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The electrocatalytic oxidation of sulfite has bestodied by ferrocenedicarboxylic acid modified
carbon nanotubes paste electrode. It has beer fihwat under the optimum conditiopH 7.0) in
cyclic voltammetry, the oxidation of sulfite is agced at a potential about 350 mV less positivartha
that an unmodified carbon nanotubes paste electiuekinetic parameters such as electron transfer
coefficient, , and the catalytic reaction rate constkﬁ\t,were also determined using electrochemical
approaches. Also, electrochemical impedance smetpy used for study behavior of sulfite in
aqueous solution. Using differential pulse voltaetme (DPV) method, the electrocatalytic oxidation
peak current of sulfite shows a linear calibratimnve in the range 0.6 — 100nol L™ of sulfite
concentration. The detection limit (3was determined as 0.3nol L™ by DPV method. Th&kSD%

for 10.0 and 30.0 pmol tsulfite was 2.1% and 1.8%, respectively. The pregomethod was
examined as a selective, simple and precise mdtrodoltammetric determination of sulfite in real
samples with satisfactory results.

Keywords: Sulfite determination, Electrochemical impedarpectroscopy, Carbon nanotubes paste
electrode, Electrocatalytic, Ferrocenedicarboxgti, Voltammetry.

1. INTRODUCTION

As is known, sulfite is a typical example of sulfwxoanions. The determination of sulfite (or
sulfur dioxide) is important in many environmentahd industrial situations, particularly when
monitoring atmosphere [1,2], foods and beveragék[process liquors and wastewaters from paper
mills[5], photographic laboratories[6,7] and ministes[8]. Several methods have been proposed for
the determination of sulfite including titration][%high-performance liquid chromatography [10],
capillary electrophoresis [11-13], spectrophotomndir4,15], chemiluminescence method [16,17],
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flow injection analysis [18,19] and electrochemioathods [20—26]. Many of them are not enough
sufficiently sensitive and/or are time consumingd/an used expensive instrumentations. The
comparison of the proposed method for sulfite dei@ation with other published papers is given in
Table 1.

Table I. Comparison of the efficiency of some methods endbtermination of sulfite.

Method pH Limit of Linear dynamic  Reference
detection range
(. molL™) (. molL™)

CE® 8.2 2 10-800 12
Amperometr 8.C 2.8 5-150( 2C
Cyclic Voltammetry 55 80 250-2380 21

DPV’ 8.C 0.21 4-442 22
LSV© 7.C 3 5-6C 23
Amperometry 6.2 3 4-200 24
DPV 8.C 0.1 4-10C 25
Chronoamperometry 6.0 1.2 4-69 26
Cyclic Voltammetnr 7.C 40 130(=720C 27
Amperometry 11.0 Not reported 10000-30000 28
Cyclic Voltammetry 11.0 Not reported 20000—-100000 9 2
DPV° 7.C 0.3 6-10C This work

& Capillary electrophoresis.
"Differential pulse voltammetry.
¢ Linear Sweep Voltammetry

Carbon nanotubes can be used to promote electosfér reactions when used as electrode
material in electrochemical devices, electrocatalysnd electroanalysis processes due to their
significant mechanical strength, high electricataactivity, high surface area, good chemical sitabil
as well as relative chemical inertness in mosttedgde solutions and a wide operation potential
window [30]. The electronics properties of thesexamaterials have been exploited as means of
promoting the electron transfer reaction for a wideége of molecules and biological species
including; insulin[31], carbohydrates [32], hydrageeroxide [33], glucose [34], norepinephrine [35],
aminophenol [36], morin [37], cytochrome C [38]oprethazine [39], thiols [40], methyldopa [41],
epinephrine [42] and nicotinamide adenine dinuatenf43].

In this study in continuation of our studies comieg the preparation of chemically modified
electrodes [44-47], we described initially the @negtion and suitability of a ferrocenedicarboxylic
acid modified carbon nanotubes paste electrode ADCNTPE) as a new electrocatalyst in the
electrocatalysis and determination of sulfite in @queous buffer solution. Finally, in order to
demonstrate the catalytic ability of the modifieldotrode in the determination of sulfite in real
samples, we examined this method for the voltammd#termination of sulfite in weak liquor from
the wood and paper industry.
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2. EXPERIMENTAL PART

2.1. Chemicals

All chemicals used were of analytical reagent graDeubly distilled water was used
throughout. Ferrocenedicarboxylic acid was usethffluka and sodium sulfite from Merck, all used
as received.

Universal buffer (boric acid, phosphoric acid, acatid plus sodium hydroxide, 0.04 mofL
solutions with differenpH values were used.

High viscosity paraffind = 0.88 Kg L") from Merck was used as the pasting liquid for the
preparation of carbon paste electrode. Graphitedpovjparticle diameter = 0.10 mm) and carbon
nanotubes (>90% MWCNT basis, dx| = (110-70 nm) x9(5m) from Fluka were used as the
substrate for the preparation of the carbon pdsttrede as a working electrode.

Spectrally pure graphite powder (particle size<®@) jand high viscose paraffin oil (density =
0.88 Kg L) from Merck were used for the preparation of thebon paste electrode (CPE).

2.2. Apparatus

Cyclic voltammetry (CV), chronoamperommetry, andfedential pulse voltammetry (DPV)
were performed in an analytical system, Autolathv#GSTAT 12 (Eco Chemie B. V., Utrecht, and
The Netherlands). The system was run on a PC 3PS and FRA 4.9 software. For impedance
measurements, a frequency range of 100 kHz to BZWas employed. The AC voltage amplitude
used was 5 mV, and the equilibrium time was 10 meiswu A conventional three-electrode cell
assembly consisting of a platinum wire as an aanyilelectrode and an Ag/AgCI (K&) electrode as
a reference electrode was used. The working eldetmwas either an unmodified carbon nanotubes
paste electrode (CNPE) or a carbon nanotubes pésteode modified with ferrocenedicarboxylic
acid (FDCAMCNTPE). The prepared electrodes withboarnanotubes and with the modifier were
characterized by scanning electron microscopy (SEM)

A pH-meter (Corning, Model 140) with a double junctglass electrode was used to check the
pH of the solutions.

2.3. Preparation of the electrode

Ferrocenedicarboxylic acid (0.010 g) was dissolred0 mL diethyl ether and hand mixed
with 0.89 g graphite powder plus 0.10 g carbon hatmes in a mortar and pestle. The solvent was
evaporated by stirring. Using a syringe, 0.88 @ffier was added to the mixture and mixed well for 4
min until a uniformly-wetted paste was obtained.e Tipaste was then packed into a glass tube.
Electrical contact was made by pushing a coppe¥ dawn the glass tube into the back of the mixture.
When necessary, a new surface was obtained byngusini excess of the paste out of the tube and
polishing it on a weighing paper. The unmodifiedbcm paste electrode (CPE) was prepared in the
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same way without adding ferrocenedicarboxylic aondl carbon nanotubes to the mixture to be used
for comparison purposes.

2.4. Preparation of weak liquor

The weak liguor from a wood and paper factory oizktaaran province in Iran prepared and
diluted 10-time with water. Then, 1.0 mL of thewg@n plus 9 mL of the buffepH 7.0) were used
for the analysis of sulfite contents with standaddition method.

2.5. Preparation of boiler water

Without any pre-treatment of the sample, an acewatume of the boiler water depending on
the amount of sulfite in the sample (commonly 0.2+hL) directly was subjected for voltammetric
measurement of sulfite as recommended procedure.

3. RESULTS AND DISCUSSION

3.1. SEM characterization of multiwall carbon namm¢s (MWCNTS)

Figure (1) displays a typical morphology of the nfied multiwall carbon nanotubes paste
electrode with ferrocenedicarboxylic acid (a) arte tunmodified carbon paste electrode (b)
characterized by SEM. As shown in Figure 1, ferneckcarboxylic acid on the surface of CNTs did
not change the morphology of CNTs, but made it nommpact. However, it can be clearly seen that
MWCNTSs dispersed homogeneously.

Magn  Det "'A}D

2000x  SE 000

Figure 1.SEM image of a) FDCAMCNTPE, and b) the unmodifiéeteode.
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3.2. Electrochemistry of mediator

The electrochemical properties of the modified &tmte were studied by cyclic voltammetry in
a buffer solutiongH 7.0). The experimental results showed a well-@éefiand reproducible anodic
and cathodic peaks related to Fé/Fedox couple with quasi-reversible behavior, vpitak separation
potential of Ep (BaEx,c = 100 mV). These cyclic voltammograms were useekamine the variation
of the peak currentgs. the potential scan rates. The plots of the anadit cathodic peak currents
were linearly dependent of? at the all scan rates. This behavior indicates i nature of redox
process is diffusion controlled [47].

I/RA

0.2 0.4 0.6 0.8 1.0 1.2
E/V

Figure 2. Cyclic voltammograms of (a) CPE in 0.04 mof universal buffer gH 7.0) at scan rate 10
mV st and (b) as (a) plus 1000mol L™ sulfite; (c) as (a) and (d) as (b) at the surfafe
FDCAMCNTPE and CNPE respectivelilso (e) and (f) as (b) at the surface of FDCAMC#ttl
FDCAMCNTPE, respectively.

3.3. Electrochemistry of sulfite at FDCAMCNTPE

Figure 2 depicts the cyclic voltammetric resporfses the electrochemical oxidation of 1000
mol L™ sulfite at FDCAMCNTPE (curve f), ferrocenedicarlytix acid modified carbon paste
electrode (FDAMCPE) (curve e), CNPE (curve d) atmhee CPE (curve b). However, peaks potential
of (c) and (a) show FDCAMCNTPE behavior and a &RE behavior in the buffer solution. As can
be seen, the anodic peaks potential for the oxidatif sulfite at FDCAMCNTPE (curve f) and at
FDAMCPE (curve e) is about 480 mV, while at the ENfurve d) the peak potential is about 830
mV, whereas the peak potential at the bare CPEvéch) is about 860 mV for sulfite. From these
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results, it is concluded that the best electrogttaleffect for sulfite oxidation is observed at
FDCAMCNTPE (curve f). For example, the results at®wn that the peak potential of sulfite
oxidation at FDCAMCNTPE (curve f) shifted by abd®0 and 380 mV toward the less positive
potential values compared with CNPE (curve d) anth v bare CPE (curve b), respectively.
Similarly, when we compared the oxidation of sel&t the FDAMCPE (curve e) and FDCAMCNTPE
(curve f), there is a dramatic enhancement of toelir peak current at FDCAMCNTPE relative to the
value obtained at the FDAMCPE. This behavior isitreé to combination of carbon nanotubes and
mediator definitely improves the characteristicswifite oxidation.

y—
5.9

4.0 y=7.8382x - 8.9856 /
< 6.0 R’=0.9924 .
= -6.1 ¢ .0
S~ 3 .O T 6.2
H . T T T T T T T T T 1

0.36 0.37 0.38 0.39 0.4 0.41 0.42 0.43 0.44 0.45
1.0
0.0;

0.1 0.2 0.3 0.4 0.5 0.6 0.7

Figure 3. Tafel plot for FDCAMCNTPE in 0.04 molt universal buffer solutionpH 7.0) at a scan
rate of 10 mV $ in the presence of 1000nol L™ sulfite.

In order to obtain information on the rate deteiimgnstep, a Tafel plot was developed for
FDCAMCNTPEusing the data derived from the raising part ofdherent—voltage curve (Figure 3).
The slope of the Tafel plot is equal nl a)F/2.3RT which comes up to 7.8382 V decddenNe
obtainedna equal to 0.59. Assuming = 1, thena = 0.59. In addition, the value oh (n is the
number of electrons involved in the rate deterngrstep) was calculated for the oxidation of suléite
pH 7.0 for both the modified and unmodified carbomatabes paste electrodes using the following
Equation [48,49]:

N =0.048/Ep— Epp) (1)
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where,Ep; is the potential corresponding lig,.. The values forn were found to be 0.60 and 0.22 at
the surface of both FDCAMCNTPE and the unmodifiedrbon nanotubes paste electrode,
respectively. Those values show that the over-piadesf sulfite oxidation is reduced at the surfade
FDCAMCNTPE, and also that the rate of electron gfan process is greatly enhanced. This
phenomenon is, thus, confirmed by the largigrvalues recorded during cyclic voltammetry at
FDCAMCNTPE. In addition, with increasing the potiahtscan rate, the catalytic oxidation peak
potential gradually shifts towards more positivetgmbials, suggesting a kinetic limitation in the
reaction between the redox site of the ferrocemglaxylic acid and sulfite. However, the oxidation
currents change linearly with the square root & #ean rate, suggesting that at sufficient over-
potentials, the reaction is mass transfer contloliéhe results show that the overall electrochemica
oxidation of sulfite at the modified electrode ntigte controlled by the cross-exchange process
between sulfite and the redox site of the ferrod@aeboxylic acid and by the diffusion of sulfite.

3.4.Chronoamperometry study

For determination of the diffusion coefficient ofulfiie, double potential step
chronoamperometry was used with FDCAMCNTPE. Figd#e shows the current—time curves of
FDCAMCNTPE by setting the electrode potential a@ #@V (first step) and 250 mV (second step)
Ag|AgCI|KClsy for different concentration of sulfite. As can been, there is not any net anodic
current corresponding to the oxidation of the midian the presence of sulfite. On the other haind,
forward and backward potential step chronoampemgnfet the mediator in the absence of sulfite
shows symmetrical chronoamperogram with an equaigehconsumed for the reduction and oxidation
of the ferrocenedicarboxylic acid at the surfaceimuiodified CPE (Figure 4B, a’). On the other hand,
in the presence of sulfite, the charge value aasetiwith forward chronoamperometry is significgntl
greater than that observed for backward chronoaonpery (Figure 5B, b’— d’). The linearity of the
electrocatalytic currents. *? shows that the current is controlled by diffusafrsulfite from the bulk
solution toward the surface of the electrode tlatsed near Cottrellian behavior. Therefore, thpeslo
of linear region of Cottrell's plot can be usedstimate the diffusion coefficient of sulfite. Aoplof |
vs.t™2 for a FDCAMCNTPE in the presence of sulfite gigestraight line (Fig. 5A), which slope can
be used to estimate the diffusion coefficient dfiu(D) in the ranges of 200 to 800nol L™ . The
mean value of the D for sulfite was found to bes1x8L0° cn?s™

The rate constant for the chemical reaction betvgedfite and redox sites in FDCAMCNTPE,
ks, can be evaluated by chronoamperometry accorditigetanethod of Galus [50]:

ICjIL: 1/2 1/2: l/Z(kat)l/Z (2)

where t is the catalytic current of sulfite at the FDCAMTRE, | is the limited current in the
absence of sulfite and t is the time elapsed (s8¢ dbove equation can be used to calculate the rate
constant of the catalytic procdss Based on the slope of thgl| versus ¥?plots (Fig. 5B)k, can be
obtained for a given sulfite concentration. From thalues of the slopes an average value,ofds
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found to be as 3.32 x 1@nol™ L s The value of kexplains as well as the sharp feature of the
catalytic peak observed for catalytic oxidatiorsoffite at the surface of FDCAMCNTPE.

Figure 4. A): Chronoamperograms obtained at the FDCAMCNTPE@&absence a) and presence of
b) 200, c) 500 and d) 80amol L™ of sulfite in the buffer solutiorpf 7.0). First and second potential
steps were corresponds of 0.70 and 0.26Mg/AgCl. B): Charge-time curves:far curve a, b’ for
curve b, cfor curve c, and dor curve d.
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Figure 5. A) Cottrell's plot for the data from the chronoampeangs. B) Dependence afll on
driven from the chronoamperograms data.

3.5. Influence of pH

In order to optimize the electrocatalytic respordethe sensor to sulfite oxidation, we
investigated the effect gH on the electrocatalytic oxidation of sulfite i©@.mol L universal buffer
solutions with differentpH values (4.0pH<9.0) at the surface of FDCAMCNTPE using cyclic
voltammetry. The influence gfH on the both peaks current and peaks potential agsessed through
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examining the electrode response in the buffertsols. It well known that the electrochemical
behavior of sulfite is dependent pHl value of the aqueous solution, as shown in Eq. 3:

SO2+H,0® SO +2H" +2¢ 3)

On the other hand, the electrochemical propertifadFc¢ redox couple is independent of the
solution pH [45,47]. The variation ofuk vs. pH is shown in Figure 6. The results showed that the
maximum electrocatalytic current was obtainedpbk 7.0. ThereforepH 7.0 was chosen as the
optimumpH for the determination of sulfite at FDCAMCNTPE.

Figure 6. CurrentpH curves for electro-oxidation of 900mol L™ sulfite the buffer solution with
variouspH values at the surface of FDCAMCNTPE with a scae 18 mV §".

3.6. Electrochemical impedance spectroscopy studies

Electrochemical impedance spectroscopy (EIS) wes a@inployed to investigate the oxidation
of sulfite on the FDCAMCNTPHE=igure 7presents Nyquist diagranasid bode plotsf the imaginary
impedance 4im) vs.the real impedance&) of the EIS obtained dhe modified electrode recordetl
0.4 V deoffset in the absence (curve a) and in the preseht000 umol C* sulfite (curve b) in 0.04
mol L™ universal buffer g§H 7.0), respectively. In the absence of sulfite, Mgquist diagram
comprises a depressed semicircle at high frequenaikich may be related to the combination of
charge transfer resistance of ferrocenedicarboxwglid electrooxidation and the double-layer
capacitance, followed by a straight line with apglaf nearly 45°. The latter is due to the occureen
of mass transpogrocess via diffusion [45].
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Figure 7. Nyquist diagrams of FDCAMCNTPE in the absenceafa presence of (b) 1000.6nol L™
sulfite. Bias is 0.4 V witlE,c = 5 mV with frequency range of 10 kHz to 0.1 Hzsdh(A) shows the
related bode plots of (a) and (b).

Scheme 1Equivalent circuit for the system

The equivalent circuit compatible with the Nyqudiagram recorded in the absence and
presence of sulfite is depicted in scheme 1. Iis ttircuit, R, CPE, and R represent solution
resistance, a constant phase element correspotalittge double-layer capacitance, and the charge
transfer resistance associated with the oxidatidow-valence ferrocenedicarboxylic acid species. W
is a finite-length Warburg short-circuit term coegblto R;, which accounts for the Nernstian diffusion.
In the presence of sulfite, the diameter of the isieahe decreases, confirming the electrocatalytic
capability of the mentioned electrocatalyst fordation of sulfite. This is due to the instant cheahi
reaction of sulfite with the high-valence ferroceicarboxylic acid species. The catalytic reactidén o
oxidation of sulfite that occurred via the partaijon of ferrocenedicarboxylic acid species virtyal
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caused an increase in the surface concentratidovwfvalence species of electrocatalyst, and the
charge transfer resistance declined, depending henconcentration of sulfite in the solution.
Impedance of CPE and W elements can be expressed as

Zepe = (Yo jW) " 4
Zy =Y, (jw) 2 ©)

where Y, (the admittance parameter, Séra") andn (dimensionless exponent) are two parameters
independent of frequency;= (1) *?> and = angular frequency = 2 Zcpe corresponds to the
constant phase angle eleme@PE) impedance. ¥ = Cy only whenn = 1, andn is related to (phase
angle) by =(1 n)90. So,n=1 and = 0 stand for a perfect capacitor, and lowerlues directly
reflect the roughness of the electrode surface.n\¥w 0.5, it is equal to a Warburg impedance. When
n= 0, CPE is reduced to a resistor.

4. ELECTROCATALYTIC DETERMINATION OF SULFITTE

Since DPV has a much higher current sensitivityntlegclic voltammetry, we used DPV
method for the determination of sulfite. The puisgéght and width of 50 mV and 5 mV were selected
in order to get the best sensitivity under the ggeconditions. The step potential and modulation
amplitude of 0.001 V and 0.05 V were selected mheorto get the best sensitivity under the specific
conditions. Under the optimum conditions, the resgocurrent of FDCAMCNTPE was linear with
0.6-100.0 mol L™ sulfite concentration, with a regression equatbip(uA) = 0.038Zyiiite + 6.255
(r2 =0.9905n =11) (Fig. 8, insert) wher@suseis concentration of sulfite inmol L™.

The detection limits was obtained as 0.810l L™ sulfite according to the definition of
Yoo =Yg +3s [51].

Finally, the result of interfering studied showsat substances such as'NCN-, C&", Br,
Ag', $0:7, Zn?, SQ2, PB? Mn' did not any interferences (about 100—fold) forcetectalytic
determination of sulfite using FDCAMCNTPE. Howevesylfide ions act as interference for
determination of sulfite.

5. REAL SAMPLE ANALYSIS

In order to demonstrate the applicability of thevrsensor in determining sulfite in real sample,
we used the new sensor in determining of sulfiteréak liquor from the wood and paper industry and
boiler water. The determination of sulfite in saeglwas carried out by the standard addition method
for presentation of any matrix effect. Accuracy veemmined by comparison of data obtained from
this method with a recognized common method [S2]determination of sulfite (oxidation-reduction
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titration in acid solution of KIQKI in the presence of starch as indicator) (TdlleHowever, a group

of wood extractive materials is phenolic compounssich seem electroactive. Therefore, the
interference effect of some phenolic compounds aglgallic acid, ellagic acid and chrysin in the
determination of sulfite in a weak liquor solutibas been investigated. Our results show that those
compounds do not any interference for determinatiosulfite with this mediator.

Figure 8. DPV of FDCAMCNTPE in the buffer solutiopK 7.0) containing different concentrations
of sulfite. 1-11 corresponds to 0, 0.6, 7.0, 13M0, 27.0, 40.0, 54.0, 65.0, 80.0 and 100.0 pmbl L
sulfite. Insert shows plot of electrocatalytic peaikrent as a function of sulfite concentration.
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Table Il. The results of determination of sulfite in real pden

Sample Sulfite found RSD% Sulfite found RSD%

( molL™), ( mol L™,

proposed iodometric

method method
Weak liquor 1 800 3.1 808 2.8
2 780 2.9 772 2.2
Boiler 1 3.0 3.3 3.2 2.8

2 1.9 3.2 2.2 3.1

6. CONCLUSIONS

This work demonstrates the construction of a chalyionodified carbon nanotubes paste
electrode by incorporation of ferrocenedicarboxwgiid as a suitable electrochemical sensor foitsulf
determination at trace level. The new voltammetniethod for the determination of sulfite is very
rapid (less than 1 min per sample solution), repedile, selective and sensitive and can be used for
real sample analysis. The results show that théatixin of sulfite is catalyzed aH 7.0, whereas the
peak potential of sulfite is shifted about 350 no/& less positive potential at the surface of the
FDCAMCNTPE. The proposed method is selective, semgohd precise method for voltammetric
determination of sulfite in real sample such askaepior from the wood and paper industry.
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