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The electrochemical behaviour of sulfite studied at the surface of
1-[4-(ferrocenylethynyl)phenyl]-1-ethanone modified carbon paste elec-
trode (4-FEPEMCPE) in aqueous media using cyclic voltammetry and
double step potential chronoamperometry. It has been found that under
optimum condition (pH 8) in cyclic voltammetry, the oxidation of sulfite
occurred at a potential about 280 mV less positive than that unmodi-
fied carbon paste electrode. The kinetic parameters such as electron
transfer coefficient, o0 and catalytic reaction rate constant, K", were
also determined using electrochemical approaches. The electrocatalytic
oxidation peak current of sulfite shows a linear calibration curve were
obtained in the range 3.0 x 10 M—1.2 x 10> M and 4.0 x 10° M-1.0 x
10" M of sulfite concentration with cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) methods, respectively. The
detection limit (28) was determined as 1.4 x 10° M and 1.8 x 107 M by
CV and DPV methods.

Key Words: 1-[4-(Ferrocenylethynyl)phenyl]-1-ethanone, Sulfite,
Electrocatalysis, Chronoamperometry, Differential pulse
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INTRODUCTION

Sulfite is commonly used as a preservative, antioxidant and antibacte-
rial agents in the food, pharmaceutical and brewing industries, respectively.
Despite these advantages, the sulfite content in foods and beverages should
be strictly limited due to its potential toxicity and products containing more
than the established threshold level must be adequately labeled'. In
particular, sulfiting agents have received widespread attention as a result
of their allergic effect on those individuals who are hypersensitive®. This
compound can be present in spent photofinishing solutions and their
recovery or conversion to alternate forms is desired to minimize unwanted
environmental contamination. In large quantities, sulfite and its oxidation
products are pollutants. Therefore, more attention has been drawn to the
development of methods for determination of sulfite during the last years.
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In the literatures, several methods using titration®, spectrophotometry*?,
spectrofluorometry®, flow injection analysis’, enzymatic techniques®,
phosphorimetry’ and chemiluminescence methods'*'* have been reported
for the measurement of sulfite. However, the majority of these methods
require extensive sample pre-treatment and reagent preparation. In this
sense, the development of electrochemical sensors for sulfite determina-
tion based on electrochemical properties have several advantages such as
rapid response, high selectivity and sensitivity, low cost and no need of
sample preparation. Investigation of electrochemical behaviour of sulfite
showed a slow kinetic electron transfer in aqueous media at the surface of
common metal electrodes'. Hence, acceleration of its electrochemical
reaction by electrode modification is necessary. In the recent years some
chemically modified electrodes with various mediators such as conductive
polymers'*", iron(Ill) complexes of 1,10-phenanthrolines'® metals penta-
cyanonitrosylferrate'”'®, iron hexacyanoferrate' and copper hydroxide*
immobilized at the surface of electrode have been designed. Such
electrode modification s have the objective of increasing the stability of
the electrode response, decreasing the stability of the electrode response,
decreasing the overpotential associated with the electrode process and/or
increasing the oxidative current of the sulfite. The incorporation of
electrocatalysts into the electrode matrix can help to improve the instabil-
ity of the attached or adsorbed modifiers on the electrode arising in the
utilization of chemically modified electrodes***. Therefore, carbon paste
electrodes spiked with catalyst may be suitable for this purpose. Because,
the ease and fast low residual current, porous surface, control the amount
of modifier and low cost are some advantages of chemically modified
carbon paste electrodes™.

On the other hand the ferrocene group of mediators has been success-
fully applied to the quantitation of several compounds and has been
particularly important in the development of sensors*. We have previ-
ously reported the construction of some ferrocene derivatives modified
carbon paste electrodes for electrocatalytic determination of some biologi-
cal compounds®™*’,

In this paper, we describe the use of 1-[4-(ferrocenylethynyl)
phenyl]-1-ethanone as a meditor for the electrooxidation of sulfite in aque-
ous media. In addition, the suitability of the 1-[4-(ferrocenyl-ethynyl)
phenyl]-1-ethanone modified carbon paste electrode in the electrocatalysis
and determination of sulfite are discussed by cyclic voltammetry, double
potential step chronoamperometry and differential pulse voltammetry.
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EXPERIMENTAL

The solvent used for the electrochemical studies was twice distilled
water. Buffer solutions were prepared from orthophosphoric acid and its
salts in the pH ranges 3-9. High viscosity paraffin (density = 0.88 g cm™)
from Fluka was used as the pasting liquid for the carbon paste electrode.
Graphite powder (particle diameter = 0.1 mm) from Merck was used as the
working electrode (WE) substrate. The 1-[4-(ferrocenylethynyl)phenyl]-
1-ethanone was prepared by a reported procedure®™. Sodium sulfite was
from Merck and was used as received. All other reagents were of analyti-
cal grade.

Working electrode: A 1 % (w/w) 1-[4-(ferrocenylethynyl)phenyl]-
1-ethanone spiked carbon powder was made by dissolving the given quan-
tity of 1-[4-(ferrocenyl-ethynyl)phenyl]-1-ethanone in diethyl ether and
hand mixing with 99 times its weight of graphite powder with a mortar and
pestle. The solvent was evaporated by stirring a 1:1 (w/w) mixture of 1 %
1-[4-(ferrocenyl-ethynyl)phenyl]-1-ethanone spiked carbon powder and
paraffin oil was blended by hand-mixing and the resulting paste was
inserted in the bottom of a glass tube (with internal radius 3 mm). The
electrical connection was implemented by a copper wire lead fitted into a
glass tube. A carbon paste electrode without 1-[4-(ferrocenylethynyl)
phenyl]-1-ethanone was used as a blank to determine background current.

The electrochemical experiments were carried out using a Potentiostat/
Galvanostat (BHP 2061-C Electrochemical Analysis System, Behpajooh,
Iran) coupled whit a Pentium II personal computer connected to a HP laser
jet 6L printer and experiments were performed in three compartment cell.
A platinum wire was used as the auxiliary electrode. The 1-[4-(ferrocenyl-
ethynyl) phenyl]-1-ethanone modified carbon paste electrode
(4-FEPEMCPE) was used as the working electrode. The pH-meter (Ion
Analyzer 250, Corning) was used to read a pH of the buffered solution.

RESULTS AND DISCUSSION

Electrochemical behaviour of 4-FEPEMCPE

We have recently constructed 4-FEPEMCPE by incorporation of
1-[4-(ferrocenylethynyl)phenyl]-1-ethanone into carbon paste matrix and
studied its electrochemical properties in buffered aqueous solution by
cyclic voltammetry and double step potential chronoamperometry. Its
cyclic voltammograms exhibits an anodic (E,, = 0.63 V) and correspond-
ing cathodic peaks with E,. = 0.42 V vs. AglAgCIIKCly, (Fig. 1) related to
Fc/Fc* redox couple with quasi-reversible behaviour”. The obtained result
also shows that the redox process of Fc/Fc* in 1-[4-(ferrocenylethynyl)
phenyl]-1-ethanone is independent on the pH of aqueous solution.
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Fig. 1. (a) Cyclic voltammogram of 4FEPEMCPE in 0.1 M phosphate buffer
solution (pH 7) (b) as (a) at the surface of bare carbon paste electrode
(scan rate 10 mV s™)

Double step potential chronoamperometry was employed for investi-
gation the electrochemical processes of 4-FEPEMCPE. Fig. 2a shows the
current-time curve of the 4-FEPEMCPE obtaining by setting the working
electrode potential at 0.7 V (at the first potential step) and 0.35 V (at the
second potential step) vs. AglAgCIIKCly, in a buffered aqueous solution
(pH 7). The results show symmetrical chronoamperograms with an equal
charge consumed for the oxidation and reduction of the redox couple in
the CPE. The plot of net electrolysis current vs. t"* shows a straight line
(Fig. 2b), which extrapolates close to the origin. Therefore, this type of
near-Cottrellian behaviour is not due to a linear semi-infinite diffusion
process but may be caused by finite diffusion in a thin film, where the
near-Cottrell equation behaviour can be approximated over a short time
period®~,

Consequently, we can assume diffusion controlled behaviour for charge
transfer at 4-FEPEMCPE and use the potential-step chronoamperometric
experiments to estimate the diffusion coefficient of 1-[4-(ferrocenyl-
ethynyl)pheny]-1-ethanone into the paraffin oil used for paste preparation.
The slope of the linear region of the I-t” plot in the short time region
produces the apparent diffusion coefficient (D,y,) of the spiked 1-[4-
(ferrocenylethynyl) phenyl]-1-ethanone into 4-FEPEMCPE by using the
Cottrell equation®":

[=nFA,D,, cn”t” (1)
where c is the known concentration, D,, is the apparent diffusion coeffi-

cient of spiked 1-[4-(ferrocenylethynyl)phenyl]-1-ethanone in paraffin oil
and A, is the geometric area of this electrode. The diameter (d) of the
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4-FEPEMCPE was measured and then the geometric area of the
4-FEPEMCPE was calculated according to [r1(d/2)*]. Therefore, we calcu-
lated the apparent diffusion coefficient for 1-[4-(ferrocenylethynyl)phenyl]-
1-ethanone (Fig. 2b) in carbon paste matrix. It was found 1.1 x 10"° cm?
s”'. While, in the equation n = 1, F = 96485 C mol™, A, = 0.0907 cm® and
corresponding ¢ value was selected. This method has been used for
estimation of Dy, for 1,4-naphthoquinone and some its derivatives™.

Zg: A 14 y = 6.5835x + 1.6066 O
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Fig. 2. (A) Double step potential chronoamperogram obtained at the
4-FEPEMCEPE in absence of sulfite in 0.1 M phosphate buffer
solution (pH 7). First and second potential step were 0.700 and
0.30 V vs. AglAgClIKCly, (B) Cottrell plot for curve (A)

Electrooxidation of sulfite at the surface of 4FEPEMCPE

It is well known that the electrochemical behaviour of sulfite is depen-
dent on pH value of the aqueous solution, whereas the electrochemical
properties of Fc/Fc* redox couple are independent pH. Therefore, we stud-
ied the electrochemical behaviour of sulfite in 0.1 M phosphate buffered
solution with various pH (3 < pH < 9) at the surface of 4FEPEMCPE by
cyclic voltammetry. The result shows that the catalytic current increases
as pH increasing. This is probably due to a reaction mechanism involving
proton transfer (equation):

SO:” + H,O — SO,* + 2H* + 2¢e” 2)

Therefore, pH has effect on the kinetic of the catalytic reaction. Fig. 3
shows the variation of I,,, vs. the variation of pH. As can be seen, that maxi-
mum electrocatalytic current was obtained at pH 8. Therefore, pH 8 was
chosen as the optimum pH for electrocatalysis of sulfite oxidation at the
surface of 4-FEPEMCPE. Hence, all electrochemical experiments were
done at this pH.

The cyclic voltammograms obtained for an unmodified carbon paste
electrode and for 4-FEPEMCPE in a phosphate buffer solution (0.1 M, pH
8) in the presence (1.0 mM) and absence of sulfite are illustrated in Fig. 4.
At an unmodified CPE, the sulfite oxidation occurs irreversibly with a
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Fig. 3. Current-pH curve for electrooxidation of 1 mM sulfite in 0.1 M phosphate
buffer solution with various pH values: a) 3.00, b) 4.00, ¢) 5.00, d) 6.00, e)
7.00, f) 8.00 and h) 9.00 at the surface of 4FEPEMCPE (scan rate 10 mV s™)

peak potential of nearly 0.910 V vs. AglAgClIKCl,, (Fig. 4b), in the
absence of sulfite no peaks appears (Fig. 4a). In 1 mM of sulfite solution,
the anodic peak that is observed for 4-FEPEMCPE in the absence of sulfite
increases appreciably, while the corresponding cathodic wave disappears
on the reverse scan (Fig. 4c and d). This behaviour is typical that expected
for electrocatalysis at chemically modified electrodes. The sulfite oxida-
tion occurs at 0.630 V vs. AglAgClIKCly, at 4-FEPEMCPE surface; there-
fore, it is shifted about 0.280 V toward less positive potential.

1/uA

EIV vs. Ag|AgCI|KCI

sat

Fig. 4. Cyclic voltammograms of a) CPE in 0.1 M phosphate buffer solution (pH 8)
b) as a) in the presence of 1 mM sulfite c) as a) and d) as b) at the surface of
4-FEPEMCPE (scan rate 10mV s™)

The above results show the oxidation of sulfite is facilitated and cata-
lyzed by the presence of 1-[4-(ferrocenylethynyl)phenyl]-1-ethanone spiked
in to carbon paste electrode. The presence of 1-[4-(ferrocenylethynyl)
pheny]-1-ethanone as a mediator on the surface electrode provides an
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alternative reaction site to carbon paste for electron transfer process of
sulfite. Therefore, current due to the oxidation of sulfite is increased when
a 4-FEPEMCPE was used.

In order to get the information on the rate determining step, Tafel slope
(b) determinates using the following equation for a totally irreversible
diffusion controlled process®*:

Epr =b/2 log v + constant 3)

Based on eqn. 3, the slope of E; vs. log v is b/2, where b indicates the
tafel slope. The slope of E, vs. log v plot was found to be 0.0737 V in this
work (Fig. 5), thus, b=2 x 0.0737 = 0.1474 V. This slope value indicated
an electron transfer process, which is the rate limiting step by assumption
of a transfer coefficient (o) equal to 0.41. Also, the values of on, (Where o
is the transfer coefficient and n,, is the number of electrons involved in the
rate determining step) were calculated for the oxidation of sulfite at pH 8
at both modified and unmodified CPEs according to the following equa-
tion®:

ong = 0.048/(EP-EP/2) (4)

Here, Ep; is the potential corresponding to Ip,. The values for ong,
were found to be 0.4 and 0.19 for the oxidation of sulfite at the surface of
4-FEPEMCPE and CPE, respectively. These values clearly show that not
only the overpotential for sulfite oxidation is reduced at the surface of 4-
FEPEMCPE, but also the rate of the electron transfer process is appreciately
enhanced. This phenomenon is thus confirmed by the larger I, values
recorded during cyclic voltammetry at 4-FEPEMCPE.

Chronoamperometric studies

Double step potential chronoamperometry was also employed to
investigate the electrochemical behaviour of aqueous buffered solution (pH
8) containing of various concentration of sulfite at 4-FEPEMCPE by set-
ting the working electrode potential at 0.7 V (at the first potential step) and
0.35 V (at the second potential step) vs. AglAgCIIKCl,. The results show
that, there is not any net cathodic current corresponding to the reduction of
1-[4-(ferrocenyl-ethynyl) pheny1]-1-ethanone ion in the presence of sulfite,
when the potential is stepped from 0.7 to 0.35 V vs. AglAgCIIKCl,. How-
ever, in the presence of sulfite the charge value associated with forward
chronoamperometry is significantly greater than that observed for back-
ward chronoamperometry. The linearity of electrocatalytic current vs. v*
indicates that the current must be controlled by diffusion of sulfite from
bulk solution toward surface of electrode. Therefore the slope of this linear
plot can be used to estimate the diffusion coefficient (D) of sulfite. The
mean value of the D found to be 3.56 x 10 cm? s!. Therefore, the results
show that mediator at the surface of 4-FEPEMCPE can catalyze the oxida-
tion of sulfite.
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The rate constant for the chemical reaction between sulfite and redox
sites in 4-FEPEMCPE, K", can be evaluated by chronoamperometry
according to the reported method™:

Ie/li=y" [0 erf (v*) + exp (9)/Y"] Q)
where Ic is the catalytic current of 4-FEPEMCPE in the presence of sulfite
and I is the limited current in the absence of sulfite and y =k, Cy, t (Cy, is
the bulk concentration of sulfite, mol cm™) is the argument of error func-

tion. In the cases where y exceeds 2, the error function is almost equal to 1
and the above equation can be reduced to:

Ic/IL = TEl/2 'Yl/2 = 7'|:l/2 (kh Cb t)l/z (6)

where k;, and t are the catalytic rate constant (cm’ mol™ s™) and time elapsed
(s) respectively. The above eqn. 6 can be used to calculate the rate constant
of catalytic process, ky. Having measured the catalytic current, i.e. I, it is
possible to carry out the electrode process in identical condition, but in the
absence of sulfite, in order to determine Ir.. From the slope of I/ vs. t”
plot the value of k, can be simply calculated for a given concentration of
substrate. The calculated value of k, is 1.05 x 10* cm’ mol™ s™' using the
slope of I/I - t” plot (Fig. 6). This value of k;, explains as well as the sharp
feature of the catalytic peak observed for catalytic oxidation of sulfite at
the surface of 4-FEPEMCPE. On the other hand, the surface coverage (I')
of a modified electrode prepared at optimum condition was obtained from
the equation I" = Q/nFA, where Q is the charge obtained by integration the
anodic peak under the background correction, A is the geometric area of
electrode and other symbols have their usual meanings. The calculated
value of I" was 7.2 x 10™® mol cm™ at pH 8. Using this value of coverage,
the heterogeneous rate constant of catalytic reaction was calculated as K",
=2.1x10"cms.

0.68-
81 y=5.7438x- 08843

0.66- Y =0.0737x +0.5147 i Al

R’ = 0.9951 ; R®=0.9913
I.uelo.64- o5
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Fig. 5. The peak potential, E, dependence Fig. 6. Dependence of I./I;, on the t”*
on log (v) for the oxidation of sulfite driven from the chronoamperogram
at the surface of 4-FEPEMCPE data
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Electrocatalytic determination of sulfite: The electrocatalytic peak
current of sulfite oxidation at the surface of the 4-FEPEMCPE can be used
for determination of sulfite in solution. Therefore, cyclic voltammetry and
differential pulse voltammetry experiments were performed using 4-
FEPEMCEPE in phosphate buffer solution containing various concentra-
tion of sulfite. The results show that the electrocatalytic peak current of
sulfite oxidation at the surface of 4-FEPEMCPE was linearly dependent
on the sulfite concentration and the range of this linearity depended on the
amount of mediator in the electrode matrix. The mediated oxidation peak
currents of sulfite at the surface of 4-FEPEMCPE were proportional to the
concentration of the sulfite within the ranges 3 x 10*-1.2 x 10> M (with
the correlation coefficient of 0.995) and 4 x 10°-1 x 10* M (with the
correlation coefficient of 0.9964) in the cyclic voltammetry and differen-
tial pulse voltammetry, respectively (Figs. 7a and b). The detection limits
(20) were 1.4 x 107 and 1.8 x 107 M for CV and DPV, respectively.
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Fig. 7. (A) Cyclic voltammograms of sulfite at various concentration: a) 0.3; b) 0.5;
c) 1;d)2;e)5; ) 8; g) 10 and h) 12 mM at the surface of 4-FEPEMCPE in
0.1 M buffer solution (pH 8.00) at a scan rate of 10 mV s* (B) Plot of
electrocatalytic peak current [from CV of (A)] vs. the sulfite concentrations



492 Raoof et al. Asian J. Chem.

Determination of sulfite in real samples: In order to demonstrate
the catalytic oxidation of sulfite in a real sample, we examined this ability
in determining sulfite in weak liquor from the wood and paper industry.
Fig. 8 shows the cyclic voltammograms recorded for the diluted weak
liquor in the phosphate buffer 0.1 M and LiClO4 0.1 M (curve a). As can be
seen in this Figure, adding sulfite to the solution caused an increase in the
oxidation peak height (curves b and c). Thus the peak was attributed to
sulfite oxidation. This peak appeared about 980 mV which is 70 mV more
than the 910 mV related to standard solutions of sulfite due to matrix
effect. The determination of sulfite in a sample was carried out by the
standard addition method for presentation of any matrix effect. By this
method sulfite concentration in the weak liquor from the wood and paper
factory of Mazandaran province in Iran was about 0.1 M. The relative
standard deviation obtained from the line equation (R* = 0.9986) for the
real sample was 4.3 %. The accuracy was examined by comparison of data
obtained from this method with a recognized common method* for deter-
mination of sulfite (oxidation-reduction titration in acid solution of KIOs/
KI in the presence of starch as indicator). The results from the statistical
calculation indicate good agreement between the mean values (t-test) and
precision (f-test) for the two methods.

Interference study: A class of wood extractive materials is phenolic
compounds which seem electroactive and exist in wood™. Thus the inter-
ference effect of some phenolic compounds such as gallic acid, ellagic
acid and chrysin in the determination of sulfite in a weak liquor solution
has been investigated. The cyclic voltammogram for the weak liquor (Fig.
9 curve b) shows that in the range of the sweep potential only the sulfite
oxidation peak is observed, while after addition of gallic acid from its stan-
dard solution to the same weak liquor a new oxidation peak (Fig. 9, curve
c¢) appears at 0.250 V that is related to gallic acid oxidation. Other phenolic
compounds show similar effects.

Thus, trace phenolic compounds do not interfere with this electrocataly-
tic method for sulfite determination in weak liquor solution.

Conclusions

This work shows the ability of 1-[4-(ferrocenyl-ethynyl) phenyl]-1-
ethanone as a modifier in carbon paste electrode for electrocatalysis of
sulfite oxidation. The results demonstrated that the electrooxidation of
sulfite at the surface 4FEPEMCPE occurs at potential about 280 mV less
positive that bare carbon paste electrode. The kinetic parameter of the
electrocatalytic process, the diffusion coefficients of sulfite in an aqueous
solution and 1-[4-(ferrocenyl-ethynyl) phenyl]-1-ethanone in carbon paste
matrix were determined. Finally, the electrocatalytic oxidation currents of



Vol. 20, No. 1 (2008)

700

500

I/pA

300

100

Electrocatalytic Determination of Sulfite 493

EIV vs. Ag|AgCI|KCI,,,

Fig. 8. Cyclic voltammograms of a) solution of 5 order dilution of weak liquor
from wood and paper factory in the presence of 0.1 M LiClO, + 0.1 M
phosphate buffer at pH 8.00 b), c) as a) after addition sodium sulfite 2
and 4 mM, respectivity (v =10 mV s™)

757
65
55
< 457
= 35—
25+
15

E/V vs. Ag|AgCIIKCI_,,

Fig. 9. Cyclic voltammograms of a) 0.1 M phosphate buffer + 0.1 M LiClOy;
b) as a) + 0.5 mL of weak liquor solution; ¢) as b) + Imm of gallic acid;
pH 8.00 (v=10mV s™)
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sulfite at the surface of 4-FEPEMCPE were linear to concentration of sulfite.
In addition, results show some phenolic compounds such as gallic acid,
ellagic acid and chrysin have not any interference effect in the determina-
tion of sulfite in a weak liquor solution.
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