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A simple electrochemical sensor for the determination of sulfites in rice wine samples based on
carbon black paste electrode (CBE) coupled with first-order derivative square wave voltammetry
(SWV) was developed. CBE prepared by packing the mixture of carbon black powder and liquid
paraffin oil with a ratio of 2:1 (w/w) into a cavity without any additional modification was reported.
The cyclic voltammetry and SWV showed that the oxidation current of sulfite at CBE increased
significantly compared with bare glassy carbon electrode or graphite paste electrode. Through firstorder derivative processing, peaks became narrower and sharper leading to the enhancement of
sensitivity. External standard calibration curve was in the range of 0.008~1.0 mmol L-1 with a detection
limit of 6.0 µmol L-1. This method was applied to the determination of sulfites in the commercial
available rice wine samples and the results were compared with a titration method.

Keywords: Electrochemical sensor; Carbon black paste electrode; Derivative square wave
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1. INTRODUCTION
Sulfites are widely used additives in food industry. In wine making process, despite the fact
that small amounts of sulfites may form naturally due to some metabolic processes [1, 2], Usually,
around 30~90 ppm of additional sulfites are added throughout production both in fermentation and in
storage [3] to prevent microbial spoiling [4], as well as to play an important role in reducing quinones
formed during oxidation process back to their phenol forms [5], which naturally present in the raw
material of wine and reflect the antioxidant capacity of wine [6, 7]. However, ingestion of foods
containing large amounts of sulfites is associated with asthmatic reactions and intolerance symptoms
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[8-10]. In addition, nutritional quality of treated foods might be reduced due to its interaction with
some vitamins such as thiamin, pyridoxal, nicotinamide, and folic acid [11]. Therefore, restricted
regulations have been set avoiding over use of sulfites in foodstuffs since the 1980s. For example,
United States Food and Drug Administration regulations require food and wine producers to indicate
“contains sulfites” on the label of any product that has at least 10 mg L−1 sulfite (calculated as SO2).
Accordingly, the development of sensitive, selective, precise and low-cost analytical methods for the
determination of sulfite is of vital important.
A couple of useful methods are available to determine sulfites in wine samples, such as titration
[12], spectrophotometer [13], ion chromatography [14] and capillary electrophoresis[15]. However,
these methods are not fully satisfactory due the tedious sample pretreatment procedure or high cost
instrument, and in some cases low sensitivity and selectivity. As a complementary choice,
electrochemical sensors, measuring the current generated by direct sulfite oxidation at metallic
electrodes, carbon/graphite electrodes or chemically modified electrodes have great potential over
other techniques for the determination of sulfite owing to its advantages such as simplicity, sensitivity,
reliability and the possibility of on-line applications [16, 17]. As for the electrodes, the electron
transfer rate seems quite sluggish at common metal electrodes for the determination of sulfite in
aqueous solution [18]. Comparatively, chemically modified electrodes (CMEs) utilizing different
modification procedures and sensing materials, possess the advantage of electrocatalysis of slow
electron transfer reactions and meanwhile reduce sulfite oxidation potential [19, 20], but their
modification procedures are somehow complicated.
During the past few years, a great amount of attention has been paid to the surface property of
carbon based material as electrode, such as glassy carbon (GC), graphite, graphene and carbon nanotube (CNT) particles [21], especially CNT and graphene have been widely used in electroanalysis
field. A couple of electrochemical sensors for sulfites have been fabricated based on CNT-based
composite electrode [22], modified CNT paste electrode [23], or metal doped graphene modified GC
electrode [24] due to their wide operation potential window, rich surface chemistry, chemical inertness
and suitability for various sensing and detection [25, 26]. Carbon black, another group of carbon nano
material, such as furnace black, channel black, thermal black, lamp black, and acetylene black, made
from different sources or technical processes, are extremely favorable due to its good conductivity,
significantly lower cost, wide range of sources, mainly used as conductive particle in many types of
battery and supercapacitor electrodes [27, 28]. In recent years, some of the carbon black like acetylene
black has gradually found its way to be a functional modifier in construction of modified electrode for
the determination purpose [29]. Super P® Li is one kind of the carbon black. The main characteristics
of Super P® Li are their high purity, high structure and moderate surface area. In our previous work, a
Super P® Li based composite electrode (acetylferrocene- Super P® Li-polyvinyl butyral modified
glassy carbon electrode) was fabricated for the determination of sulfites in the extraction of muscle
foods [30], in which Super P® Li was worked as a conductivity material. Herein, we explore the
determination of sulfite in rice wine samples using Super P® Li carbon black paste electrode (CBE)
without any additional modification such as addition of electron transfer mediator or specific reagents,
coupled with first order derivative square wave voltammetry (first SWV). The behavior of sulfites at
CBE electrode and the electrochemical characteristic of CBE were investigated. The proposed method
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was applied in the commercial rice wine sample analysis and compared with the titration method. To
our knowledge, an electrode based on Super P® Li for the sensing of sulfite has not been reported.

2. MATERIAL AND METHODS
2.1. Chemicals and reagents
Chemical standard of sodium sulfite (Acros, Belgium) was used as purchased without further
purification. Reagents including sodium nitrate, sodium chloride, lead acetate, sodium hydroxide,
hydrochloric acid, potassium dihydrogen phosphate, dipotassium hydrogen phosphate, iodine solution
are of analytical grade purchased from Aladdin, China. Carbon black (Super P® Li) was obtained from
Timcal, Belgium. Graphite powder was purchased from Shanshan, China. 0.2 mol L-1 phosphate buffer
（pH 7.40）obtained by well mixing appropriate volume of 0.2 mol L-1 NaH2PO4 and 0.2 mol L-1
Na2HPO4 was used as support electrolyte. To stabilize sulfite inhibiting oxidation to their sulfate
constituents, propyl alcohol (2%, v/v) solution was added when preparing sulfite solution [31]
The working standard solutions of sodium sulfite were prepared daily in supporting electrolyte. Rice
wine samples were randomly purchased from the local market.

2.2. Apparatus
All cyclic voltammetric experiments were performed on a computer-controlled LK2005A
Electrochemistry Workstation (Lanlike, China) with a conventional three-electrode configuration. A
platinum electrode was served as the counter electrode, the saturated calomel electrode（SCE）was
used as a reference in all electrochemical experiments. The working electrode (4.5 mm diameter) was
Super P® Li carbon black paste electrode (CBE) or graphite paste electrode (GE). The working
electrode for cyclic voltammograms scanning and square wave voltammetry (SWV) was operated
within a potential range of 0 to 0.8 V (vs. SCE) at scan rate of 50 mV s−1, peak potential (EP) and peak
current (iP) were recorded. The chronocoulometry was conducted with the initial potential of 0 V, the
step potential of 0.65 V, sample time of 0.5 s and sample point of 200. All tests were conducted at
room temperature. The pH was measured using a Sartorius pH-meter, model PB-10, employing a glass
composite electrode with a SCE as external reference electrode. Scanning electron microscope
(SEM) images were obtained on a Hitachi S-3400N field scanning electron microscope (Japan).
2.3. Preparation of Super P® Li carbon paste electrode
CBE was prepared by hand-mixing Super P® Li powder and liquid paraffin oil with a ratio of
2:1 (w/w). The paste was packed into the cavity of a Teflon tube (4.5-mm diameter). An electrical
contact was established via a copper rod handle. A new surface was obtained by smoothing the
electrode onto a weighing paper. GE was made for comparison study following the same procedure
except for using graphite powder instead of Super P® Li powder. Before use, The freshly polished
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GCE was pretreated by cycling the potential several times between -0.2~1.2V vs. SCE at a scan rate of
50 mV s-1 in 0.2 mol L-1 phosphate buffer solution until a steady signal was obtained.
2.4. Sample analysis
Rice wine samples produced by local wineries were randomly purchased from the local
markets and kept in a refrigerator for further use. Prior to analysis, 1.0 mL wine sample was accurately
mixed with 2.0 mL phosphate buffer (1 mol L−1) and diluted to 10 mL with 3% (v/v) propyl alcohol for
further electrochemical detection. The content of sulfite in these samples was quantified by the
external standard calibration method. For comparison study, titration method was used for the
determination of splitting samples according to GB/T5009.34-2003, which was regarded as the
standard reference method based on the release of sulfite at acid distillation in the form of bisulfite and
then titrated by NaOH.

3. RESULTS AND DISCUSSION
3.1. Surface morphology of Super P® Li carbon paste electrode
The surface morphology of GE and CBE was characterized by SEM images (Figure 1).

Figure 1. SEM images of GE (a) and CBE (b). (Inset of b, 10 x magnification image of CBE).

As seen, a uniform surface of both GE and CBE was observed. Compared with the rather big
particle size, irregular shape and well dispersed-layered-structure of the surface of GE (Figure 1a), a
compact film comprising nano-loose-porus-structured surface was observed at CBE, which made up of
spherical nano-particles of carbon black as indicated in the inset of Figure 1b. It might be inferred that
the nano-loose-porus-structured surface can not only improve the effective surface area of the
electrode at CBE but can greatly increases the electron transfer rate.
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3.2. The electrochemical response of sulfite at the CBE
The typical cyclic voltammograms of 0.2 mol L-1 phosphate buffer (pH 7.4) containing 1.0
mmol L-1 sulfite at bare glassy carbon electrode (GCE) (b), GE (a), and CBE (c) were shown in Figure
2A. As seen, only one anodic peak was shown at all the electrodes, indicating the irreversible
electrochemical process of the oxidation of sulfite at these electrodes.

Figure 2. Voltammograms of 1.0 mmol L-1 sulfite at GE (a), GCE (b) and CBE (c) in 0.2 mol L−1
phosphate buffer (pH 7.40) with a scan rate of 50 mV s−1 ，Curve d corresponds to the
voltammogram at CBE of 0.2 mol L-1 phosphate buffer (pH 7.40) only. (A) Cyclic
Voltammograms of the electrodes. (B) SWV behavior of the electrodes. Inset of (B) is first
SWV behavior of the electrodes.
In Figure 2A-b, with the use of bare GCE, a cyclic voltammogram with one anodic peak at
0.590 V was yielded, showing a small current value around 10.0 μA. When CBE was used, a much
enhanced anodic peak occurring at a little bit higher potential of 0.645 V with much higher current of
20.0 μA was observed (Figure 2A-c), which shifted positively by about 0.055 V vs GCE.
Comparatively, sulfite possesses relatively lower potential of 0.527 V on the GE but with a smaller
oxidation peak of 4.5 μA (Figure 2A-a), probably due to the relatively sluggish electron transfer rate at
GE. Whereas the remarkably higher signal of sulfite at CBE might be due to the nanostructure of
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carbon black, which facilitated the electron transfer rate and thus effectively promoted the
electrochemical oxidation of sulfite.
The square wave voltammetry (SWV) responses of the same 1.0 mmol L-1 sulfite (0.2 mol L-1
phosphate buffer as supporting solution, pH 7.4) at bare GCE(b),GE(a) and CBE(c) are shown in
Figure 2B. As seen, an obviously narrow oxidation peak appears at CBE with a little bit lower
potential of 0.60 V (Figure 2B-c), whereas, a relatively small and broad peak is observed at both GCE
(Figure 2B-b) and GE (Figure 2B-a).Compared with the cyclic voltammograms, the peaks in SWV
seem much narrower but the oxidation current is nearly the same. To improve the sensitivity and
increase the signal to noise ratio, the method of first SWV was employed. As shown in the inset of
Figure 2B, the oxidation peaks became narrower and sharper at the three electrodes through first-order
derivative processing. The sensitivity was improved to a large extent nearly 4-folded at CBE for sulfite
determination based on the signal of peak current. The curve d without any peak in Figure 2 presents
the voltammograms at CBE of blank sample of 0.2 mol L-1 phosphate buffer only, further proving the
oxidation peak in Figure 2 was attributed the oxidation of sulfite.

3.3. Effective electrode area determined by Chronocoulometry

Figure 3. The chronocoulometry curves (A) at GE (a) and CBE (b) and (B) the relationship of Q-t1/2.
Figure 3A shows the Chronocoulometry of GE (a) and CBE (b) in 0.1 mol L- 1 KCl containing
1.0 mmol L-1 [Fe(CN)6]3-, and Figure 3B shows the relationship between the charge (Q) and the square
root of time(t1/2). As seen, the plot of Q of [Fe(CN)6]3- changes linearly with t1/2 at both GE (a) and
CBE (b), which can be expressed as Q = 93.0t1/2+47.18 and Q=152.6t1/2+125.61, respectively.
According to the Anson’s equation,
2nFAcD 1 / 2t1 / 2
Q
 Qdl  Qad
(1)
1/ 2



Where c is the bulk concentration of [Fe(CN)6]3-, Qdl is the double-layer charge, Qad is the
Faradaic charge due to the oxidation of [Fe(CN)6]3-, D is the diffusion coefficient of [Fe(CN)6]3-,
which is a constant of 7.6×10-6 cm2 s-1 in the given 1.0 mmol L-1 [Fe(CN)6]3- in 0.1 mol L- 1 KCl
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solution. A is the surface area of working electrode, and other symbols have their usual meanings. Here
n=1. Comparing of the slopes of the two electrodes with equation (1), the effective area of GE and
CBE was calculated to be 0.3098 and 0.5084 cm2 respectively, revealing that the effective area of CBE
is much larger than that of GE, and showing that the formation of carbon black nanostructures on CBE
can obviously increase the surface area leading to the enhancement in the current response and thus
improve the sensitivity of the sensor.

3.4. Effect of scan rate
The effect of scan rate (v) on the oxidation of 1.0 mmol L-1 sulfite (0.2 mol L-1 phosphate
buffer, pH 7.4) was investigated by linear cyclic voltammetry (LSV) with scan rate in the range of
0.05~0.90 V/s (Figure 4A). It was found that the oxidation peak current of sulfite increased linearly
with the increase of square root of scan rates, following the equation of ip = 130.4ν1/2+16.82 with a
correlation coefficient (r 2) of 0.9913 (Figure 4B).
Simultaneously, peak potential shifted positively with the increase of scan rates. Such results
suggested that the process of electrode reaction was controlled by diffusion. Furthermore, for the
totally irreversible electrochemical process, the diffusion coefficient could be calculated base on the
Randles-Sevcǐk equation

Figure 4. (A) LSV behaviors of 1.0 mmol L-1 sulfite at CBE at various scan rates: 0.05(a)，0.12(b),
0.18(c), 0.25(d), 0.42(e), 0.65(f), and 0.90(g) V s-1, and (B) the linear dependence of the ip vs.
ν1/2 and (C)Ep vs. lgν. (D) Inﬂuence of pH on the peak potential and peak current based on
cyclic Voltammograms.
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Where, n is the number of electron transferred, D is the diffusion coefficient of sulfite, c is the
bulk concentration of sulfite, from the above equation (ip=130.4ν1/2+16.82), D was calculated to be
1.14×10-7 cm2/s.
Similarly, a linear relationship between Epa and logarithm of v (lgv) was also obtained ranging
from 0.05 to 0.90 V/s (Figure 4C). The equation can be expressed as: Epa=0.166 lgν+0.8855, with
r2=0.9908. Theoretically, as for the diffusion-controlled and totally irreversible surface electrochemical
reaction, the relationship between the peak potential (Epa) and the scan rate (ν) can be expressed as the
equation
1
E pa  E 0 '  m(0.78  2.303 lg( D1 / 2 K s )  1.15 lg m)  1.15m lg v (3)
With
m  RT /(1   )nF
where α is transfer coefficient, Ks is the standard rate constant of the surface reaction , n is
electron transfer number, v is scan rate, E0’ is formal redox potential, R is the gas constant, T is the
absolute temperature, and F is the Faraday constant. According to the linear correlation of Epa vs. lgv
as mentioned above, the slope of the line (0.166) is equal to (2.3RT/n(1-α)F)/2, therefore, when n=2, α
was calculated to be 0.911, which means that the reaction process is highly irreversible.

3.5. Effect of pH
The pH of phosphate buffer on the response of sulfite peak potential and peak current was
investigated and the result is shown in Figure 4D. As seen, the peak potential gradually shifted
negatively and a good linear relationship between Ep and pH was observed following the equation of
Ep (V) =1.0543-0.0586pH with a relation coefficient (r2) of 0.9949. A shift of typically 58.6 mV per pH
unit is approximately close the theoretical value of 57.6 mV per pH unit. According to Nernst’s
equation
E p pH   2.303RTm nF (4)
Where m is transfer proton number; n is transfer electron number, T (293K) and F（96485 C
mol ）are constant，therefore m/n=1.01≈1，indicating that the electron transfer is accompanied by
an equal number of protons in the electro-oxidation of sulfite at CBE. As discussed in the above
section, the electron transfer number involved in the oxidation process of sulfite is 2, thus the electrooxidation of sulfite at CBE involved a two-electron and two-proton transfer process. The optimal pH
was around 7.4 as shown in Figure 4D. At this pH, sulfite presents mainly as its free form,[14] which is
more responsible for the hypersensitive reaction.
-1

3.6. Detection limit and reproducibility
Under the optimal working conditions, the first SWV experimental parameters were employed
to acquire the analytical curve for sulfite. First SWV obtained after increasing additions of the sulfite
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standard solution at CBE are shown in Figure 5A with the concentration ranged from 0.008 to 1.0
mmol L-1 in 0.2 mol L-1 phosphate buffers (pH 7.4).

Figure 5. (A) First SWV behaviors of sulfite concentration ranging from 0.008 to 1.0 mmol L−1 at
CBE in 0.2 mol L−1 phosphate solutions (pH 7.40) as electrolyte; the inset of is the calibration
curve constructed by plotting current response vs. sulfite concentration. (B) Typical First SWV
of commercial wine samples (a) and the corresponding spiked sample at level of 1.56 mM L-1
of sulfite (b) at CBE.

The inset in this figure depicted the analytical curve obtained for sulfite with the corresponding
regression equation ip (μA) = 8.309+ 132.84×10-3 Cso32- (mol L-1) and correlation coefficient (r2)
0.9987. The limit of detection (LOD), based on a signal to noise ratio of three (S/N=3) was found to be
6.0 μM (calculated as SO2), which was in the approximate order of magnitude compared with other
electrochemical sensor based on carbon ionic liquid electrode [32], and was an order of magnitude
lower than glassy carbon electrodes modified with films of Prussian Blue for the determination of
sulfite in wine.[19] The LOD was also comparable with other technique such as ion chromatography
[14].
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The intraday repeatability of the peak current was determined by successive measurements
(n=11) of a 1.0 mmol L-1 sulfite solution and the relative standard deviation (RSD) of 3.0% was
obtained. Additionally, eleven separate CBE electrodes made parallel in the same day exhibited
acceptable stable responses with RSD being less than 4.8% (n=11) in the same 1.0 mmol L-1 sulfite
solution, showing thus the good repeatability of the electrode.

3.7. Interference Study
In order to apply the developed sensor for commercial sample analysis, the influence of various
possible interferences presented in rice wine samples were tested. Interference studies were conducted
by exposing CBE to 1.0 mmol L-1 sulfite solution in 0.2 mol L-1 phosphate buffer (pH 7.4) containing
interferences at certain concentrations in their proper forms. The tolerance limit was defined as the
amount of the foreign substance causing an error of less than ±5% of the peak current intensity
reading. The comparison of first SWV obtained with the presence or absence of each interfering
substance showed that at least 1000-fold of K+, Fe3+, Cu2+,Ca2+, Na+, Cl− , SO42−, and 50-fold of Llactic acid and citric acid did not interfere with the determination of 1.0 mmol L-1 sulfite. In wine
samples, it is particularly important to investigate the interference of polyphenolic acids, such as
caffeic acid, catechuic acid, ferulic acid and chlorogenic acid, which naturally present in the raw
material of wine at much low levels of concentration, but they are usually a group of serious
interference for sulfite determination in wine samples in many analytical methods. In the interference
test of this work, caffeic acid, as one of major constituent in many wines, was chosen as the
representative polyphenolic acid, it was observed that oxidation of caffeic acid occurred at relatively
lower potential at CBE surface, moreover, no interference was observed when less than 0.55 mmol L-1
(100 mg L-1) caffeic acids coexisted and selectivity was thus improved.

3.8. Sample Analysis and Comparison with Titration Method
Five rice wine samples were randomly collected from the local markets and analyzed using the
proposed method soon after purchase, at the same time, compared with a titration method using the
splitting samples. To evaluate the recovery of the proposed method, wine samples spiked with sulfite
at the levels of 1.56 mmol L-1 (100 mg L-1) was detected (calculated as SO2) simultaneously. The
results showed that the content of sulfite of the samples were around 1.56 mmol L-1 , the recovery were
between 83.5-99.4%, the relative error were in the range of -4.8~5.2%, showing no remarkably
difference between the proposed method and titration method (p>0.05) as illustrated in Table 1. The
first SWV of one selected commercial sample and its corresponding spiked sample at level of 1.56
mmol L-1 are shown in Figure 5B.
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Table 1. Comparison of the proposed method with the reference method (titration method) in the
determination of sulfite in rice wine samples and their fortification samples
Sample Fortification Proposed Titration Relative Recovery RSD of
level (mM
method
method
error
(%)
the
L-1)
(%)
proposed
(mM L- (mM L1
1
method
)
)
(%)
(n=3)
1
/
1.84
1.75
5.2
/
3.6
1.56
3.22
3.21
0.5
88.4
1.1
2
/
1.98
2.00
-1.6
/
1.6
1.56
3.53
3.62
2.4
99.4
1.2
3
/
1.47
1.55
-5
/
4.9
1.56
2.78
2.91
-4.8
83.5
3.3
4
/
1.34
1.40
-4.5
/
0.9
1.56
2.74
2.85
-3.7
90.0
1.6
5
/
1.58
1.65
-4.1
/
2.5
1.56
3.04
3.15
-2.5
92.9
1.4

4. CONCLUSIONS
A simple and highly sensitive electrochemical sensor for sulfite determination was fabricated
based on carbon black paste electrode. The oxidation peak current of sulfite was significantly increased
compared with bare GCE and GE due to the good conductivity and high surface area to volume ratio
of carbon black powder. First SWV was proved to be a sensitive analytical method for the
quantification of sulfite. The proposed method was accurate, reproducible and sensitive enough for
sulfite determination in commercial rice wine samples, and has no remarkable difference (p>0.05)
compared with the titration method.
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