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Abstract This paper introduces a carbon paste electrode
modified with ferrocene and carbon nanotubes as a voltam-
metric sensor for determination of sulfite at pH 7.0. The
results showed that under the optimum condition (pH 7.0) in
cyclic voltammetry, the oxidation of sulfite occurred at a
potential about 280 mV less positive than the unmodified
carbon paste electrode. Kinetic parameters such as electron
transfer coefficient (o) and heterogeneous rate constant (k)
for sulfite were also determined using electrochemical
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approaches. Under the optimized conditions, the electrocata-
lytic oxidation peak current of sulfite showed two linear
dynamic ranges with a detection limit of 0.1 pM for sulfite.
The proposed method was examined as a selective, simple,
and precise method for voltammetric determination of sulfite
in some real samples such as weak liquor from wood and
paper industry, boiler water, river water, industrial water, and
tap water.
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Introduction

Sulfites are commonly used in the food and pharmaceutical
industries as preservatives and antioxidants, and in the
brewing industry as an antibacterial agent. In large quanti-
ties, sulfite and its oxidation products are pollutants. Sulfite
is a typical example of sulfur oxoanions. In particular,
sulfiting agents have received widespread attention as a
result of their allergenic effect on those individuals who
are hypersensitive. Prior methods for determining sulfite
have included titration [1] HPLC [2], chemiluminescence
[3], spectrophotometry [4], capillary electrophoresis [5], and
electrochemical methods [6-9].

Carbon paste electrode (CPE) is a special kind of hetero-
geneous carbon electrode consisting of mixture prepared
from carbon powder and a suitable water-immiscible or
non-conducting binder [10—12]. The use of carbon paste as
an electrode was initially reported in 1958 by Adams [13].
In afterward researches, a wide variety of modifiers [14—16]
have been used with these versatile electrodes. CPEs are
widely applicable in both electrochemical studies and

@ Springer



688

Ionics (2012) 18:687-694

electroanalysis, thanks to their advantages such as very low
background current (compared to solid graphite or noble
metal electrodes), facility to prepare, low cost, large poten-
tial window, simple surface renewal process, and easiness of
miniaturization [17]. Besides the advantageous properties
and characteristics listed before, the feasibility of incorpo-
rating different substances during the paste preparation
(which results in the so-called modified carbon paste elec-
trode) allows the fabrication of electrodes with desired com-
position and, hence, with pre-determined properties [17].

Since the discovery of carbon nanotubes (CNTs) in 1991
[18], numerous investigations were focused on the studies of
their properties and applications [19]. Because of the special
tube structure, CNTs possess several unique properties such
as good electrical conductivity, high chemical stability, and
extremely high mechanical strength [20]. In addition, the
subtle electronic behavior of CNTs reveals that they have
the ability to promote electron-transfer reaction and have a
high electrocatalytic effect when used as electrode materials
[21]. All these fascinating properties make CNTs as a suit-
able candidate for the modification of electrodes [22].

In the continuation of our recent studies concerning the
preparation of modified electrodes [23—26], in the present work
we describe the preparation of a new electrode composed of
multiwall carbon nanotubes paste electrode (CNTPE) modified
with ferrocene (FC). Then, the performance of the modified
electrode for the electrocatalytic determination of sulfite in
aqueous solutions was investigated. Moreover, we used the
modified electrode as a new and sensitive sensor for determi-
nation of sulfite in different real samples such as weak liquor
from the wood and paper industry, boiler water, river water,
industrial water, and tap water.

Experimental part
Apparatus and reagents

Cyclic voltammetry (CV), chronoamperometry, and differen-
tial pulse voltammetry (DPV) were performed in an analytical
system, BHP 2063 potentiostat/galvanostat electrochemical
analysis system, Behpajooh, Iran. A conventional three-
electrode cell assembly consisting of a platinum wire as an
auxiliary electrode and an Ag/AgCIl(KCly,,) electrode as a
reference electrode was used. The working electrodes were
an unmodified CNTPE or FC-modified CNTPE (FCCNTPE).
A Metrohm 710 pH/ion meter was used for pH measurements.
All chemicals used were of analytical reagent grade pur-
chased from Merck (Darmstadt, Germany) unless otherwise
stated. Doubly distilled water was used throughout.
Phosphate buffer solutions (sodium dihydrogen phos-
phate and disodium monohydrogen phosphate plus sodium
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hydroxide, 0.1 mol Lfl), PBS, with different pH values were
used.

High viscosity paraffin (¢=0.88 kg L™") from Merck was
used as the pasting liquid for the preparation of the carbon
paste electrodes.

Synthesis of carbon nanotubes

Multiwall carbon nanotubes (MWCNTs) were grown by
chemical vapor deposition. Several transition metal catalysts
have been shown to be active for generation of carbon
nanotubes [27].

In this paper, MWCNTs were synthesized from acetylene
on a Fe/Co/CaCOs catalyst at 720 °C, which was previously
reported, and the reaction conditions were kept as described
before [28]. For the production of MWCNTs, approximately
100 mg of the catalyst containing 5% (W/w) total metals Fe—
Co and with a mole ratio 1:1 was weighed and spread into a
thin layer onto a graphite subsector centered inside a quartz
tube positioned horizontally inside of a resistive tube fur-
nace under nitrogen flow. The furnace temperature was then
set at the reaction temperature while it was accurately con-
trolled. When the temperature reached 720 °C, acetylene
was introduced at 3.0 mL/min, while the flow of nitrogen
was maintained at 200 mL/min. After rinsing the system
with nitrogen, the reaction product was collected from the
quartz tube. For purification, raw MWCNTs were sonicated
(40 kHz) in diluted nitric acid (30% HNOs3) for 30 min, and
then filtered and washed with distilled water and finally
dried at 120 °C overnight. The residue of as-prepared
MWCNTs is placed inside a Pyrex tube and oxidized in a
furnace at 350 °C in air for different time periods. The
diameter, length, purity, and other characteristics of synthe-
sized MWCNTs are summarized in Table 1.

Preparation of the modified electrode

FCNTPEs were prepared by dissolving 0.010 g of ferrocene
in diethyl ether and hand mixing, with 89 times its weight of

Table 1 Specification of synthesized multiwall carbon nanotubes by
chemical vapor deposition method

Catalyst Co/Fe
Color Black
Purity >95%
Outside diameter (OD) 8-15 nm
Inside diameter (ID) 3-5 nm
Length 10-50 pm
Special surface area (SSA) 235 mz/g
Bulk density 0.07 g/em®
True density ~2.1 g/em®
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Fig. 1 The cyclic voltammograms of ¢ FCCNTPE and b bare CPE in
0.1 M phosphate buffer solution (pH 7.0) at a scan rate 20 mV s '

graphite powder and 10 times its weight of MWCNTs, with
a mortar and pestle. Stirring evaporated the solvent. A 70:30
(w/w) mixture of ferrocene spiked carbon nanotubes powder
and paraffin oil was blended by hand mixing for 30 min
until a uniformly wetted paste was obtained. The paste was
then packed into the end of a glass tube. Inserting a copper
wire into the glass tube at the back of the mixture made
electrical contact. When necessary, a new surface was
obtained by pushing an excess of paste out of the tube and
polishing it on a weighing paper.

For comparison, FC-modified carbon paste electrode
(FCCPE) (without MWCNTs), MWCNTs paste electrode
(CNTPE) without FC, and unmodified CPE (in the absence
of both FC and MWCNTs) were also prepared in the same
way.

Recommended procedure
FCCNTPE was polished with a white and clean paper.

To prepare a blank solution, 10.0 mL of PBS (pH 7.0)
was transferred into an electrochemical cell. The initial

40 pA
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\/

0 0.2 0.4 0.6 0.8
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Fig. 3 Cyclic voltammograms of FCCNTPE in 0.1 mol L™' PBS (pH
7.0) at a scan rate of 20 mV s~ in the absence (@) and in the presence
of 400 uM sulfite (c). () as (c) for FCCPE. (d) as (c) at the surface of
CNTPE and (e) as () at the surface of unmodified electrode

and final potentials were adjusted to 0.00 and +0.70 V
vs. Ag/AgClI/KCI (3.0 M), respectively. The DPV was
recorded to give the blank signal and labeled as I,
Then, different amounts of sulfite solution were added
to the cell, using a micropipette, and the DPVs were
recorded to get the analytical signals (/,s). Calibration
curve was constructed by plotting the catalytic peaks
current vs. the sulfite concentration.

Results and discussion
Electrochemistry of the mediator

Cyclic voltammetry was employed for the investigation the
electrochemical properties of the modified electrode in PBS
(pH 7.0). The cyclic voltammogram exhibits an anodic and
corresponding cathodic peaks with £,,=0.360 V and E,.=

Fig. 2 Current—pH curve for 90
electrooxidation of 400 uM
sulfite in 0.1 M phosphate 80 -
buffer solution at various pH
values: ¢ 3.0, 4.0,¢5.0,d 6.0, 70 -
e 7.0, /8.0, and g 9.0 at the
surface of FCCNTPE at a scan
rate 20 mV s ! 60 1
<
3. 50
S~
P
40 4
30
20
2
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Fc Sulfite

Carbon nanotubes
paste electrode

Fc' (Sulfite),_

Diagram 1 Mechanism for oxidation of sulfite at the surface of
modified electrode

0.255 V vs. Ag/AgCI/KCI (3.0 M) (Fig. 1, a). The experi-
mental results show well-defined and reproducible anodic
and cathodic peaks related to ferrocene/ferricenium redox
couple with quasi-reversible behavior because of the peak
separation potential, AE,=(E,, — E,.), is greater than that of
59/n mV expected for a reversible system. Also, the
obtained result from cyclic voltammetry of this modified
electrode in various buffered solutions does not show any
shift in the anodic and cathodic peak potentials. Therefore,
the electrochemical behavior of the redox process of ferrocene/
ferricenium couple in the modified electrode is independent on
the pH of the solution.

pH optimization

It is well known that the electrochemical behavior of sulfite is
dependent on pH value of the solution, whereas the electro-
chemical properties of Fc/Fc” redox couple are pH indepen-
dent. Therefore, optimization of the solution pH seems to be
necessary. Thus, we studied the electrochemical behavior of
sulfite in 0.1 M PBS in different pH values (3.0<pH<9.0) at

Fig. 4 Tafel plot for FCCNTPE
in 0.1 mol L™ PBS (pH 7.0)
at a scan rate of 18 mV s ' in
the presence of 400 uM sulfite

-4 -

-4.2 A

4.4 4

-4.6 -

4.8 4

the surface of FCCNTPE using cyclic voltammetry. As can be
seen from Fig. 2, the anodic peak current for electrooxidation
of sulfite reached to a maximum value at pH 7.0. The electro-
chemical behavior of sulfite (K;=1.7x 1072 and K>=5.0x
107%) is dependent on the pH value of the aqueous solution:

SO, 4+ Hy0 < HSO,™ + H' « SO,2~ + 2H" (1)

SO,%~ +2H,0 «» SO,*™ +2H" + 2e (2)

The dependence of the reaction rate on pH is due to varia-
tions in the composition of the species that are subjected to
the oxidation of sulfite. When sulfite (SO;") is dissolved in
an aqueous solution, it is in equilibrium with both HSO;~
and SO,, and their relative concentrations depend on the pH
of the solution [29] The decreasing of the electrocatalytic
activity of the modified electrode in acidic media is due to
the increasing of proton concentration hence affect the reac-
tions (1) and (2), and thus, decreasing the oxidation peak
current. On the other hand, in higher pH values (pH>7.0),
hydroxide ions affect the electrocatalytic role of the
mediator.

Stability and reproducibility

The repeatability and stability of FCCNTPE was investigated
by cyclic voltammetric measurements of 50 uM sulfite. The
relative standard deviation (RSD) for ten successive assays
was 1.2%. When five different FCCNTPEs were used, the
RSD for five measurements was 1.3%. When the electrode is
stored in the laboratory, the modified electrode retains 97% of
its initial response after a week and 95% after 45 days. These
results indicate that FCCNTPE has good stability and repro-
ducibility, and could be used for sulfite measurements.

0.1
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y = 14.410X-8.146
R*=0.992
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Fig. 5 Plot of I, versus ' for
the oxidation of sulfite at the
surface of FCCNTPE. Inset
shows cyclic voltammograms
of 600 uM sulfite at various
scan rates: a4, b 10, c 14,d 17,
and e 20 mV s ' in 0.1 M 120 -
phosphate buffer solution (pH

7.0) 110 -

130 1

40 pA
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Catalytic effect

Figure 3 depicts the cyclic voltammetric responses from the
electrochemical oxidation of 400 uM sulfite at FCCNTPE
(curve c¢), ferrocene modified carbon paste electrode
(FCCPE) (curve b), carbon nanotubes paste electrode
(CNTPE) (curve d), and bare CPE (curve e). As can be
seen, the anodic peak potential for the oxidation of sulfite
at FCCNTPE (curve c) and at FCCPE (curve b) is about
340 mV, whereas at CNTPE (curve d) the peak potential is
about 610 mV, and at the bare CPE (curve e), the peak
potential is about 620 mV. From these results, it is conclud-
ed that the best electrocatalytic effect for sulfite oxidation is
observed at FCCNTPE (curve c). For example, the results
show that the peak potential of sulfite oxidation at
FCCNTPE (curve c) shifted by about 270 and 280 mV

Fig. 6 Chronoamperograms
obtained at the FCCNTPE in A
the absence (4) and in the
presence (B) of 100 and (C)
200 uM sulfite in a buffer
solution (pH 7.0). Inset 4
charge—time curves: a’ for
curve a and b’ for curve b. Inset

3.5 4 4.5 5
V]/Z

[

2.5

toward the negative values compared with that at CNTPE
(curve d) and at bare CPE (curve e), respectively. Similarly,
when we compared the oxidation of sulfite at FCCNTPE
(curve ¢) and FCCPE (curve b), there is an enhancement of
the anodic peak current at FCCNTPE relative to that value
obtained at FCCPE. In other words, the data obtained clear-
ly shows that the combination of carbon nanotubes and
mediator definitely improved the characteristics of sulfite
oxidation. FCCNTPE in 0.1 M phosphate buffer (pH 7.0),
without sulfite, exhibits a well-behaved redox reaction
(curve a), and upon the addition of 400 uM sulfite, the
anodic peak current of mediator was greatly increased. In
addition, the corresponding cathodic peak disappeared on
the reverse scan of the potential (curve c¢). This behavior is
typical of that expected for electrocatalysis at chemically
modified electrodes (Diagram 1) [30].

y=4.867X+0.260
R’=0.999

B Cottrell’s plot for the data
from the chronoamperograms.
Inset C Dependence of Ic/I; on
the ' derived from the
chronoamperogram data

50 pA

7 09 11 13 15 1.7
t-1/2/s-1/2

C  y=3.158X-0.660

R?=0.994

y=1.769X+0.011

o R

1.9 21

0.7 0.72 0.74 0.76 0.78
t12/g12
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Fig. 7 Differential pulse
voltammograms of FCCNTPE
in the buffer solution (pH 7.0)
containing different
concentrations of sulfite. /—/0
corresponds to 0.0, 0.4, 1.5, 2.5,
4.0, 10.0, 30.0, 80.0, 100.0, and
120.0 uM sulfite. Insets A and
B show the plots of
electrocatalytic peak current as
a function of sulfite
concentration
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To obtain further information on the rate-determining step, a
Tafel plot was developed for FCCNTPE using the data derived
from the raising part of the current—voltage curve (Fig. 4). The
Tafel slope was found to be 14.41 V (Fig. 2, inset ¢), which
indicates that transfer coefficient () is about 0.57.

Figure 5 shows the relation of anodic peak current (Zp,)
versus square root of the scan rate ('?) for 600 uM of
sulfite. The results confirm that anodic peak currents increase
linearly with the square root of the scan rate, suggesting that at
sufficient over-potential, the reaction is mass transfer
controlled.

It can also be noted from Fig. 5 (inset) that with increas-
ing scan rate, the peak potential for the electrooxidation of

Table 2 Comparison of the efficiency of some reported electrochemical
methods in the determination of sulfite

Method pH Limit of Linear dynamic  Ref.
detection (uM)  range (UM)
DPV* 7.0 0.3 0.6-100 [10]
DPV 8.0 0.18 4.0-100 [11]
Amperometry 8.0 2.8 12.5-125 [34]
DPV 8.0 0.21 4.0-443 [35]
Amperometry 8.0 2.8 5-1,500 [36]
LSV® 7.0 3.1 - [37]
Amperometry 6.2 3.0 4.0-200 [38]
Amperometry 6.0 1.2 4.0-69 [29]
DpPV 7.0 0.1 0.4-120 This work

* Differential pulse voltammetry

® Linear sweep voltammetry
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sulfite shifts to more positive potentials, suggesting a kinetic
limitation in the reaction between the oxidized sites of
FCCNTPE with sulfite.

Chronoamperometric study

Double step potential chronoamperometry was also
employed to investigate the electrochemical behavior of
various concentrations of sulfite at FCCNTPE in buffer
solution (pH 7.0) by setting the working electrode potential
at 0.25 V (at the first potential step) and 0.45 V (at the
second potential step) vs. Ag/AgCI/KCI (3.0 M) (Fig. 6). As
can be seen, there is no net cathodic current corresponding
to the reduction of the mediator in the presence of sulfite
when the potential is stepped from 0.25 V to 0.45 V. How-
ever, in the presence of sulfite, the charge value associated
with forward chronoamperometry is significantly greater
than that observed for backward chronoamperometry
[Fig. 6, inset A (b”)].

The linearity of electrocatalytic current vs. '~ shows this
current is controlled by diffusion of sulfite from bulk

1/2

Table 3 Results of the analysis of sulfite in the weak liquor and boiler
water

Sample Proposed RSD%  Standard RSD%
method (M) method (uM)

Weak liquor 1 750+0.85 2.8 751+0.73 2.6

2 761+0.76 2.5 759+0.58 2.1

Boiler water 1 4.5+0.71 2.2 4.4+0.21 1.4

2 2.8+0.12 1.5 2.9+0.32 1.7
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solution toward surface of the electrode that caused to near-
Cottrellian behavior. Therefore, the slope of the linear re-
gion of Cottrell’s plot can be used to estimate the diffusion
coefficient of sulfite (Fig. 6, inset B). A plot of / versus />
for FCCNTPE in the presence of sulfite gives a straight line,
of which the slope of such lines can be used to estimate the
diffusion coefficient (D) of sulfite. The mean value of D was
found to be 1.75x107° cm® s ™",

The rate constant for the chemical reaction between sul-
fite and redox sites in FCCNTPE, £, can be evaluated by

chronoamperometry according to the method of Galus [31]:
e/l = n'?y'? = 22 (kCy)'/? (3)

where /¢ is the catalytic current of sulfite at FCCNTPE, I,
the limited current in the absence of sulfite, and ¢ is the time
elapsed (s). Based on the slope of the Ic/I; versus ¢'? plots,
k can be obtained for a given sulfite concentration. Using the
values of the slopes, the average value of k was found to be
k=13x10*mol ' L s™' (Fig. 6, inset C).

Calibration plot and limit of detection

Differential pulse voltammetry was used to determine the
concentration of sulfite (Fig. 7). The results show two linear
segments with different slope for sulfite concentration;
namely, for 0.4-4.0 uM of sulfite (Fig. 7, inset A), the
regression equation was [/, (LA)=(3.348+0.121)Cyyfiet
(147.640+0.234) (R*=0.9919, n=>5) and for 4.0-120.0 uM
of sulfite (Fig. 7, inset B), the regression equation was I,
(LA)=(0.189+0.052)Cyufite+(163.150+0.2) (R*=0.9996,
n=5) where Cg,ge 18 concentration of sulfite (uM). The
decrease in the sensitivity (slope) of the second linear seg-
ment is likely due to kinetic limitation.

The detection limit (30) of sulfite was found to be
0.1 uM. This value of detection limit, the linear dynamic
range, and the sensitivity for sulfite observed for the
FCCNTPE are comparable and even better than those
obtained for several other modified electrodes (Table 2).

Table 4 Results of the analysis of sulfite in water samples

Interference study

To evaluate the selectivity of the modified electrode for the
determination of sulfite in real samples, a group of wood
extractive materials (which have phenolic compounds and
seem to be electroactive, plus heavy metals) were checked
as potential interfering compounds [32]. So, the interference
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. Results have
shown that these kinds of material have no interference in
the determination of sulfite in real samples. Also, the result
of interfering studied showed that substances such as Ni*",
CN, Ca*', Br, Zn"™, SO,*", Pb"?, and Mn " did not show
any interferences (at 500-fold) for electroctalytic determina-
tion of sulfite using FCCNTPE. Although sulfide ions act as
interference for determination of sulfite, it can be minimized,
if necessary, using 1.0 mmol L' Zn(II).

Real sample analysis

To evaluate the applicability of the proposed method to real
sample analysis, it was applied to the determination of
sulfite in weak liquor from the wood and paper industry,
boiler water, river water, industrial water, and tap water. The
determination of sulfite in samples was carried out by the
standard addition method. Accuracy was examined by com-
parison of data obtained from this method with a recognized
common method [33] for determination of sulfite (oxida-
tion—reduction titration in acid solution of KIO3/KI in the
presence of starch as an indicator). The results are given in
Tables 3 and 4.

Conclusion

A ferrocene-modified MWCNTs electrode has been fabri-
cated and used for the electrocatalytic determination of

Sample Added Expected Founded Standard method Fox Fip tox tab(95%)
(umol L™ (umol L")  (umol L") (umol L™ [31]
Drinking water - - <Limit of detection <Limit of detection - - - -
50.0 50.0 50.12+0.85 49.34+0.63 6.5 19 2.2 3.8
10.0 65.0 65.36+0.53 64.87+0.79 7.8 19 2.8 3.8
River water® - - 0.514+0.02 <Limit of detection - — - -
0.49 1.0 1.02+0.01 1.04+0.04 5.5 19 1.8 3.8
Industrial water - - <Limit of detection <Limit of detection — — - -
20.0 20.0 19.98+0.25 20.37+0.67 10.5 19 34 3.8

?River water from Siahrood, Qaemshahr, Iran

@ Springer



694

Ionics (2012) 18:687-694

sulfite. The modified electrode showed to be promising for
sulfite detection with many desirable properties including
good reproducibility, high sensitivity, excellent catalytic
activity, low detection limit, and especially its antifouling
properties towards sulfite and its oxidation products. Finally,
this method was used for the determination of sulfite in
different real samples.
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