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ABSTRACT: Conducting polymers such as polyaniline and polypyrrole exhibit novel
sensoric properties and are able to interact chemically or electrochemically with the
species of interest for detection. In the current investigation, construction of a sensor
based on an electrochemical reaction between Cr'! and a thin layer of polyaniline,
coated at the surface of quartz crystal electrode, is reported. Polyaniline was synthe-
sized, electrochemically, at the surface of quartz crystal electrode. It was then reduced
at —0.1 V versus Ag/AgCl. The modified electrode was exposed to various concentra-
tions of Cr¥! solutions ranging from 10~ 7 to 10 M. Mass changes of the polymer-
modified electrode due to the reaction between Cr'! and polyaniline was found to be
linear, corresponding to the concentration of CrV’. The experiments in both acidic and
nonacidic conditions were performed. In both conditions, linear double-logarithmic
calibration curves of mass change of the polymer film versus Cr'! concentration were

obtained. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 85: 2772-2780, 2002
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INTRODUCTION

Various polymeric materials have gained wide
theoretical interest and practical applications in
the sensing area over the last two decades.™?
Inherently conducting polymers such as polypyr-
role and polyaniline, as a new group of polymeric
materials, have unique sensoric properties.>®
Electroactivity and conductivity of conducting
polymers provide a unique basis for the signal
generation steps. A number of electronic signals
relating to some chemical or electrochemical
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change within the polymer can be measured. Be-
cause of the mass change of the polymer during
the reaction with interest analyte, the frequency
shifts of a quartz crystal microbalance (QCM) can
also be used as signal in a conducting polymer-
modified QCM sensor. QCM is one of the tech-
niques that was used recently to study the struc-
ture and electrochemical behavior of conducting
polymers.”® This is a low-cost piezoelectric tech-
nique where small changes in mass (Am) can be
monitored by measuring the oscillation frequency
(AF) of a quartz crystal according to the well-
known Sauerbrey equation®:

AF = — 2f2Am/A(p,d,)"

where fj is the frequency of a quartz crystal, u, is
the shear modules of the quartz, d, is the density
of the quartz, A is the surface area of the quartz



plate undergoing oscillation, and Am is the mass
change corresponding to the frequency change
(AF).

Recent studies, including our previous
works,'*15 indicated that QCM-modified elec-
trodes can be used as effective sensors for detec-
tion of environmental pollutants.

Heavy metals are major pollutants of the envi-
ronment. Because of their ability to accumulate in
livestock, they present major hazards to ecosys-
tems and are a serious danger to human popula-
tions.'® Pollution due to toxic hexavalent chro-
mium (Cr¥H)'” has reached dangerous levels in
some parts of the world, especially in third-world
countries. Therefore, the analysis of Cr'' is of
considerable environmental and health impor-
tance. Several analytical methods and techniques
have been used to detect Cr"', ranging from am-
prometric titration'® to coulometric and flame
photometric methods,'® visible-light spectropho-
tometry,?° ion-exchange chromatography,?! ad-
sorptive stripping voltammetry,?? and electro-
thermal vaporization—inductively coupled plas-
ma-mass spectrometry (ICP-MS).2® Although
these techniques are precise, all of them require
sophisticated instruments and time-consuming
stages.

Although there are a number of reports on the
application of conducting polymer-modified elec-
trodes for detection of heavy metals,?*25 detection
of Cr¥! had not been yet investigated by this
method, until the recent report of Desimoni and
Bassani.?® Desimoni and Bassani have designed a
polypyrrole-modified quartz crystal electrode for
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the detection of Cr"'. Ionic transfer during the
oxidation of polypyrrole by Cr'' produced fre-
quency shifts proportional to the concentration of
CrY!. The observed responses depend on several
experimental parameters such as thickness of the
polymer film, the mode of the reduction of the
polymer (chemical or electrochemical), pH, and
temperature. However, factors were not opti-
mized and reported in detail.

In this article, construction of a sensor, based
on polyaniline modified quartz crystal electrode,
for the detection and determination of Cr'! in
acidic and nonacidic media is reported.

EXPERIMENTAL

Reagents and Materials

Hydrochloric acid, sulfuric acid, potassium di-
chromate, and aniline were all purchased from
Merck Chemicals (Germany) and were of analyt-
ical grade. All chemicals were used as received,
and aniline was distilled prior to use.

Instrumentation

Commercially available 10-MHz AT-Cut quartz
crystals with gold electrodes on both sides were
supplied by International Crystal Manufacturer
(ICM, OK). For EQCM experiments, a homemade
apparatus was used, which was described in our
previous work.” A galvanostate/potentiostate
Wenking TG 97 from Bank (Germany) and a pH
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Figure 1 Frequency changes of quartz crystal electrode during the electropolymer-
ization of aniline at the surface of quartz electrode by: (a) constant potential of +0.8V
versus Ag/AgCl; (b) constant current density of 1 mA/cm?.
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Figure 2 Chronopotentiogram for the galvanostatic electropolymerization of aniline
at the surface of quartz electrode by constant current density of 1 mA/cm? in an aqueous

solution of 1M aniline and 2M HCI.

meter 654 from Metrohm (CH 9101-Herisau,
Switzerland) were used for the synthesis and ox-
idation/reduction of the polymer. A three-elec-
trode system consisting of a gold working elec-
trode on quartz crystal, a platinum gauze as aux-
iliary electrode, and Ag/AgCl as reference
electrode was used for polymer synthesis and
electrochemical experiments.

Polymer Synthesis

Polyaniline was synthesized electrochemically as
previously reported.?” A solution containing 1M
aniline and 2M HCI was used for electropolymer-
ization. For galvanostatic polymerization, a con-

stant current density of 1 mA/cm?, and for poten-
tiostatic polymerization, a constant potential of
0.8V versus Ag/AgCl were applied to working gold
quartz crystal electrode.?® During electropoly-
merization, frequency shift of quartz crystal elec-
trode was recorded. Also during galvanostatic po-
lymerization, the potential of working electrode
was recorded against time.

RESULTS AND DISCUSSION

Two electrochemical modes were employed to pre-
pare polyaniline films. In both galvanostatic (con-
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Figure3 Mass changes of polyaniline, coated at the surface of quartz electrode, under
potentiostatic oxidation and reduction at 0.7, 0.4, and —0.1 V (versus Ag/AgCl) in 0.1M

H,SO, solution.
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Figure 4 Different redox states of polyaniline: (a) leucoemeraldine (fully reduced
form); (b) emeraldine; (¢) pernigraniline (fully oxidized form).

stant current) and potentiostatic (constant poten-
tial) methods, the frequency change as a function
of time were recorded during electropolymeriza-
tion (Fig. 1). To apply Sauerbrey’s equation,® the
assumption was made that the acoustic proper-
ties of the foreign layer were identical to those of
the quartz. This assumption is valid only if a rigid
material is deposited. It was shown that the poly-
mer films can be treated as rigid and free from
elastomeric effects if a linear response of fre-

quency with time (or charge) is observed during
electrodeposition.?® In our case, a linear relation-
ship between the time of electrodeposition and
frequency change was observed in both methods
employed for the electrodeposition (Fig. 1). This
indicates that the polymer could be treated as
rigid and free of viscoelastic effects and validates
the use of the Saurebrey equation to convert fre-
quency data to mass change. Therefore, mass
changes calculated from the data in Figure 1 were
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Figure 5 Mass changes of polyaniline coated on quartz crystal, in contact with a

solution of Cr¥! (107°M) in 0.1M H,SO,.
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Figure 6 Mass changes of polyaniline in contact with solutions containing different
concentrations of Cr¥! in 0.1M H,SO, solution.

2850 and 3030 ng, respectively, for galvanostatic
and potentiostatic polymerization methods.

Chronopotentiometric response of the galvano-
static oxidation of aniline was also recorded (Fig.
2). The decrease in potential indicates the depo-
sition of a conductive layer of the polymer.

Polyaniline was prepared either galvanostati-
cally or potentiostatically; there was no difference
in terms of the mode of synthesis regarding the
sensoric responses. Therefore, in the case of this
work, the results obtained by galvanostatic-pre-
pared polymer are represented.

The galvanostatically synthesized polyaniline
was oxidized (at 0.7 and 0.4 V versus Ag/AgCl
reference electrode) and reduced (at —0.1 V) in
0.1M H,SO, solution. The mass changes of the
polymer during oxidation/reduction were re-

log[aM(ng)]

corded (Fig. 3). The polymer mass increased upon
oxidation and decreased upon reduction. This be-
havior is a reproducible process, as shown in Fig-
ure 3. The increase in mass upon oxidation and
decrease upon reduction may be accounted for
on the basis of incorporation and expulsion of
anions during oxidation and reduction, respec-
tively (Fig. 4).

Reduced polyaniline (coated on quartz elec-
trode) was exposed to a solution of 10~ °M of Cr¥!
(KyCry07) in 0.1M H,SO,. As a typical response,
the polymer mass increased until a constant
value was reached (Fig. 5). This is presumably
due to the oxidation of polymer by Cr'?, according
to the following equations:

Cr,0% + 14H" + 6e — 2Cr™ + 7H,0

-7 6.5 -6

¥

5.5 5 45 -4

log[C(M}]

Figure 7 Calibration curve for the detection of Cr¥*in 0.1M H,SO, solution, obtained
by reduced polyaniline coated on quartz crystal electrode.
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Figure 8 Mass changes of reduced polyaniline coated on quartz crystal electrode: (a)
in contact with 107°M Cr"" solution in 0.1M H,SO,; (b) under potentiostatic reduction
at constant potential of —0.1 V versus Ag/AgCl in 0.1M H,SO, solution.

3PANT* (Fig.4a) + 3S0O;~
— 6e — 3PANI SO, (Fig. 4b)

where PANI represents one tetramer. The poly-
mer was exposed to various concentrations of Cr¥!
(1077-10"*M) in 0.1M H,SO, solution. The mass
changes in each solution were recorded (Fig. 6).
The polymer mass further increased as it was

exposed to more concentrated chromium solution.
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Mass changes of the polymer were sampled after
reaching a constant value in each concentration
and plotted versus concentration of Cr¥! in solu-
tion. The relation between chromium concentration
and mass change was quite linear (R? = 0.9998) in
the range between 10~ 7 and 10 *M (Fig. 7).

One of the most important characteristics of a
sensor is ability to be regenerated. It is also im-
portant to get reproducible responses. To investi-
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Figure 9 Mass changes of reduced polyaniline in contact with solutions containing
different concentrations of Cr¥'in 0.1M H,SO, solution: (a) 10~ "M Cr"%; (b) reduction
of the polymer at —0.1 V versus Ag/AgCl in 0.1M H,SO, solution; (¢c) 10~ M Cr""; (d)

10 °M Cr'%; and (e) 10 *M CrVe.
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Figure 10 Mass changes of reduced polyaniline in contact with solutions containing
different concentrations of CrV! in distilled water (nonacidic conditions): (a) 10~M; (b)
1075M; (c) 10~ *M; (d) 10 3M; (e) 10~ 2M; and (f) 10~ 'M.

gate this, further experiments were carried out.
The polyaniline electrode was exposed to a solu-
tion of CrV! (10°M), in Hy,SO,(0.1M); then it was
reduced at a constant potential of —0.1 V versus
Ag/AgCl in 0.1M H,SO, solution. The polymer
mass decreased upon reduction, as expected, to
reach its original state (before exposing to Cr¥!
solution). The experiment was repeated five times
(Fig. 8). The results showed reproducible re-
sponses with relative standard deviation of 2.75%
for five experiments. Similar results were ob-
tained for different concentrations of Cr¥! (Fig. 9).

Log[aM(ng)]

1495q.J

These results indicate that the electrode perfor-
mance is quite regenerable and reversible.

The response of the sensor was further inves-
tigated in nonacidic media (Fig. 10). The mass
changes of polyaniline electrode in contact with
solutions containing different concentrations of
Cr'! in distilled water were recorded. As acidic
media, the polymer mass increased upon expo-
sure to a solution of CrV!. The relation between
mass changes and Cr"! concentrations was lin-
ear (R? = 0.9954), in the range of 10 6-10" 1M
(Fig. 11).

% 5 -4

Log[C(M)]

Figure 11 Calibration curve for the detection of Cr¥! in distilled water obtained by
reduced polyaniline coated on quartz crystal electrode.
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Figure 12 Mass changes of reduced polyaniline coated on quartz crystal electrode in
contact with Cr"! solution (10~ 2M) in 0.1M H,SO, solution.

Further investigations revealed that the mass
change signal of polyaniline-modified quartz elec-
trode deteriorated when more concentrated solu-
tion of Cr'! in acidic media was used. A typical
mass change response of polyaniline-modified
quartz electrode, exposed to the solution of Cr¥!
(1073M) in 0.1M H,SO,, is shown in Figure 12.
Apart from the signal deterioration, the electrode
surface was also deformed, indicating degrada-
tion of polyaniline.

The fact that the polyaniline undergoes a deg-
radation process in contact with concentrated
acidic solutions of chromium may be due to the
high oxidation power of Cr¥! in acidic media that
promotes overoxidation and degradation process
in polyaniline film. However, in nonacidic condi-
tions, the electrode can be exposed to higher con-
centrations of Cr¥! without any degradation in
polymer backbone (Fig. 10). The measuring range
can be further expanded even to 10~ M. However,
in nonacidic media, the signal obtained for diluted
solution of CrV! (10~ "M) was not considerable. It
may be accounted due to the fact that the oxida-
tive power of Cr'! in nonacidic media is low. The
measuring range in nonacidic media was ob-
tained between 106 and 10~ 'M.

CONCLUSION

The unique sensing properties of conducting poly-
mers can be studied by the technique of quartz

crystal microbalance. A polyaniline-coated quartz
crystal microbalance was employed for detection
of toxic CrV! in solution. Oxidation of the polymer
by Cr'! resulted in frequency shifts, which lin-
early corresponded to Cr'! concentration in solu-
tion. In acidic media, the Cr¥! was determined in
the range between 107 and 10~ %M. Degradation
of the polymer occurs in higher concentrations of
CrV%. However, in nonacidic conditions, the mea-
suring range of 10°6-107M was obtained. Gal-
vanostatic and potentiostatic methods were used
for the synthesis of polyaniline; however, very
similar results regarding sensing performance
were obtained for both methods.

This research project was supported by Grant NRCI
3604 of National Research Projects and with the sup-
port of National Research Council of Islamic Republic
of Iran and the University of Tabriz.

REFERENCES

—

. Harsanyi, G. Mater Chem Phys 1996, 43, 199.

. Wallace, G. G. Mater Forum 1992, 16, 111.

3. Kumar, D.; Sharma, R. C. Eur Polym J 1998, 34,
1053.

4. Teasdale, P. R.; Wallace, G. G. Analyst 1993, 118,
329.

5. Wallace, G. G. Chem Br 1993, 29, 967.

6. Ivaska, A. Electroanalysis 1991, 3, 247.

7. Mirmohseni, A.; Milani, M.; Hassanzadeh, V.

Polym Int 1999, 48, 873.

N



2780

11.

12.

13.

14.

15.

16.

17.

18.

19.

MIRMOHSENI AND OLADEGARAGOZE

Mirmohseni, A.; Price, W. E.; Wallace, G. G. Synth
Met 1997, 84, 823.
Sauerbrey, G. Z Phys 1959, 155, 206.

. Chen, L.-X.; He, X.-W.; Hu, X.-B.; Xu, H. Analyst

1999, 124, 1787.

Deng, Z.; Stone, D. C.; Thompson, M. Analyst 1996,
121, 671.

Kurosawa, S.; Tawara-Kondo, E.; Minoura, N.;
Kamo, N. Sens Actuators, B 1997, 43, 175.
Korenman, Y. I.; Tunikova, S. A.; Bel’'skikh, N. V_;
Bastic, M.; Rajakovic, L. J Anal Chem 1997, 52,
278.

Mirmohseni, A.; Hassanzadeh, V. J Appl Polym Sci
2001, 79, 1062.

Mirmohseni, A.; Hassanzadeh, V. Iranian Polym J
2000, 9, 1.

Dennison, M. J.; Turner, A. P. F. Biotech Adv 1995,
13, 1.

Alatorre, M. A.; Gutierrez, S.; Paramo, U.; Ibanez,
J. G. J Appl Electrochem 1998, 28, 551.

Kolthoff, J. M.; Nightingale, E. R. Anal Chim Acta
1957, 17, 329.

Dean, J. A. Analytical Chemistry Handbook;
MecGraw-Hill: New York, 1995.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Willems, G. J.; Blaton, N. M.; Peeters, O. M.; De-
Ranter, C. J. Anal Chim Acta 1977, 88, 345.
Milacice, R.; Stupar, J.; Kozuh, N.; Korosin, J. Ana-
lyst 1992, 117, 125.

Malakhova, N. A.; Chernysheva, A. V.; Brrainina,
K. Z. Electroanalysis 1991, 3, 803.

Byrne, J. P.; Mcintyre, R. St. C.; Benyounes, M. E.;
Gregoire, D. C.; Chakrabarti, C. L. Can J Anal Sci
Spectrosc 1997, 42, 95.

Ng, S. C.; Zhou, X. C.; Chen, Z. K.; Miao, P.; Chan,
H. S. O,; Li, S. F. Y.; Fu, P. Langmuir 1998, 14,
1748.

Gbatu, T. P.; Ceylan, O.; Sutton, K. L.; Rubinson,
J. F.; Galal, A.; Caruso, J. A.; Mark, H. B. Anal
Commun 1999, 36, 203.

Desimoni, E.; Bassani, I. Anal Commun 1999, 36,
45.

Rishpon, J.; Redondo, A.; Derouin, C.; Gotttesfeld,
S. J Electroanal Chem 1990, 294, 73.

Volfkovich, Yu. M.; Sergeev, A. G.; Zolotova, T. K.;
Afanasiev, S. D.; Efimov, O. N.; Krinichnaya, E. P.
Electrochim Acta 1999, 44, 1543.

Naoi, K.; Lien, M.; Smyrl, W. H. J Electrochem Soc
1991, 138, 440.



