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1. Introduction

A simple pervaporation flow injection chemiluminescence (PFI-CL) procedure was utilised as an on-line
separation for the analysis of contaminated sulphite in food samples. The method involves the injection
of standard and/or sulphite sample solutions into a 0.20 M sulphuric acid donor stream. Sulphite is con-
verted to sulphur dioxide and transported to the donor chamber of a pervaporation module. The sulphur
dioxide gas then evaporates into the headspace and diffuses across a semi-permeable PTFE membrane
into an acceptor stream containing 0.75% (m/v) sodium hexametaphosphate and 1.0 mg L~! rhodamine
B in 0.02 M H3PO,, which functions as a carrier solution for the chemiluminescence detection. The sul-
phur dioxide in the acceptor stream merges at a T-piece with a reagent stream consisting of potassium
permanganate (8.0 x 107> M) prepared in the acidic sodium hexametaphosphate carrier solution. The
elicited chemiluminescence intensity of the resulting reaction mixture was measured at a red sensitive
photomultiplier tube operated at a voltage of 1.00 kV. Optimal experimental conditions for an on-line
determination of sulphite were investigated. The second-order polynomial calibration curve was devel-
oped over the concentration rangc of 0.5-10.0mglL~' sulphite with a resulting equation of
= -0.239C? + 4.846C — 1.64, I* = 0.9997. The detection limit was found to be 0.2 mg L™! with a sampling
frequency of 30 h™'. The effects of common anionic and cationic interferences were also investigated. The
proposed PFI procedure was successfully applied to the determination of sulphite in different food sam-

ples. The PFI data was validated versus standard differential pulse polarography.
© 2010 Elsevier Ltd. All rights reserved.

pre-packed food sold in the UK and the rest of the European Union
(Food Standards Agency, 2005/2006).

Sulphiting agents (sulphur dioxide, sulphite, hydrogensulphite
and metabisulphite) are commonly used as an additive in several
foods and beverages for various purposes; e.g. to inhibit undesir-
able micro-organisms in fermentation industries, to control enzy-
matic and non-enzymatic browning reactions, and to assist in
preserving vitamin C (Hanssen, Marsden, & Norris, 1989). Sulphite
has been reported to cause harmful effects in hypersensitive peo-
ple, exhibiting a wide variety of symptoms from hives, nausea
and diarrhoea to respiratory failure and asthmatic attacks. Hence,
products containing more than the established threshold sulphite
level should be labelled adequately. The US Food and Drug Admin-
istration (FDA) requires sulphite declaration on the label of any
food in concentrations of 10 pg mL™' sulphite or more (Warner,
Diachenko, & Bailey, 2000). This obligation is also compulsory for

* Corresponding author. Tel.: +66 53 873544; fax: +66 53 878225.
E-mail address: sakchais@mju.ac.th (S. Satienperakul).

0308-8146/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.foodchem.2010.01.013

The Association of Official Analytical Chemists (AOAC, 1990)
standard detection method involves an iodimetry or gravimetry
(detects sulphate) or polarographic procedure for sulphite deter-
mination in foods and beverages. These procedures require an acid
distillation to isolate gaseous sulphur dioxide from sample matri-
ces prior to analysis. Normally, the conventional titrimetric meth-
od suffers from poor precision and large time consumption during
the acid distillation step, while the polarographic chemicals are
highly toxic and harmful.

Although the official methods are available to determine sulph-
ite and sulphur dioxide in food samples, newer methods appear in
recent literature. One especially searches for a simple and sensitive
method which can be used for a broad range of complex samples
(Ruiz-Capillas & Jiménez-Colmenero, 2009) and which can be eas-
ily automated for an on-line separation. Gas diffusion flow injec-
tion analysis (GD-FI) is one choice for determining sulphite and
sulphur dioxide in food and beverages. This method is based on
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changes in pH or conductivity due to the protolytic reaction of dif-
fused sulphur dioxide trapped in an electrolyte acceptor solution.
The changes caused by the protolytic reaction can be monitored
by spectrophotometry (Hassan, Hamza, & Mohamed, 2006), con-
ductivity (Tavares Araujo, Lira de Carvalho, Ribeiro Mota, Araujo,
& Coelho, 2005), potentiometry (Azevedo, Araki, Toma, & Angnes,
*1999), amperometry (Chinvongamorn, Pinwattana, Praphairaksit,
Imato, & Chailapakul, 2008), or by using sensitive detection such
as bulk acoustic wave impedance (Su & Wie, 1998), or even chemi-
luminescence detection (Lin & Hobo, 1996). Not only does a major
problem with these methods arise from carbon dioxide uptake
interferences, but membrane failure through contact with dirty
samples also leads to serious limitations with the instrumental
set-up for sample pre-treatment purposes.

Gas diffusion techniques suffer from two major drawbacks: po-
tential clogging of the membrane pores by suspended particles or
high molecular weight compounds in food matrices, and degrada-
tion of the membrane through contact with samples containing
gorrosive or surface active agents. Both problems can be overcome
by the separation technique called pervaporation which can be de-
fined as the integration of continuous evaporation and gas perme-

'ation processes in the same module (Amador-Hernandez & Luque
~de Castro, 2000). This technique is based on converting and/or
evaporating the analytetin the donor stream to a molecular gas.
This gas then diffuses across'the air gap between the membrane
and the liquid level in the donor chamber, and then through the
membrane into the acceptor stream where detection takes place.
The constant air gap in the donor chamber prevents the direct con-
tact between the sample and the membrane.

Thus, food and beverage products consisting of different aggre-
gation and physical properties in the sample matrices can be ana-
lysed by using versatile designs of the pervaporation manifold in
quality control steps to save time and labour costs. Various exam-
ples of pervaporation flow injection (PFI) in food quality control
have been reported including the determination of sulphide in
Kraft liquors (Papaefstathiou, Luque de Castro, & Valcarcel, 1996),
sulphur dioxide in wines (Mataix & Luque de Castro, 1998), diace-
tyl (Izquierdo-Ferrero, Romero, & Luque de Castro, 1997), urea
(Gonzalez-Rodroguez, Perez-Juan, & Luque de Castro, 2002a,
2002b), ammonia in beers (Wang, Cardwell, Cattrall, Luque de Cas-

«tro, & Kolev, 2003), and methanol and iron combined in vinegar
(Gonzalez-Rodroguez et al., 2002a, 2002b). These are testaments
to its versatility and robustness.

There is a drawback to using pervaporation in comparison to
gas diffusion, where the slower mass transfer process results in
higher detection limits. This drawback can be compensated to a
considerable extent by using membranes of high permeability,
applying a stopped flow mode (Satienperakul et al., 2003), using
ultrasound-assisted extraction (George, Pereira, Al Massum, Kolev,
& Ashokkumar, 2008) or using a sensitive detection method such
as chemiluminescence (Nacapricha et al., 2007).

According to the recent literature reviews (Adcock, Francis, &
Barnett, 2007; Hindson & Barnett, 2001), using acidic potassium
permanganate is a simple and promising chemiluminescence re-
agent for the determination of inorganic sulphur compounds with
various fluorescence enhancers. Oxidation of sulphite with acidic
potassium permanganate demonstrates that the chemilumines-
cence intensity can be enhanced in the presence of either riboflavin
phosphate or brilliant sulfaflavine. (Yamada, Nakada, & Suzuki,
1983). Adcock, Francis, and Barnett (2009) also found that the oxi-
«ation of sulphite with either acidic cerium (IV) or permanganate
~an be enhanced by 3-cyclohexylamino-propanesulphonic acid
(CAPS).

In the present paper, the inherent selectivity of the membrane
separation process of PFI with sensitive KMnO4 chemilumines-
cence detection is utilised with rhodamine B added as a common

fluorescent enhancer for simple on-line separation and determina-
tion of contaminated sulphite in food samples.

2. Experimental
2.1. Reagents and solutions

All reagents were of analytical reagent (AR) grade and were
used as received. Water was purified using a compact Ultra pure
deionised water system (18.2 MQ cm, Millipore, France) and used
for all solution preparations. Potassium permanganate stock solu-
tion (1.0 x 1072 M) was prepared by dissolving 0.1587 g of KMnO,
(Ajax, Australia) in 100 mL deionised water and stored in a refrig-
erator for one week. A 0.20 M sulphuric acid solution, used as the
donor stream, was prepared by appropriate dilution of concen-
trated sulphuric acid (Merck, Germany). The acceptor stream solu-
tion containing 0.75% (m/v) sodium hexametaphosphate was
prepared daily by dissolving the appropriate amount of sodium
hexametaphosphate in 0.02 M phosphoric acid (Merck, Germany)
solution and the appropriate amount of rhodamine B (Fluka, Swit-
zerland) was added to make the final concentration of 1.0 mgL™".

The reagent stream solution, acidic potassium permanganate
(8.0 x 107> M), was prepared fresh daily by making the appropri-
ate dilution of the KMnQO, stock solution in 0.75% (m/v) sodium
hexametaphosphate solution in 0.02 M phosphoric acid. All work-
ing solutions were degassed by bubbling nitrogen through the
solution before use.

Sulphite stock solution (1000 mg L™") was prepared by dissolv-
ing 0.1589 g of anhydrous Na,SO; in 100 mL of deionised water
and standardised by titrating with iodine (AOAC, 1990). This stock
solution was stored in a sealed container at 4 °C when not in use.
Standard solutions of sulphite (0.8-4.0 mgL™') were prepared as
needed by making appropriate dilutions of the stock sulphite solu-
tion (1000 mg L™') with the deionised water.

2.2. Apparatus

The PFI-CL system set-up, shown schematically in Fig. 1, con-
tains two peristaltic pumps with rate selectors (Minipuls 3, Gilson,
France), a sample injection valve (V-450, Upchurch Scientific, WA,
USA), and a custom built Perspex pervaporation unit with hexago-
nal shaped channels similar to the one described elsewhere (Suli-
styarti, Cardwell, Luque de Castro, & Kolev, 1999). A single layer
of glass beads (3 mm diameter, Selby-Biolab, Australia) was used
to cover the floor of the donor chamber in the pervaporation unit
to help maintain a constant liquid level for achieving good repro-
ducibility. A circular semi-permeable PTFE membrane (40 mm
diameter, 40 mm diameter, 1.5 mm thickness, Trace Biotech, Ger-
many) was sandwiched between the donor and acceptor chambers
of the pervaporation unit. The remaining flow-through sections of
the flow system (i.e. sample loop and connection tubes) consist of
PTFE tubing (0.5 mm i.d).

The CL signal was monitored in a custom built flow-through
luminometer, which consisted of a flat spiral coil flow cell (glass
tubing i.d. 1.5 mm, spiral coil diameter 25 mm) mounted flush
against a red sensitive photomultiplier tube (PMT, Thorn-EMI
9878SB, Electron Tubes, UK), where the chemiluminescence inten-
sity was detected. The operational potential for the PMT was pro-
vided by a stable power supply (Thorn-EMI model PM20, Electron
Tubes, UK) at a voltage of 1.00 kV. The output of the PMT, propor-
tional to the chemiluminescence intensity, was monitored contin-
uously and displayed by a PC (Pentium IV) via a digital multimeter
USB/RS-232 (UT60D, Hong Kong) interfaced with the voltage divi-
der (C637BFN2, Electron Tubes, UK). The UNI-T® UT60D computer
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Reagent Pump M Power supply
Stream 1
Acceptor
Stream
Donor
Stream Pump \

2 Pervaporation

. unit Glass beads

Fig. 1. Schematic diagram of the PFI-CL system used for sulphite determination. Reagent stream (8.0 x 107> M KMnOQ, in 0.75% sodium hexametaphosphate in 0.02 M
H3P0,); acceptor stream (1.0 mg L™ rhodamine B in 0.75% sodium hexametaphosphate in 0.02 M H3PO,, pH 2.70); donor stream (0.20 M H,S0,); injection valve (500 uL

sample loop); and PMT, red sensitive photomultiplier tube.

software was used to determine the maximal output potential cor-
responding to the peak maximum.

The AOAC (1990) standard differential pulse polarographic
method (987.04) was performed using a voltammograph (Metr-
ohm Model VA 741, Metrohm, Switzerland). All samples were acid
distilled by purging tie acidified sample with oxygen-free nitrogen
and collecting in an electrolyte-trapping solution (2 M ammonium
acetate buffer with 5% ethanol) prior to polarographic analysis.

2.3. Procedures

A 500 pL sample or standard sulphite solution was injected
manually via an injection valve into a 0.20 M H,SO4 donor stream
at the controlled flow rate of 2.0 mL min~'. The resulting mixture
of the injected solution with the sulphuric donor stream was trans-
ported to the donor chamber of the pervaporation unit where any
sulphite present was converted to sulphur dioxide and evaporated
into the headspace. The sulphur dioxide gas then diffused across
the PTFE membrane into an acceptor solution containing 0.75%
(m/v) sodium hexametaphosphate and 1.0 mgL~' rhodamine B
in 0.02 M H3PO,4. The peristaltic pump (Pump 2 in Fig. 1) was em-
ployed to both propel and withdraw the donor solution from the
pervaporation unit; it also assisted in the maintenance of a con-
stant liquid level in the donor chamber, which plays a crucial role
in achieving reproducible results (Luque de Castro & Papa-
efstathiou, 1998). The liquid was maintained at a level where the
glass beads were fully submerged.

The CL detection system was completed by utilising the other
two-channel peristaltic pump (Pump 1 in Fig. 1) to propel the
acceptor and reagent streams at equal flow rates, with a total flow
rate of 2.0 mL min~". After the sulphur dioxide gas diffuses into the
acceptor channel, it is transported to and merges at a T-piece with
the reagent stream of potassium permanganate (8.0 x 107> M)
prepared in the acidic sodium hexametaphosphate solution
(0.02M Hs5PO4). The combined reaction mixture immediately
passes through the flat spiral coil flow cell, where the chemilumi-
nescence intensity is detected at the red sensitive photomultiplier
tube operated at a voltage of 1.00 kV. The output of the PMT which
is proportional to the chemiluminescence intensity was monitored
continuously. The analytical signal of the PFI-CL system was the
maximal output potential corresponding to the peak maximum.

The AOAC Standard Method (987.04) was used as the refer-
ence method. A suitable amount of liquid, homogenised slurry
sample, or suitable volume of standard was put into a test tube
and acidified with 5mL of 37% HCIl. The collection flasks were
prepared by adding 10 mL of acetate buffer. Nitrogen was flushed
into the test tube containing the sample through a capillary tube

at a flow rate of 250 mL min~' for 15 min. The sample tempera-
ture was controlled by placing the test tube in gently boiling
water. The collected electrolyte-trapping solution was then ana-
lysed by differential pulse polarography.

3. Results and discussion

The method presented in this paper is based on the on-line
membrane separation of sulphite via the generation of sulphur
dioxide gas in an acidic donor stream. The chemiluminescence
emission of sulphite or sulphur dioxide with acidic potassium per-
manganate is often attributed to the generation of an excited sul-
phur oxyanion with permanganate (Adcock et al., 2007). It also
has been reported that the presence of polyphosphates such as so-
dium hexametaphosphate provides significant increase in signal
intensity from acidic potassium permanganate compared to the
use of only acid (Hindson & Barnett, 2001); but this has not previ-
ously been used in chemiluminescent reactions involving sulphite
(Adcock et al. (2009)). The detection of SO, in the acceptor solution
was studied during the diffusive sample transport across the mem-
brane, which in turn is influenced by a number of the PFI
parameters.

3.1. Optimisation of experimental variables

The flow system parameters that affect the sensitivity and
reproducibility of sulphite determination in the PFI system were
studied separately. A series of experiments were conducted to
establish the optimum analytical variables that give the higher
CL sensitivity. The order in which PFI parameters are listed in Table
1 corresponds to the actual order in which the optimisation took
place; the range over which each was investigated and its optimal
value are depicted. The donor and acceptor streams were opti-
mised independently with the acceptor stream (CL detection) opti-
mised first.

3.1.1. Effect of photomultiplier tube voltage

The effect of the photomultiplier tube (PMT) voltage was inves-
tigated in the range 0.80-1.10 kV, noting that the maximum input
voltage recommended by the manufacturer was 1.10 kV. For these
experiments, 2 mg L™ sulphite standard solutions were injected
into a donor stream solution. The potential of the power supply
was increased stepwise and the analytical signal was measured
after injection of a sulphite solution at each potential step. The
noise from the background current was also measured at each
potential. It was found that the signal-to-noise ratio reached a
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Table 1
Optimised flow system parameters.

Parameters

PMT voltage (kV)
Acceptor stream
Acid type .
+ H3PO4 concentration (M)
(NaPO3)s concentration (%, m/v)
KMnO4 concentration (M)
Total flow rate (mL min~") (acceptor + reagent stream)
Injection volume (pL)
Rhodamine B (mgL™")

Donor stream
H,S04 concentration (M)
Flow rate (mL min~")

maximum value at 1.00 kV, which was selected for all subsequent
experiments.

5,1.2. Effect of acid composition in the acceptor solution

The influence of the acid media was studied by using 1% (m/v)
acidified sodium hexametaphosphate in different acids; HClIO,,
*HNO;, H,S04 and H3PO,4 were tested in the range 0.01-0.10 M in
order to ascertain whichfacid was the most suitable. Only sulphuric
and orthophosphoric acid ga\L/e suitable PFI-CL signals at concen-
trations in the range of 0.02-0.10 M, but sulphuric acid yielded
the lower sensitivity. The concentration-analytical signal profile
for orthophosphoric acid was then studied and Fig. 2a shows the
maximum CL intensity at a concentration of 0.02 M H3PO4. There-
fore, 0.02 M orthophosphoric acid was chosen for subsequent
studies.

3.1.3. Effect of sodium hexametaphosphate concentration

Evaluation of the sodium hexametaphosphate (NaPO3)g concen-
tration over the range 0.25-1.25% (m/v) showed a slight decrease
in PFI-CL signal once the sodium hexametaphosphate concentra-
tion was greater than 0.75% (m/v). Thus, the concentration of
0.75% (m/v) was selected for subsequent experiments.

3.1.4. Effect of potassium permanganate concentration

- Evaluation of the KMnO4 concentration over the range 1.0 x
107 to 1 x 107> M showed an increase in analytical signal as
the KMnO4 concentration increased to 8.0 x 10~> M. Above this
concentration, the PFI-CL signal decreased gradually (as shown in
Fig. 2b) mainly due to the intense colour of the permanganate solu-
tion. Thus, 8.0 x 10>M was selected for all subsequent
experiments.

3.1.5. Effect of acceptor and reagent total flow rate
Flow rate is an important parameter in CL detection as the time
taken to transfer the excited product into the flow cell is critical for
maximum collection of the emitted light (Meste, Zamora, & Calat-
ayud, 2001). The flow rates of the acceptor stream (functioning as
the carrier stream) and reagent stream were then optimised in or-
der to obtain satisfactory CL intensity. To simplify the optimisation
of the flow rate in the CL detection system, the reagent and accep-
tor streams flow rates were kept equal in each channel. The effect
of the overall flow rate of both streams was studied over the range
of 0.5-3.0mLmin~'. The analytical signal increased as the flow
rate increased up to 1.0 mL min~'; increasing the flow rate above
«this point causes the CL intensity to diminish gradually due to
-the poorer mass transfer occurring in the membrane separation
process in the PFI unit. Thus, the maximum CL intensity was ob-
_tained from the flow rate of 1.0 mL min~' for each channel; and
_this total flow rate of 2.0 mL min~' was considered to be optimal
using the univariate approach.

Range studied Initial value Optimal value
0.80-1.10 0.95 1
HCIO4, HNO3, HyS04, H3PO,  H,S04 H3PO,
0.01-0.10 0.05 0.02
0.25-1.25 1 0.75
1x10%t01x1073 50x 1071 80x107°
1.0-6.0 25 2
50-1000 300 500
0.5-5.0 - 1
0.05-0.30 0.25 0.2
0.5-3.0 2 2
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Fig. 2. Variation of CL intensity on (a) orthophosphoric acid concentration; (b)
potassium permanganate cencentration and (c) sulphuric acid concentration
(experimental conditions: refer to Table 1).

3.1.6. Effect of injection volume

It is necessary to optimise the injection volume to achieve the
desired sensitivity. The amount of sample injected into the PFI sys-
tem should be sufficient to permeate though the membrane and
permit effective CL reaction. The influence of the sample/standard
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volume on the CL intensity was investigated by injecting the stan-
dard solution with varying volumes in the range of 50-1000 pL. It
was found that the PFI-CL peak height increased with the injection
volume up to 500 pL and remained almost constant above this va-
lue. At very large sample volumes (>500 pL), peak tailing and
unstable baselines were observed due to increases in dispersion.
Thus, a volume of 500 puL was selected for all remaining
experiments.

3.1.7. Effect of fluorescent sensitisers

Some highly fluorescent compounds have been reported to act
as an energy-transfer in the sulphite-permanganate CL reactions
with an enhancement of the CL intensity (Adcock et al., 2007; Al-
Tamrah, Townshend, & Wheatley, 1987). Selected common fluoro-
phores were examined for obtaining maximum yields in CL inten-
sity. In the present work, 5mgL~" of quinine, fluorescein and
rhodamine B, were included in the acidic polyhexametaphosphate
acceptor stream solution to be tested as potential enhancers. It was
found that the addition of the first two sensitisers had little or no
effect on CL intensity; whereas a significant increase in emission
intensity was observed with rhodamine B addition. A previous re-
port by Adcock et al. (2009) claimed that CL intensity from the
reaction of permanganate, sulphite and papaverine can be in-
creased (by two ordefs of magnitude) with the addition of 0.1%
(m/v) sodium polyphosphathe to the oxidant solution. But according
to our investigation, the addition of rhodamine B (1.0 mg L™') into
the polyphosphate acceptor stream results in the increase of CL
intensity by three orders of magnitude. Beyond this concentration,
the PFI-CL signal decreases gradually with increasing rhodamine B
concentration.

3.1.8. Effect of donor stream acid concentration and flow rate

The generation of SO, gas takes place in an acidic medium and
in most GD-FI sulphite determinations, solutions of sulphuric acid
between 0.1 and 0.5 M were used. The evaluation of the H,SO4 con-
centration used as a donor stream over the range 0.05-0.30 M was
carried out with the flow rate at 2.0 mL min~". Fig. 2c shows a var-
iation in the analytical signal with increasing acid concentration,
where the maximum signal was obtained at 0.20 M H,S04. The do-
nor stream flow rate was investigated over the range of 0.5-
3.0 mL min~" and the maximum CL intensity was obtained at the
flow rate of 2.0 mL min~' This concentration and flow rate were
considered to be optimal using the univariate approach.

3.2. Detection limit, sampling rate and linear detection range for the
PFI system

Under the optimised working conditions (Table 1), the sample
through-put was estimated to be 30 h~'. A series of standard solu-
tions (0.5-10.0 mg L™") were used to study the linear range of the
calibration graph. In common with previous reports (Hindson &
Barnett, 2001), the calibration line was not linear over the entire
concentration range and the trend is better described by the sec-
ond-order polynomial equation: [=-0.239C+4.846C — 1.64
(? = 0.9997), where I is the CL intensity in mV and C is the concen-
tration expressed in mg L™,

However, the calibration approximates linearity in the limited
range (0.8-40mgL™") and in this dynamic range, the linear
regression equation could be expressed as [=3.1C+0.8976
(r* =0.9913). The limit of detection, defined as three times the
standard deviation of the noise was determined to be 0.2 mg L™".

3.3. Effect of potential interferences

Interferences in the determination of 2.0 mg L™' sulphite using
the proposed method were examined. The tolerance limit was

taken as the amount which caused an error of +5% in peak height.
The maximum tolerable concentrations for each coexistent sub-
stance are shown in Table 2. Most substances which are always
found in pickled foods have almost no effect on the determination
of high concentration levels of sulphite. However, the serious neg-
ative interference was encountered with ethanol at very high con-
centrations possibly due to the evaporation of ethanol into the
acceptor solution diminished CL emission when rhodamine sensi-
tiser being used, similar to previous work reported by Huang,
Zhang. Zhang, and Zhang (1999).

3.4. Determination of total sulphite in food samples

The proposed PFI-CL method has been successfully applied to
determine the sulphite content in different types of foods and
the results were compared with those obtained by the standard
AOAC method. In order to perform the PFI-CL analysis under the
optimal concentration range, the homogenised slurry samples
were diluted with water by a factor of 3-1000. The sulphite con-
tent was calculated from the mean of triplicate injections using a
linear regression model. The results measured with the PFI-CL
and AOAC Standard Methods, including the dilution factor are
compared in Table 3. The good agreement between the PFI-CL
and differential pulse polarography (DPP) official methods show
the high degree of reliability of the PFI-CL method developed in
this study. There was no significant difference (t-test) between
the mean values obtained by both methods at 95% confidence.

The recovery of the PFI-CL method was obtained by spiking
three amounts of each sulphite standard to diluted and homoge-
nised pickled food sample solutions. The recovery was in the range
96.2-105.6%, as shown in Table 4, which means that no matrix ef-
fects are observed.

Table 2

Maximum tolerable concentration of coexistent substances for the determination of
2.0 mg L' sulphite.

Tolerance (mg L") Coexistent substances

20,000 ClI~, glucose, sucrose, ethanol, ascorbic acid
2000 CH3C00", HPOZ™, Na*, K*, Mg?*
200 NOj;. Ni?*
20 so? | Fe?', Co*'
2 I, $27, Mn?*, Fe?*
Table 3

Comparative results for the determination of sulphite in different foods (mg kg~' of
sulphite).

Sample PFI-CL AOAC Dilution
method method factor
Sour bamboo shoots®*? 1317.6+538 13156 £2.1 1000
Pickled mustard 466.5+1.8 467.1+2.1 100
greens®3®
Bean spout'7® 162438 1544454 20
Pickled cabbage®®’ 1108+ 1.7 108.5+4.2 20
Sultana raisins®'6 92.9+4.0 920%6.5 10
Pickled eggplant®”’ 452+1.0 44308 10
Pickled ginger'? 22703 256%26 10
Pickled bamboo shoots®”” 27.0+04 26.1+20 3
Sugar'®? 25306 245+14 5
Tapioca starch®8* 184 +0.4 179+07 5

All measurement was conducted in triplicate under optimal conditions (Table 1)
(Ecatcutarea Values are given by superscript letters and are less than feriticat 2.776 at
95% confidence).
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Table 4
Recovery of the PFI-CL method determined by analysing spiked dilute samples.

, Sample S0%" present SO added Found (mg Recovery
(mg kg™") (mg kg™") kg™")
Sour bamboo 1.58 1.5 3.11 101.7
shoots ' 25 3.99 96.2
A 3.5 498 97

Pickled 1.56 1.5 3.09 101.9
mustard 25 3.99 97.3
greens 35 5.05 99.6
Pickled ginger 1.76 1.5 335 105.6
25 418 96.5
3.5 5.17 973

4. Conclusions

The PFI-CL system outlined in the present paper allows fast,
ynexpensive, sensitive and selective determination of sulphite in
food samples. Due to its simplicity and cost effectiveness, acidic
KMnO4 was chosen as the chemiluminescence reagent for this
investigation. An on-line method for separation of sulphite from
“food matrices and interferences was successfully developed. The
sensitivity of chemiluminesgence detection system also was en-
hanced by using rhodamine B as a sensitiser for an acidic potas-
sium permanganate reaction in the presence of polyphosphate.
When the real samples are analysed directly by PFI-CL, the results
obtained were close to those given by a standard AOAC method for
sulphite determination. The performance of the developed method
is better than existing DPP standard procedure, which still requires
a tedious and time consuming acid distillation procedure for real
sample preparation. Additional research has shown that the de-
scribed system unfortunately fails for wines and alcoholic bever-
ages because at very high ethanol concentration the CL emission
intensity is suppressed seriously; however, this paper demon-
strates that the described system can be used easily for both fresh
and pickled food analysis.
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ARTICLE INFO ABSTRACT
Arﬁdf history: . A pervaporation-flow injection (PFI) method was developed for the determination of sulfite in selected
Received 7 January 2010 \ food samples using a copper hexacyanoferrate-carbon nanotube (CuHCF-CNT)-modified carbon paste
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electrode. The electrochemical behavior of the modified electrode was observed using cyclic voltammetry
in comparison to a CuHCF-modified carbon paste electrode and a bare carbon paste electrode at a scan
rate of 100mVs~' in 0.10M KNOs3. The bare carbon paste electrode gave the lowest response to sulfite,
while the presence of CuHCF made the detection of sulfite possible through electrocatalytic oxidation
by the hexacyanoferrate in the modified electrodes. The presence of CNT in the CuHCF-CNT-modified
sensor gave the most remarkable current for the detection of sulfite and was then used as a working
electrode in the amperometric flow-through cell in the pervaporation flow injection system. The PFI
method involves the injection of a standard or sample sulfite solution into a sulfuric acid donor stream
to generate sulfur dioxide gas and evaporate into the headspace of the pervaporation unit. The sulfur
dioxide diffuses through the PTFE hydrophobic membrane into a potassium nitrate acceptor stream and
reverts to the sulfite form, which, subsequently, is transported to the electrochemical flow cell where it
is analyzed amperometrically at a CuHCF-CNT-modified electrode at +0.55 V (vs. Ag/AgCl). The detection
was determined to be applicable in the sulfite concentration range of 0.5-50mgL~"'. The sensitivity,
detection limit, and sample throughput were determined to be 2.105nALmg-', 040mgL~" and 11h~',
respectively. The developed PFl method, coupled with the CuHCF-CNT-modified carbon paste electrode,
was applied in the determination of sulfite content in sulfite-containing food products. The results agreed
well with those obtained through the officially recommended differential pulse polarographic method.
© 2010 Elsevier B.V. All rights reserved.
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1. Introduction the food industry to ensure product quality. Previous methods

available for determination of sulfites include iodometric titration
[3]. conductimetry {4], photometry [5.6], chemiluminescence [7],
and capillary electrophoresis [8]. Most of these methods, how-

Sulfites are used as preservatives to prevent oxidation, inhibit
bacterial growth, and control enzymatic and non-enzymatic reac-

tions with stabilizing and conditioning functions [1]. Despite these
useful advantages, sulfite should be applied in strictly limited
amounts due to its potential toxicity. Hence, products contain-
ing more than the established threshold sulfite level should be
labeled adequately. Due to the allergic effect on hypersensitive
individuals such as gastric irritation, nausea, diarrhea, nettle rash
or swelling, and asthmatic attacks, sulfite detection has been a
study of wide interest [2]. The existence of accurate methods
for the determination of sulfites is necessary fundamentally for

* Corresponding author. Tel.: +66 53 873530: fax: +66 53 878225.
E-mail address: sakchais@mju.ac.th (S. Satienperakul).
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ever, need vast sample pre-treatment and solution preparation and
result in low specificity and sensitivity in detection. Thus, sim-
pler methods are currently and constantly being studied. [saac
et al. [9] presented an overview of the latest developments in
electrochemical procedures for sulfite determination in food and
beverages. Decnop-Weever and Kraak [10], Hassan et al. [11], and
Tzanavaras et al. [12] have developed flow-spectrophotometric
methods for the determination of sulfite in wines and other
beverages. Dadamos and Teixeira developed an electrochemical
sensor responsible for the electrocatalytic oxidation of sulfite on
a platinum electrode modified with nanostructured copper salen
(salen=N,N'-ethylenebis(salicylideneiminato)) polymer films [13].
Zhou et al. developed an amperometric sensor based on multi-
walled carbon nanotubes/ferrocene-branched chitosan composites
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for the determination of sulfite [14]. Lucero et al. studied the
electrocatalytic oxidation of sulfite using a polymeric iron tetra
(4-aminophenyl) porphyrin-modified electrode [15]. These devel-
opments of sensors for the determination of sulfite all have been
*of remarkable interest due to a number of advantages brought
-aboutby sensors application such as rapid response, high specificity
and sensitivity, low cost, and the elimination of sample prepara-
%ion.

Since theirdiscoveryin 1991, carbon nanotubes (CNT) have been
of great interest in research; and their various applications have
continuously been under study. According to the recent review
by Agtii et al., CNT have received great attention for the prepa-
ration of electrochemical sensors and biosensors, which based on
carbon nanotubes-driven electrocatalytic effects. The construction
and analytical usefulness of new hybrid materials with poly-
mers or other nanomaterials were widely reported [16]. Wang
et al. previously used multi-walled carbon nanotubes (MWCNT)
in the construction of a working electrode by mixing MWCNT
with copper powder and mineral oil for use as a capillary elec-
g¢rophoresis detector in carbohydrate determination [17]. Jia et al.
developed a new method of constructing a needle-type biosen-
sor based on carbon nanotubes for the detection of glucose [18]. A
mixture of MWCNT, graphite powder and glucose oxidase freeze-
“dried powder was packed into a glass capillary with an inner
diameter of 0.5 mm. THe resulting biosensor was electrochemi-
cally characterized through amperometry-a method that is based
on the measurement of electric current at a constant operat-
ing potential. The chemical properties of carbon nanotubes, such
as enhanced electrical conductivity, chemical inertness, stability,
and their capability to promote electron transfer reactions as an
electrode with electroactive species in solution, make CNT even
more interesting in the application of electrochemical analysis
[19.20].

Metal hexacyanoferrates (MHCF) have been a study of wide
interest due to their electroactive properties as excellent electron
transfer mediators [21]. MHCF have been fabricated using vari-
ous transition metal cations such as iron [22,23], cobalt [24,25],
tin [26], indium [27], silver [28], zinc [29], chromium [30,31], and
copper [32-34]. Copper (II) hexacyanoferrate (CuHCF), have been
previously investigated to be a good mediator in the catalytic oxi-
dation of sulfite [35], has been used in this study particularly due
4o the CuHCF mediator's ease of preparation as well as integration
into modified carbon paste working electrodes for the determi-
nation of sulfite. Ravi Shankaran and Sriman Narayana developed
$he method utilizing a CuHCF-modified graphite electrode for the
amperometric determination of sulfite [35]. Nevertheless, a CuHCF-
CNT carbon paste electrode has never been utilized for sulfite
determination.

Flow injection analysis of sulfite, coupled with electrochemical
detection, has become a method of choice due to the direct elec-
trochemical oxidation of sulfite [22,36-37]. The development of
sensors for the determination of sulfite is of remarkable interest due
to a number of advantages such as rapid response, high specificity
and sensitivity, low cost, and the elimination of sample preparation
when itis used with an effective on-line separation technique such
as pervaporation [38,39].

In this study, an on-line pervaporation-flow injection (PFI)
method, using a highly sensitive CuHCF-CNT electrochemical sen-
sor, was developed for the determination of sulfite in food products
where the different aggregation and physical properties of the
sample matrices always are a major problem and require sophisti-
€ated sample pre-treatment prior to analysis. A pervaporation unit
incorporated in the flow system was expected to improve the selec-
tivity while the CuHCF-CNT-modified electrode in an amperometric
flow-through cell enhanced the sensitivity of the flow injection
system.

2. Experiméntal
2.1. Reagents and chemicals

All reagents were of analytical grade, and all solutions were
prepared using deionized water (Millipore, France). The support-
ing electrolyte used for the cyclic voltammetry and amperometric
determination was 0.1 M KNO3 (Sigma, USA). The pH of the 0.1 M
KNO3 acceptor stream for the PFI analysis was adjusted using
2.0M NaOH (Labscan, Ireland) or 2.0 M HCI (Ajax, Australia) solu-
tions where necessary. The 0.050M H;SO4 donor solution was
prepared by dissolving the appropriate amounts of concentrated
H,S04 (Merck, Germany) in deionized water. Both the donor and
acceptor solutions were subjected to ultrasonication before use.
A sulfite stock solution (1000mgL~') was prepared by dissolving
0.1589 g of anhydrous Na;S03 (J.T. Baker, USA) in 100 ml of deion-
ized water and standardizing by titrating with iodine. This stock
solution was keptin a sealed container in a refrigerator at 4 °C when
not in use. A series of standard solutions (0.5-50 mgL~!) were pre-
pared using the appropriate dilution of the stock sulfite solution in
deionized water.

2.2. Electrode construction

The CuHCF-CNT-modified working electrode was prepared by
mixing various ratio compositions of multi-walled carbon nan-
otube (CNT) (30+£15nm OD, >95% purity, NanoLab Inc., USA),
graphite powder (<20 wm in particle size, synthetic, Aldrich, USA)
and mineral oil (Sigma, USA) in an agate mortar. The impure CNT
used was previously purified by immersing the tubes in concen-
trated HNO3 (Merck, Germany) and subjecting it to ultrasonication
for 12 h [35]. The CuHCF mediator was prepared previously by mix-
ing equal volumes of 0.2 M Cu(NO3); (Ajax, Australia) and 0.1 M
K4Fe(CN)g (Fisher Scientific, UK), heating for an hourin a water bath
until the solution dried, and obtaining only the brown CuHCF solid
as described previously with slight modification [34]. A portion of
each of the resulting carbon pastes was then packed firmly into the
cavity of a 3.0 mm diameter Teflon tube (Metrohm, Switzerland)
for individual analysis with a stainless steel screw serving as the
electrical contact. The resulting electrode surfaces were smoothed
using an oil-removing film before examination.

2.3. Apparatus

Cyclic voltammetric and amperometric experiments were car-
ried out using a potentiostat (NSTDA Glucosen Electrochemical
Analyzer, Thailand, and CHI1230A CH Instrument, TX, USA). A three
electrode system was used with a Platinum wire auxiliary/counter
electrode (Sigma, USA), an Ag/AgCl reference electrode (3 M KCl)
(CHI111 CH Instrument, TX, USA), and one of the modified carbon
paste electrodes as the working electrode.

The amperometric PFI system utilized one two-channeled and
one four-channeled peristaltic pump with rate selectors (Gilson,
France), one six-port injection valve (Upchurch Scientific, USA),
PTFE tubing (TACS, Australia) with an internal diameter of 0.5 mm,
and a homemade Perspex pervaporation unit. A flow-through
amperometric measuring cell, contained in a Faraday Cage (Auto-
lab, Netherlands), was used for the detection in which the modified
carbon paste working electrode was incorporated along with an
Ag/AgClreference electrode (3 M KCl), and a gold counter electrode.
Potentials were applied using a potentiostat (791 VA Metrohm,
Switzerland) and the detector output was recorded using a portable
computer (IBM, Mexico) connected via a USB-RS232 serial port of
a digital multimeter (Uni-Trend, Hong Kong).

The pervaporation unit composed of hexagonal donor and
acceptor chambers with 0.3 and 5 mm depths, respectively, similar
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Fig. 1. Schematic diagram of the PFI system used: AS = acceptor solution (0.10M KNO3, 2.0 mLmin '); DS =donor solution (0.050 M H,S04., 0.75mLmin~'); P = peristaltic
pump; I =sample injection port (300 wL sample injection volume); MC=mixing coil (100 cm); PV =pervaporation unit; D =amperometric flow cell; M =digital multimeter;

PC=portable computer; and W = waste.

to that described previously [40]. The donor chamber was packed
with a single layer of 3 mm-diameter glass beads for an improved
reproducibility and sample throughput [41]. A PTFE membrane
(Trace Biotech, Germany) with a thickness of 1.5mm and a diam-
eter of 4.0cm was positioned to separate the donor and acceptor
chambers to prevent direct contact with the suspended food sam-
ple.

2.4. Procedure L N

The cyclic voltammetric measurements were investigated at a
potential range of —0.5 to 1.5V at 100mVs~! using the bare, the
CuHCF-modified, and the CuHCF-CNT-modified carbon paste work-
ing electrodes with 0:80:0:20,0:70:10:20, and 10:60:10:20 weight
compositions of CNT, graphite, CuHCF, and mineral oil, respectively.
With the Glucose potentiostat, amperometric measurements of
sulfite were carried out at multiple potentials set at 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, and 0.7V to obtain the current-voltage curves of the
modified carbon paste electrodes. A series of 1.2 mM additions of
sulfite were injected into the measuring cell containing 2.0 mL of
supporting electrolyte and the respective currents were measured
amperometrically.
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For the PFl analysis, physical and chemical parameters were var-
ied and optimized to obtain optimum results for sulfite detection.
The working electrode composition was varied from 0% to 60% CNT,
with fixed CuHCF and mineral oil amounts of 10% and 20%, respec-
tively. The amount of graphite used depended inversely on CNT
composition in order to retain the correct percentages in the carbon
paste.

A 300 nL sample or standard sulfite solution is injected manu-
ally via an injection valve into a 0.050 M H;SO4 donor stream with
the flow rate of 0.75mLmin~! controlled by the first peristaltic
pump. The resulting mixture of sulfite solution and the sulfuric
donor stream is transported to the donor chamber of the pervapo-
ration unit where it is converted to sulfur dioxide and evaporates
into the headspace. Sulfur dioxide gas then diffuses across the PTFE
membrane into an acceptor solution containing a 0.10 M sodium
nitrate solution. Sulfur dioxide hydrolyses in the acceptor solu-
tion and then reverts into the sulfite form, which is transported
subsequently to the electrochemical flow cell where it is analyzed
amperometrically at a CuUHCF-CNT-modified working electrode at
+0.55V (vs. Ag/AgCl). The second peristaltic pump is employed to
both propel and withdraw the donor solution from the pervapo-
ration unit; it also assists in the maintenance of a constant liquid
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Fig. 2. Cyclic voltammograms for (a) blank and (b) 1.2 mM Na;S03 at (A) bare carbon paste electrode (CPE), (B) CNT-CPE, (C) CuHCF-CPE, and (D) CuHCF-CNT modified

electrodes. Supporting electrolyte: 0.1 M KNOs; scan rate 100mVs '.
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level in the donor chamber where the glass beads are submerged
completely [41].
At the obtained optimized conditions, amperometric PFI mea-
surements were conducted following the scheme shown in Fig. 1.
#All measurements were carried out at room temperature.
> The Association of Official Analytical Chemists' (AOAC) standard
‘differential pulse polarographic method (987.04) [42] was per-
€ormed using a voltammograph (Metrohm model VA 741, Metrohm
Ltd. Switzerland). All samples were acid distillated by purging
with oxygen-free nitrogen and collected in an electrolyte-trapping
solution (2 M ammonium acetate buffer with 5% ethanol) prior to
polarographic analysis.

3. Results and discussion
3.1. Cyclic voltammetric and amperometric measurements

The electrochemical behavior of sulfite towards the proposed
CuHCF-CNT modified carbon paste electrode was initially inves-
sigated through cyclic voltammetry. Fig. 2 shows the cyclic
voltammograms of the four modified working electrodes using a
potentiostat. As observed in Fig. 2, voltammograms A (a and b),
the magnitude of current detected by the bare electrode was very
Small with slightly visible response to sulfite oxidation upon addi-
tion at about +0.90V. On“he other hand, curve B (a) corresponds
to the cyclic voltammogram of the CNT modified electrode in the
supporting electrolyte, and curve B (b) with the presence of 1.2 mM
sulfite solution. No significant change in the sulfite oxidation peak
was observed, indicating that CNT has no effect upon the sulfite
catalytic behavior. The CuHCF-modified electrode yields a substan-
tially higher oxidative current over bare and CNT electrodes (notice
the different current scales A, B vs. C), and indicates the catalytic
oxidation of sulfite by the CuHCF substance. The CuHCF modifier is
essential in the catalytic electrochemical oxidation of sulfite, which
takes place at the surface of the electrode. Ferricyanide, which is
electrochemically generated and present at the electrode surface,
chemically oxidizes the sulfite present in the solution into sulfate:

Fe(I1)(CN)s*~ — Fe(I)(CN)3~ + e~ (1)

_2Fe(lll)(CN)63‘ +503%" + Hy0 — 2Fe(11)(CN)g?™ + 5042~ + 2H*
(2)

While this happens, the electrochemically generated ferri-
cyanide is then reduced to ferrocyanide, which later again becomes
electrochemically oxidized [35].

Fig. 2 curves D (a and b) correspond to the cyclic voltammo-
grams obtained using the CuHCF-CNT muodified electrode. Even
more enhanced anodic currents were achieved using the CuHCF-
CNT-modified electrode in blank 0.1 M KNO3 supporting electrolyte
(D (a)) and in the presence of 1.2 mM sulfite (D (b)), respectively,
the latter indicating that sulfite was catalytically oxidized by the
electrode (the observed oxidative peak at £0.48 V).

Fig. 3 corresponds to the current-voltage curves obtained for
the (a) bare carbon paste, (b) CNT, (c) CuHCF, and (d) CuHCF-CNT
modified electrodes in the presence of 1.2 mM sulfite. A series of
1.2mM sulfite samples were placed into an electrochemical cell
and amperometric measurements were taken at 0.1, 0.2, 0.3, 0.4,
0.5, 0.6 and 0.7V working potentials. A significantly enhanced peak
for the CuHCF-CNT-modified electrode may be due to the higher
active surface area upon the deposition of CNT into the modified
<electrode [43] and its unique conductivity properties of CNT [44]
made faster electron transfer between CNT and CuHCF.

In addition, a voltage peak shift to the left of the potential axis
“implies that CNT are more suitable for the detection of sulfite since
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Fig. 3. Current-voltage curves for 1.2 mM Na;SO3 in 0.10M KNO; at a (a) bare
carbon paste electrode, (b) CNT, (¢) CuHCF, and (d) CuHCF-CNT modified electrodes.

sulfite is more easily oxidized in the CuHCF-modified electrode
presence of CNT.

3.2. Pervaporation-flow injection (PFI) analysis

After studying its electrochemical behavior, the CuHCF-CNT-
modified carbon paste electrode was applied to the amperometric
PFI analysis of sulfite. PFI system parameters that affect the sen-
sitivity of sulfite determination were studied. Table 1 lists these
parameters including the range over which each parameter was
studied and the optimum conditions. The electrode composition of
the CuHCF-CNT-modified sensor was optimized by varying the car-
bon nanotube composition from 0% to 50% (reduce the % graphite
from 50 to O, respectively) and keep the percentage of CuHCF and
oil constant. The peak height was measured as the sensor detected
a fixed amount of sulfite injected into the system. The current pro-
duced with the modified carbon paste electrode without CNT was
almost equal to the modified electrodes containing 10 and 20%
CNT. The maximum current signal was obtained with the modi-
fied electrode containing 30-40% CNT and it keeps plateau until
50% CNT. At these CNT compositions the background current were
also high, however, the 35% CNT was giving the highest sensitivity
as illustrated by the maximum signal-to-noise ratio. Therefore, the
CuCHF-CNT-modified carbon paste electrode was determined to
be optimum at an electrode composition of 35% CNT, 35% graphite,
10% CuHCF, and 20% mineral oil.

The criteria for the selection of the optimized parameters
include low and stable background current during analysis, and
a well-defined peak shape for the detection of sulfite. Best results
were obtained in a background acceptor electrolyte which is com-
posed of 0.10 M KNOs3.

The generation of SO, gas takes place in an acidic medium
and in most gas diffusion-flow injection sulfite determinations;
the solution of sulphuric acid is commonly used. The evaluation
of the H,SO4 concentration, used as a donor stream solution, was
carried out over the range 0.025-0.10M with the flow rate at
0.5mLmin~". The maximum current was obtained at the concen-
tration of 0.050M and was considered to be optimal using the
univariate approach.

The optimum potential for amperometric detection in
pervaporation-flow injection (PFl) analysis was obtained by
studying the hydrodynamic voltammetric behavior of sulfite
towards the CuHCF-CNT-modified carbon paste electrode. Ini-
tially, the range over which the working potential was studied
from 0.10 to 1.00V. However, at very low potentials, very low to
zero detection occurred. On the contrary, at very high working
potentials, extremely high background noise was observed, hence,
lowering the sensitivity of the detection as determined by the
signal-to-noise ratio of the injected sulfite standard. Thus, the
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Table 1
Pervaporation-flow injection system parameters optimized in this study.

1797

Parameters

Range studied

Optimal value

Acceptor stream composition

Sulfuric acid donor stream concentration (M)

Working electrode composition” (percent CNT by weight)
Electrode potential (V)

Donor stream flow rate (mLmin~')

Acceptor stream flow rate (mLmin ')

Sample injection volume (L)

0.10M phosphate buffer (pH 7.0, 7.4);

0.10M KNO3

0.10M phosphate buffer (pH 8.0)/0.1% SDS;
0.10M phosphate buffer (pH 7.4)/0.1 M NH4Cl;
0.10 M phosphate buffer (pH 7.4)/0.01 M Na,S04;
0.10 M NH4Cl;

0.10M KCl:

0.10M KNO3;

0.10M KNO3 and 0.05M NaOH;

0.10M KNO3 and 0.05M NaHCO3:

0.10M KNO3 and 0.01 M NaOH;

0.10M KNO3 and 0.01 M NaHCO3

0.025-0.100

0-50

0.10-1.00
0.5-2.5
0.5-3.0
50-500

0.050
35
+0.55
0.75
2.0
300

* The amount of CuHCF and mineral oil added for the construction of the modified working electrode was fixed at 10% and 20% by weight, respectively. The amount of
graphite added depended inversely on the amount of CNT used in order to achieve the 100% sample by weight.

working potential range from 0.50 to 0.60V was more closely
evaluated with respect to the peak currents of the injected sulfite
standard and the corresponding background currents. The work-
ing potential yieldeg a maximum sensitivity at +0.55V (versus
Ag/AgCl). v

The effect of the flow rates of the donor and acceptor streams
were studied separately. As expected, the sensitivity was higher at
alower donor stream flow rate but the sample throughput obtained
was lower as well. A flow rate of 0.75 mLmin~' was then selected
to compromise for both the sensitivity and the sample throughput.

As for the acceptor stream flow rate, sample throughput also
increased as the rate of flow was increased. The signal detection,
however, was highest at a rate of 2.0mLmin~!, and thus, was
selected for the acceptor stream flow rate.

Similar to the flow rate, the sample injection volume also
affected sensitivity and sample throughput but in the opposite
manner. A sample injection volume of 300 L was selected in res-
olution to the sensitivity and sample throughput requirements.

3.3. Analytical figures of merit

At the optimum working conditions, the calibration curve for
sulfite determination was obtained to be linear (RZ =0.9987) in the
concentrationrange of 0.5-50.0mg L~'. The linear regression equa-
tion in this range can be expressed as [=2.105C+5.227, giving a
sensitivity of 2.105nAmg~' L. A further increase in concentration
of the sulfite standards starts to cause a deflection to linearity of the
signal with respect to concentration. The limit of detection (LOD),
determined experimentally as the lowest sulfite concentration that
gives a current signal of three times the background noise, was
0.40 mgL~!. The sample throughput was determined to be 11 h-'.

The compactness of CNT-CuHCF electrode surface is desirable,
since it allows the laminar flow in the wall- jet type amperometric
flow cell and is detrimental to the reproducibility and lifetime of
the sensor. Thus, the sensor is preferably used after being prepared
within aday and kept away from open air. The analytical signals cor-
responding to peak minima were found to be reproducible up to 120
injections (RDS <5%), for the determining of 25.0mgL~' Na,S0s.

In addition, the calibration plot obtained for the determination
of sulfite using the developed CuHCF-CNT-modified working elec-
trode was compared to the calibration responses to sulfite using
a simple CuHCF-modified carbon paste electrode and a bare glassy
carbonelectrode asemployed in pervaporation-flow injection anal-
ysis (Fig. 4). The sensitivity of the developed CuHCF-CNT-modified
carbon paste working electrode was the highest at 2.105nAmg~'L

Table 2
Tolerance limits of possible interferences in the PFI method.

Tolerance ratio’ Interferences

1:100 Na*, K*, Ca%*, Zn?*, Cl-, CH3CO0-
1:10 Mg2*, Ni?*, S042", HPO4?", sucrose
1:1 Fe3*, Mn2*, Co?*, ascorbic acid

1:<1 I

" The tolerance ratio indicates how much equivalent interference (I) concentra-
tion can be tolerated per 25.0mgL "' Na;S0;3 control (C) in this manner: C: I.

(R?=0.9987) compared to the sensitivities of CuHCF-modified car-
bon paste and bare carbon paste electrodes of 1.043nAmg~'L
(R?=0.9829) and 0.029nAmg~' L (R2 =0.9833) while the LODs for
the other two electrodes were found tobe 1.5mgL~! and 10mgL~!,
respectively.

3.4. Interference study

Possible interferences of food matrices to the PFI method were
studied. The tolerance ratios of possible coexisting ions and com-
pounds are listed in Table 2. The values were determined using
25.0mgL-! NayS0O3 as the control and tolerance was based on
whether the interference causes an error of greater than 5%. Table 2
indicates that up to 100 times the Na,;SO3 control can be tolerated
for interferences such as sodium and chlorine; however, only equal
amounts of other interferences such asiron and ascorbic acid can be
tolerated and even less of iodine. The results can be attributed to the
unique chemical property of the carbon nanotubes, its enhanced
electrical conductivity, making it highly sensitive to the presence
of ions which also possess redox properties, if such species could
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Fig. 4. Calibration curves of sulfite with (-0-) CuHCF-CNT, (-@-) CuHCF, and (-A-)
bare carbon paste working electrodes.
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Table 3
Comparison of results obtained by PFI and DPP methods for sulfite in pickled food.

Sample Sulfite content (mgkg ') Percentage recovery for
proposed PFI method
¢ PFl method  DPP method
—
» Bean spout 162+3 15445 96.8-104.6
Pickled cabbage 1104571 102+4 97.5-102.9
® pickled bamboo shoot  27.0+04 2642 96.2-101.9
Pickled ginger 231+05 2543 97.5-104.8

Standard deviation calculated on the basis of three replicate measurements.

reach the electrode surface. However, these species were found
to suppress the analytical signals as the concentration ratios were
increased. This can be explained by the redox character of these
species resulting in lower production of volatile SO; in the donor
chamber, particularly with the I interference. Higher concentra-
tions of the interfering species in the standard solution may also
hinder sulfite from evaporating into sulfur dioxide gas, hence, hin-
dering the detection of the genuine concentration of the analyte
By the PFI system. Therefore, sulfite standard solutions contain-
ing higher concentrations of the interfering ions caused significant
interference affecting the sulfite detection.
1
3.5. Real sample analysisy,

\

The developed PFl method was applied to the determination of
sulfite in pickled food samples in order to evaluate the accuracy of
the proposed PFI system. The sulfite concentration present in cach
pickled food sample was measured by standard addition method.
A 50 g of each sample was weighed and was homogenized with an
equivalent volume of deionized water. The resulting homogenized
mixture was collected and served as the sample stock solution.
A series of increasing concentrations from 5.0 to 25.0mgL"' of
standard sulfite solution were next prepared containing equiva-
lent amount of the sample stock solution and was diluted to mark
with the donor solution (0.025 M H;SO4 solution). These prepared
solutions were consecutively injected into the PFI system for ana-
lyzes.

The results were then compared with those obtained using dif-
ferential pulse polarography (DPP), which is the standard method

Jor sulfite determination as proposed by the Association of Offi-

cial Analytical Chemists (AOAC) [42]. The results obtained by both

- amethods, including the percentage recovery upon addition of cer-

tain amounts of standard sulfite solution, are shown in Table 3. The

relative standard deviations for the analysis of sulfite in pickled

food samples using the proposed PFI method were in the range of
1.0-2.2%.

The Student’s t-test was also calculated for both methods at
98% confidence (45]. After comparing the calculated t values of
each food sample obtained from PFI with the AOAC method, results
revealed that the data obtained using the developed PFI method
with the CuHCF-CNT-modified working electrode was reliable.

4. Conclusions

The presence of CuHCF made the detection of sulfite possible
through the electrocatalytic oxidation of sulfite by hexacyanofer-
rate in the modified electrode. Moreover, the presence of CNT in
the modified sensor gave an even more remarkable effect for the
detection of sulfite. This promising result led to the fabrication of
an amperometric flow detector for sulfite in a flow system.

- CuHCF-CNT modified electrode is more effective in the deter-
mination of sulfite in aqueous solution as compared to the
Jse of bare carbon paste or a CuHCF-modified carbon paste
£lectrode. The developed electrode was successfully applied to

pervaporation-flow injection analysis as an effective sensor for
sulfite determination, allowing a higher selectivity during sulfite
analysis and producing a good sensitivity and a relatively low
detection limit. Using versatile designs of the pervaporation unit,
food samples containing many matrices can be analyzed more
selectively. Compared with the method based on photometric PFI
proposed by Mataix and Luque de Castro [38] the current proposed
method requires a less-complicated set-up and provides a wider
linear range and lower detection limit. The proposed PFI method is
also applicable in the analysis of real pickled food samples obtain-
ing reliable results as compared to the standard method of sulfite
determination.
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