape of the titration curves: in-
creasing the concentration lead to a decrease in the rate of the potential change after the
end point, as well as in an increase of the initial potential. This resulted in a decrease of
the potential jump around the titration end point, so that at a concentration of 0.33

mol/dm3, and higher, the determination of iodide was hindered. With the P-GC10 elec-
trode, the effect of H2SO4 concentration was also remarkable: at 3.3 ��
 –3 mol/dm3 the
electrode behaved more like a silver one, while at higher concentrations the curves have
a similar shape as in the absence of H2SO4, but with a smaller potential jump. The effect
is least pronounced with the GC10 electrode. Finally, for the sake of comparison, the
same effect was investigated using the GC24 electrode. In this case too, the presence of
sulphuric acid had a significant effect, and at a concentration of 0.33 mol/dm3 the elec-
trode behaved more like a silver one. The more positive initial potential is a conse-
quence of the reaction of proton reduction on the glassy carbon electrodes. However, it
would be desirable to have the most negative initial electrode potential possible, as this
would ensure the greatest potential jump around the titration end point. A similar be-
haviour of the electrodes was also observed in the presence of nitric and perchloric ac-
ids, whereby in the solution of perchloric acid the initial potential was more positive,
which is a consequence of hydrogen evolution being more efficient from this acid.

The effect of sulphuric acid on the shape of the titration curve of chloride using
B-GC10 as the indicator electrode is illustrated in Fig. 4 (curves 2 and 4). As can be
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Fig. 3. Effect of H2SO4 concentration

on the shape of the potentiometric

�B-GC10(–)� SCE(+) � (I = 1 � A) ti-

tration curves of 1.27 mg of iodide

with 1� 10-2 mol/dm3 AgNO3: 1) Ag,

(I = 0) in the absence of H2SO4; 2) 1.3

mol/dm3 H2SO4; 3) 0.33 mol/dm3

H2SO4; 4) 3.3� 10-3 mol/dm3 H2SO4;

5) in the absence of H2SO4.



seen, the presence of sulphuric acid resulted in a more positive initial potential, as well
as in the appearance of another potential jump before the end point, hence the potential
jump around the titration end point is lowered. Thus, in this case, the shape of the titra-
tion curves before the titration end point is also similar to the one obtained with silver
electrode (Fig. 4, curve 1). The appearance of two potential jumps in the presence of ac-
ids is probably the consequence of the facilitated adsorption of the precipitate on the GC
surface, which makes it behave as though it were a silver one. The difference in the po-
tential of Ag electrode (curve 1) and that of the B-GC10 measured after the first poten-
tial jump (curve 2) is probably a consequence of the fact that curve 1 was obtained at I =
0 and curve 2 at I = 1 � A. The same holds for the bromide titration. It appears that best
reproducibility is obtained in the absence of acids (Fig. 4, curve 4).

Effect of salts. In studying the effect of potassium nitrate and sodium perchlorate
(0.1 mol/dm3 or higher) as supporting electrolytes on the titration results, it was noticed
that they did not significantly affect the initial electrode potential (Fig. 4, curves 3 and
4), but two potential jumps appeared irrespective of the nature of the titrated ion, i.e., the
GC electrodes also behave as a silver electrode before the end point (Fig. 4, curve 1). As
with acidic solutions, the appearance of two potential jumps in the presence of salts is
probably a consequence of the facilitated adsorption of the precipitate on the GC sur-
face, thus making it behave as though it were a silver one. In an attempt to eliminate the
appearance of two potential jumps, it the effect of current intensity was investigated. It
was found that at a current of –3 � Athe first jump was practically absent. This observa-
tion is also in agreement with the optimal pretreatment procedure of the GC electrodes
when the solution contains a supporting electrolyte (see Apparatus). As the silver chlo-
ride precipitate is more readily adsorbed on the elctrode surface than either silver bro-
mide or iodide, this probably explains why is necessary to polish the GC electrodes after
each chloride titration (even in the absence of supporting electrolyte), which is not the
case with the bromide and iodide titrations. However, although intensive polishing of
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Fig. 4. Effect of the supporting elec-

trolyte on the shape of the potentio-

metric [B-GC10(–) � SCE��
� (I = 1

� A) titration curves of 0.54 mg of

chloride with 1� 10-2 mol/dm3

AgNO3: 1) Ag/SCE, (I = 0) in the ab-

sence of the supporting electrolyte; 2)

1.3 mol/dm3 H2SO4; 3) 0.25 mol/dm3

KNO3; 4) in the absence of the sup-

porting electrolyte.



the electrode ensured the removal of the precipitate from its surface, the electrode lost as
a consequence some favourable properties it had attained due to negative polarization.
Namely, negative polarization of the indicator electrode causes oxygen-containing sur-
face groups to be reduced, which appears to be beneficial in argentometric titrations.
Hence, after polishing, the electrode was polarized in distilled water containing a little
potassium nitrate (about 10–5 mol/dm3), so that at a current of –5 � A it acquired a rela-
tively high negative potential (about –1.0 V vs. SCE).

The addition of a salt (e.g., sodium carbonate) which causes an increase in the so-
lution pH to 10, did not affect the shape of the titration curve.

Applicability of the method

Potentiometric titration curves for iodide, bromide, and chloride obtained with
the aid of the P-GC10 electrode and the silver wire are presented in Figs. 5 and 6, re-
spectively. It is evident that the potential jumps around the equivalence points are much
larger in the case of the P-GC10 electrode, which ensure a more precise determination
of the ions. Besides, these potential jumps are also dependent on the nature of the halide
titrated. All this confirms the known observations that subtle differences in the elec-
trode material can result in their different responses.

The results of the halide determinatios are given in Table I. The maximum rela-
tive standard deviation (RSD) is 1.1 %. The results of the controlled-current poten-
tiometric determination of iodide and bromide are in good agreement with those ob-
tained using the silver wire. However, the shapes of the curves obtained in the titration
of chloride using the GC10 indicator electrode were irreproducible (RSD 4.4 %), so that
this electrode was not applicable for this determination. The results obtained using the
other four electrodes differed significantly in respect of the accuracy (one-factor analy-
sis of variance, F-distribution). Only when the Sigri electrode was used were significant
differences between the taken and found amounts of chloride obtained (Table I).
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Fig. 5. Potentiometric titration curves

of 0.80 mg of bromide (1, 3) and 1.27

mg of iodide (2, 4) with 1� 10-2

mol/dm3 AgNO3: 1) and 2) Ag, (I =

0); 3) and 4) � P-GC10(–) � SCE(+) �,
(I = 1 ��
�



The application of GC electrodes enables the titration of even ten times smaller
amounts of iodide and bromide than those presented in Table I. It is interesting to note
that, in contrast to the Ag-wire, the potential change after the equivalence point (in the
absence of a higher concentration of the supporting electrolyte) is greater at lower ha-
lide concentrations, which increases the suitability of this method.

TABLE I. Results of argentometric potentiometric titrations of halides by application of various indi-

cator electrodes (n = 6)

Method of endpoint
determination

Titration substances

Iodide Bromide Chloride

Found
(mg)1

RSD
(%)

Found
(mg)2

RSD
(%)

Found
(mg)3

RSD
(%) t-test�

Controlled-current
potentiometric titra-

tion
GC10 1.264 0.69 0.800 0.76 – – –

B-GC10 1.266 0.27 0.808 0.64 0.538 1.08 0.15

P-GC10 1.266 0.60 0.806 0.31 0.540 0.36 0.44

GC24 1.259 0.68 0.801 0.87 0.523 0.83 3.21

Potentiometric
(Ag/SCE) titration 1.265 0.50 0.801 0.64 0.553 1.76 1.25

F-test 1.09+ 2.33+ 24.07#

1taken I- = 1.27 mg, 2taken Br- = 0.80 mg; 3taken Cl- = 0.54 mg. � t0.05;5 = 2.02; t0.01;5 = 3.36; +F0.05; 4.25
= 2.76; #F0.01; 3.20 = 4.94

Effect of foreign ions

Foreign ions that form precipitates with silver ions (carbonate, phosphate, sul-
phide) show the expected effect on the titration results. Namely, by adjusting the solu-
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Fig. 6. Potentiometric titration curves

of 0.54 mg of chloride (1, 3) and 4.0

mg of pyridoxine hydrochloride (2, 4)

with 1� 10-2 mol/dm3 AgNO3: 1) and

2) Ag, (I = 0); 3) and 4) � P-GC10(–) �
SCE(+) �, (I = 2 � A).



tion pH, the affect of the presence of these anions on the titration results can be elimi-
nated. However, while carbonates and phosphates are not titrated, sulphides are selec-
tively titrated, giving two inflexion points on the titration curve.

Titration of pyridoxine hydrochloride in Bedoxin tablets

Figure 6 shows the controlled-current potentiometric titration curves of pyri-
doxine hydrochloride (vitamin B6) obtained with the P-GC10 (curve 4) and with the sil-
ver wire electrode (curve 2). In this case too, the advantage of the P-GC10 electrode is
obvious. The results obtained using the P-GC10 electrode (19.90 mg, RSD 0.62) and
the Ag-wire (19.80 mg, RSD 0.46) are in good agreement with the declared content of
pyridoxine hydrochloride (20 mg per tablet). If our indirect method is compared with
the approved method,15 there are substantial differences between them in respect to the
sample preparation, i.e., our method is simpler and faster. Our method is also advanta-
geous in respect to the required amount of sample, i.e., a 25 times smaller amount is re-
quired, and no special sample preparation procedure is needed.

CONCLUSION

Boron- and phosphorus-doped glassy carbon samples appear to be suitable
electroanalytical sensors for monitoring the course of argentometric titrations. De-
pending on the experimental conditions, these electrodes are better than or equally good
as a Ag-wire electrode.
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I Z V O D

PRIMENA ELEKTRODA OD STAKLASTOG UGQENIKA DOPOVANOG BOROM I

FOSFOROM U POTENCIOMETRIJI

BIQANA F. ABRAMOVI]1, VALERIA J. GU@VAW1, FERENC F. GAL1 i ZORAN V. LAU[EVI]2

1Institut za hemiju, Prirodno-matemati~ki fakultet, Trg D. Obradovi}a 3, 21000 Novi Sad i
2Institut za nukelarne nauke "Vin~a", p. pr. 522, 11001 Beograd

Ispitana je mogu}nost primene elektroda od staklastog ugqenika, kako dopo-

vanog borom i fosforom, tako i nedopovanog, kao potenciometrijskog senzora. Svi

uzorci su pripremqeni pri istoj temperaturi karbonizacije (HTT 1000 ºC). Elek-

trohemijska aktivnost navedenih elektrodnih materijala je ispitana na primeru

argentometrijskih titracija. Na|eno je da su elektrohemijske osobine dopovanih

uzoraka vrlo sli~ne nedopovanom staklastom ugqeniku proizvodwe Sigri (HTT 2400 ºC).
Eksperimenti pokazuju da potenciometrijski odgovor zavisi od na~ina polarizacije,

prirode uzorka, na~ina tretirawa elektroda i prirode osnovnog elektrolita. Odre-

|ivane su koli~ine od 1,27 mg jodida, 0,80 mg bromida i 0,54 mg hlorida sa maksimalnom

relativnom standardnom devijacijom mawom od 1,1 %. Postignuti rezultati se dobro

sla`u sa rezultatima uporednih potenciometrijskih titracija primenom srebrne

indikatorske elektrode. Titraciona metoda je primewena za indirektno odre|ivawe

piridoksin hidrohlorida, tj. vitamina B6.

(Primqeno 19. septembra, revidirano 5. decembra 2000)
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