
A
a

Y
a

b

c

a

A
R
R
2
A
A

K
E
Q
S
P

1

i
e
t
a
s
m
i
d
p
t
s
c
S
r
s
l
3
o
t

0
d

Talanta 89 (2012) 490– 495

Contents lists available at SciVerse ScienceDirect

Talanta

jo u r n al hom epage: www.elsev ier .com/ locate / ta lanta

mperometric  determination  of  sulfide  based  on  its  electrocatalytic  oxidation  at
 pencil  graphite  electrode  modified  with  quercetin

usuf  Dilgina,∗,  Bayram  Kızılkayab,  Bensu  Erteka, Nuri  Erena,  Didem  Giray  Dilginc
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This  study  describes  a new  approach  for  the  investigation  of  electrocatalytic  oxidation  of sulfide  using
a  pencil  graphite  electrode  modified  with  quercetin  (PGE/QH2). Adsorption  procedure  was  used for  the
preparation  of  the  modified  electrodes.  It was  observed  that PGE/QH2 showed  a significant  electrocatalytic
activity  toward  sulfide  oxidation.  Cyclic  voltammetric  studies  show  that  the  peak  potential  of  sulfide
shifts  from  +450  mV  at bare  PGE  to  +280  mV  at PGE/QH2. The  electrocatalytic  currents  obtained  from
vailable online 2 January 2012
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amperometric  measurements  at +300  mV  vs.  Ag/AgCl/KClsat and  at pH  8.0  BR  buffer  solution  containing
0.1  M NH4Cl  were  linearly  related  to  the  concentration  of  sulfide.  The  calibration  graph  consisted  of  two
linear  segments  of  1–20  �M and  20–800  �M with  a detection  limit  of  0.3  �M (based  on  3sb).  The  proposed
method  was  successfully  applied  to  the  determination  of  sulfide  in  waste  waters  and  was  compared  with
the  spectrophotometric  method.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Sulfide has an important role in the aquatic environments due to
ts toxic effect on many organisms. Sulfide is released into aquatic
nvironments by the action of anaerobic bacteria on organic mat-
ers such as sulfur containing proteins, amino acids, etc. Sulfide salts
re used in industrial waste streams in order to control the levels of
everal toxic metals (e.g. mercury, lead) discharged into environ-
ent, since many metal sulfides are insoluble and precipitate out

n the waste stream. In aqueous media, total sulfide can be found as
issolved H2S, bisulfide ion (HS−, pKa1 = 6.88) and sulfide ion (S2−,
Ka2 = 14.15) depending on protolytic equilibria [1]. The level of
otal sulfide is very important as well as H2S. Thus, the total level of
ulfide in waste discharges has been limited because of its toxicity,
apacity to remove dissolved oxygen and capability to produce H2S.
ulfide acts as a cellular poison through the deactivation of aerobic
espiration and causes asphyxiation. Clinical cases of sulfide poi-
oning typically occur at levels between 30 and 3000 �g L−1 and its
ethal doses depending on exposure of H2S may  vary in the range of
00–1000 ppm [2]. Therefore, the determination of sulfide species

r total sulfide in samples such as industrial liquid wastes, domes-
ic waste water, rivers and H2S in air close to contaminated aquatic

∗ Corresponding author. Tel.: +90 2862180018/1783; fax: +90 2862180533.
E-mail  address: ydilgin@yahoo.com (Y. Dilgin).

039-9140/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.12.074
sources has gained importance for analytical and environmental
chemists.

Several methods describing the determination of sulfide and
its species in aqueous media have been reported. A compre-
hensive review on the analytical methods related with the
detection of sulfide was  reported by Lawrence et al. [2]. Titri-
metric [3,4], spectroscopic [1,5–9], chromatographic [10–15] and
electrochemical [4,16–33] methods have been successfully applied
to the sulfide determination. Among these methods, the elec-
trochemical techniques have some advantages such as easy
application, low cost, providing direct, sensitive and fast detec-
tion of H2S. However, the direct electrochemical oxidation of
sulfide is highly irreversible with a great overpotential at the
bare electrodes. Additionally, the oxidized products of sulfide
can be adsorbed on the electrode surface which may result in
the fouling and passivation of the electrode surface leading to
poor sensitivity, poor selectivity and unstable analytical signals.
In order to overcome these problems, the modification of elec-
trode surface with redox mediators has been extensively used.
Approaches based on redox mediators such as ferricyanide [16–18],
ferrocene carboxylate [19] ferrocenesulphonate [20,21], N,N′-
diphenyl-p-phenylenediamine [22], cobaltpentacyanonitrosylfer-
rate  [23], vanadium pentoxide [24], cinder/tetracyano nikelate

[25], hexadecylpyridinium-bis(chloranilato)-antimonyl (V) [26],
2,6-dichlorophenolindophenol [27] and 2-(4-fluorophenyl)indole-
modified xerogel [28] were employed as amperometric sensors for
the determination of dissolved sulfide in aqueous media. Although
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trode and a PGE as the working electrode were used. Pencil leads
Scheme 1. Redox behavior of QH2 and electroc

ome of the redox mediators were used in aqueous media, the
hemically modified electrodes (CMEs) prepared from the redox
ediators were extensively preferred due to their enhanced sensi-

ivity and reliability in the measurement of sulfide concentration.
When  compared with other carbon based electrodes, PGEs have

ome advantages such as high electrochemical reactivity, commer-
ial availability, good mechanical rigidity, disposable, low costs,
ow technology and easy modification [34–38]. Additionally it was
eported that pencil leads electrodes offer a renewal surface which
s simpler and faster than polishing procedures, common with
olid electrodes, and results in good reproducibility for the individ-
al surfaces [34]. Therefore PGEs have been increasingly utilized

n many different electroanalytical applications recently [34–43].
or example, Özcan and Ş ahin [35] reported that electrochemi-
ally treated PGE was successfully used in the determination of low
evels of dopamine in blood serum. Özcan and Ş ahin showed that
lectrochemically treated PGEs were very promising because they
ave high adsorption capacity for organic compounds.

Among the flavonoids, quercetin (3,3,4′,5,7-pentahydroxyl-
avone,  QH2) (Scheme 1), has a great importance due to its strong
nti-oxidant effect which can be attributed to the high numbers
f hydroxyl substituent groups and to its conjugated � orbitals
y which QH2 is able to donate electrons or hydrogens [44].
everal studies on the electrochemical behavior and voltammetric
etermination of QH2 have been reported using multi walled
arbon nanotubes paste electrode [45] and glassy carbon electrode
46,47]. In the report of Zare et al. [46] the well-defined redox
eaks (Epa: 365 mV  and Epc: 315 mV)  were obtained from cyclic
oltammograms of QH2 in 0.1 M phosphate buffer solution (pH 4.0)
sing a glassy carbon disk electrode. Moreover, some reports on
he preparation of modified electrodes with QH2 were described
or the determination of some biologically important molecules.
or example, the determination of dopamine in the presence of
scorbic acid was performed by using glassy carbon electrode

odified with multi walled carbon nanotube, QH2 and Nafion [48],

nd using QH2-self assembled monolayer-modified gold electrode
49]. In another study, a QH2 modified wax-impregnated graphite
ic oxidation mechanism of sulfide at PGE/QH2.

electrode  was prepared for the determination of uric acid in the
presence of ascorbic acid [50].

Our literature research demonstrated that there was  no report
on the preparation of PGE modified with QH2 and no investigation
on the electrocatalytic oxidation of sulfide with this modified elec-
trode. In this study, we  describe the electrocatalytic determination
of sulfide by using a new, simple and disposable electrode (PGE)
modified with a new redox mediator (QH2) for the first time.

2.  Experimental

2.1. Chemicals

Sodium sulfide (Na2S·9H2O), quercetin dihydrate and all other
chemicals were of analytical reagent grade (purchased from
Merck). All of the solutions throughout this work were prepared
by using deionized water from a Milli-Q (Millipore, Bedford, USA)
device.

The stock solution of Na2S (0.1 M)  was  prepared by dissolving
Na2S·9H2O crystals in degassed 0.1 M NaOH solution and kept at
+4 ◦C in a refrigerator for maximum one week. Na2S solution was
periodically standardized with the iodometric method.

The  stock solution of QH2 (1.0 mM)  was  freshly prepared with
ethanol. Britton–Robinson (BR) buffer solutions with various pH
values were prepared by proper mixture of stock standard solutions
of H3PO4, H3BO3, and NaOH.

2.2.  Apparatus

Cyclic voltammetric and amperometric experiments were per-
formed in a traditional three electrode systems. A platinum wire
as the counter electrode, an Ag/AgCl/KClsat as the reference elec-
with a diameter of 0.5 mm and a total length of 60 mm (Tombo,
Japan) and a mechanical pencil Model T 0.5 (Rotring, Germany),
which was  used as the holder for the pencil lead, were purchased
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rom a local bookstore. Electrical contact to the lead was  obtained
y wrapping a metallic wire to the metallic part of the holder. For
ach measurement, totally 10 mm of lead was immersed into the
olutions.

All electrochemical experiments were carried out by using a
ompactstat Electrochemical Interface (Ivium Technologies, Eind-
oven, Netherlands). A HI 221 Hanna pH-meter with a combined
lass electrode (Hanna HI 1332) was used to follow the pH values
f the solutions.

.3.  Preparation of the modified electrodes

The modification of PGE was achieved by an adsorption pro-
edure. Firstly the surface of PGE was pre-treated by applying a
otential of +1.45 V for 60 s in the blank supporting electrolyte
0.1 M phosphate buffer solution containing 0.1 M KCl, pH 7.0).
his pre-treatment procedure was applied in some electroanalyt-
cal studies by using PGE in order to clean the impurities from
he electrode surface and to obtain more sensitive and stable
nalytical signals [34,38–41]. Since pre-treatment at the positive
otentials increases the hydrophilic properties of the electrode
urface through introduction of oxygenated functionalities, this
rocedure can provide a good adsorption property to PGE. After
he pre-treatment, the pencil lead was immersed into the stock
H2 solution (1.0 mM in ethanol) for 60 s. The same modification
rocedure was repeated for the untreated PGE. The obtained mod-

fied electrodes (PGE/QH2) were used for the investigation of the
lectrocatalytic oxidation of sulfide after rinsing with ultrapure
ater.

.4. Electrochemical procedure

The  electrochemical behavior of PGE/QH2 was investigated by
ecording the cyclic voltammogram in 0.1 M BR buffer solution (pH
.0) containing 0.1 M NH4Cl at a scan rate of 50 mV  s−1. In order
o investigate the effect of the scan rate on the peak potentials
nd peak currents, the cyclic voltammograms of the PGE/QH2 were
ecorded at different scan rates, in the potential range between 0.0
nd +0.50 V. Additionally the effect of pH between 2.0 and 10.0 on
he peak potentials of the modified electrodes was also investigated
t a scan rate of 50 mV  s−1.

The  electrocatalytic oxidation of sulfide at the PGE/QH2 was
nvestigated through the addition of a freshly prepared sulfide
olution to the supporting electrolyte solution. The cyclic voltam-
ograms were recorded in the potential range of −0.25 to +0.6 V, in

.1 M BR buffer solution (pH 8.0) containing 0.1 M NH4Cl at a scan
ate of 50 mV  s−1. The amperometric detection of sulfide based on
ts electrocatalytic oxidation was also studied by using PGE/QH2.
fter the background current reached to a steady state value of
300 mV,  which was found as optimum value, aliquots of a stock
olution of sulfide were added to the supporting electrolyte.

The  supporting electrolytes were deaerated by allowing highly
ure argon to pass through for 5 min  before all electrochemi-
al experiments. Samples were collected from Kepez municipal
astewater treatment plant and Biga organized tannery region in
anakkale, Turkey at July of 2011. All of the samples were filtered to
emove particulate matter. Then, the sulfide level was determined
ccording to the proposed and spectrophotometric methods [7].

. Results and discussions

.1.  Preparation of modified electrode and its electrochemical

ehavior

The cyclic voltammograms of PGE/QH2 showed that the peak
urrents of the modified electrodes decreased when the cycle
Fig. 1. Cyclic voltammograms of untreated (a) and pretreated (b) PGE/QH2 in BR
buffer solution (pH 8.0) containing 0.1 M NH4Cl at a scan rate of 50 mV s−1.

numbers were increased due to the desorption of QH2 to the
supporting electrolyte and the peak currents were stable after
the 10th scan (data not shown). The modified electrode was used
only once time for electrocatalytic studies and a new PGE was
modified with the same procedure. The cyclic voltammograms
of the untreated and pre-treated PGE/QH2 at the 10th scan are
given in Fig. 1a and b, respectively. As it can be seen from Fig. 1,
the peak currents of pre-treated-PGE/QH2 were higher than that
of untreated-PGE/QH2. QH2 displayed an anodic peak at +280 mV
at 50 mV  s−1, indicating its oxidation to o-quinone form with two
electrons and two  protons (Q) (Scheme 1). During the reverse scan
a cathodic peak also occured at +220 mV,  corresponding to the
reduction of the quinone form to QH2. These results indicate that
the electrochemical behavior of QH2 is quasi reversible. Similar
results were also obtained in the cyclic voltammogram of QH2
in supporting electrolyte media (0.1 M phosphate buffer, pH 4.0)
using a glassy carbon disk electrode [46] and multi walled carbon
nanotubes–paraffin oil paste electrodes [45].

The cyclic voltammograms of pre-treated-PGE/QH2 in a 0.1 M
BR buffer solution (pH 8.0) containing 0.1 M NH4Cl at various scan
rates were recorded. The peak currents increased with a small
shift of anodic and cathodic peaks potentials when the scan rate
increased. While the shape of the anodic peak was  not changed
at sweep rates above 200 mV  s−1, the cathodic peak was broad-
ened. Additionally the potentials of the anodic and cathodic peaks
were shifted to more positive and negative values, respectively,
indicating the limitation arising from the charge transfer kinetic.
It was found that the anodic (Ipa) and cathodic (Ipc) peak currents
of the modified electrode are linearly proportional to the scan rate
(�) between 10 and 200 mV  s−1 (Ipa = 0.034� + 0.062, R2 = 0.998 and
Ipc = −0.013� + 0.354, R2 = 0.996). These results prove that the elec-
trochemical process at the PGE/QH2 is surface-controlled.

In order to determine the effect of pH on the formal standard
potential (E◦′ = (Ea + Ec)/2) of the modified electrodes, the cyclic
voltammograms of PGE/QH2 were recorded in BR buffer solutions
containing 0.1 M NH4Cl of pH values between 2.0 and 10.0, at a scan
rate of 50 mV  s−1. The formal potential of QH2 was pH dependent
with a slope of −60.83 mV per unit of pH which is very close to the
anticipated Nernstian value of −59 mV.  Therefore, it can be said

that the numbers of transferred electrons and protons are equal
in the electrochemical reaction of QH2 at PGE surface. Our results
are in accordance with the reported one in literature, in which
the electron and proton numbers were found to be two for the
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ig. 2. Cyclic voltammograms of bare PGE (a and b) and PGE/QH2 (c and d) in the
bsence  (a and c) and in the presence (b and d) of 0.1 mM Na2S. (Supporting elec-
rolyte: BR buffer solution (pH 8.0) containing 0.1 M NH4Cl; scan rate: 50 mV s−1.)

queous solutions of QH2 at multi walled carbon paste electrode
45] and glassy carbon electrode [46].

.2. Electrocatalytic oxidation of HS− at PGE/QH2

In order to test the electrocatalytic activity of PGE modified with
H2 toward sulfide oxidation, cyclic voltammograms of PGE/QH2
ere recorded in both the absence and the presence of sulfide.

ig. 2c shows the cyclic voltammogram of PGE/QH2 in BR buffer
olution (pH 8.0) containing 0.1 M NH4Cl at 50 mV  s−1 in the
bsence of sulfide. An anodic peak and cathodic peak were observed
t +280 mV and +220 mV,  respectively. As it can be seen from Fig. 2d,
he oxidation peak at +280 mV  was increased significantly, while
he cathodic peak current at +220 mV  decreased in the presence
f 0.1 mM sulfide. The electrochemical oxidation of sulfide was
dditionally investigated by using an unmodified PGE. If we  com-
are the peak potential of sulfide at the unmodified and pretreated
GE (about +450 mV,  Fig. 2b) with that of the PGE/QH2 (about
280 mV,  Fig. 2d), the overpotential for the electrochemical oxida-
ion of sulfide was found to decrease by 170 mV.  So, a decrease in
he overpotential of ca. +170 mV and an enhancement of the peak
urrent were achieved by using PGE/QH2. These results indicate
hat PGE/QH2 shows efficient electrocatalytic effect toward sulfide
xidation.

In order to see the effect of scan rate on the electrocat-
lytic oxidation, the cyclic voltammograms of 0.1 mM sulfide were
ecorded at various scan rates between 20 and 1000 mV  s−1 using
he PGE/QH2. It was observed that the oxidation peak potential
as shifted to a more positive potential by increasing scan rates,

ndicating the kinetic limitation of the electrochemical reaction.
esides, the electrocatalytic peak current of sulfide increases lin-
arly with the square root of the scan rate (Ipec = 0.553�1/2 + 0.948,
2 = 0.995, Ipec: electrocatalytic peak current of sulfide). This result

ndicates that the electrocatalytic oxidation of sulfide is a diffusion-
ontrolled process.

The  electrocatalytic oxidation of sulfide on the mediator mod-
fied electrodes can be explained by ECE mechanism (Scheme 1).
ccording this mechanism, firstly the oxidized form of QH2 at elec-

rode surface undergoes a chemical addition–reduction process
Michael addition) with HS− as a nucleophilic agent to produce

he reduced adduct compound [51–53]. The thiol moiety in the
tructure of product facilitates the re-oxidation of the additional
roduct due to its electron donating property. Finally the anodic
eak potential shifts to less positive potentials. This mechanism
Fig. 3. Amperometric responses of pre-treated bare PGE (1) and PGE/QH2 (2) to
sulfide with different concentrations. (Supporting electrolyte: BR buffer solution
(pH  8.0) containing 0.1 M NH4Cl; Applied potential: +300 mV.)

was  also proposed for electrocatalytic oxidation of some thiolic
compounds such as N-acetyl-l-cysteine [51], cysteamine [52]
and pyrimidine-2-thiol [53] with catechol and catechol type
compounds. In order to verify the possibility of this mechanism,
the cyclic voltammograms of PGE/QH2 were also recorded in the
presence of cysteine and sulfite. While PGE/QH2 exhibits slightly
electrocatalytic activity toward the electro-oxidation of cysteine,
it does not exhibit an electrocatalytic activity to sulfite at pH 8.0
buffer solution. This result showed that while bisulfite (HSO3

−)
does not undergo Michael addition reaction, nucleophilic property
of SH− is better than cysteine.

3.3. Amperometric detection of sulfide

In order to obtain the best amperometric response of PGE/QH2
toward sulfide, the effect of the applied potential on the electro-
catalytic current of 20 �M sulfide was investigated by recording
current–time curves. After a steady background current was
obtained, 20 �M sulfide solution was  added into the supporting
electrolyte, BR buffer solution (pH 8.0) containing 0.1 M NH4Cl, and
the amperometric currents were measured from the current–time
curves obtained at various applied potentials. The response cur-
rents for the electrocatalytic oxidation of sulfide became apparent
at 0 mV  and reached a maximum value at about + 300 mV  which
was selected as the optimum potential. At this potential, the oxi-
dation current of 20 �M sulfide was observed as a very small value
when a bare PGE was used.

Fig.  3 presents the typical current–time curve for the succes-
sive addition of sulfide at different concentrations between 0.5
and 1000 �M.  The current immediately changed after the addi-
tion of sulfide and reached another steady-sate current within
5–10 s. PGE/QH2 showed higher amperometric response to sulfide
than PGE (Fig. 3). A relationship between the sulfide concentration
and the peak current (Ip), which was  obtained from the difference
between the observed and the background currents, was  investi-
gated. Fig. 4 clearly shows that the calibration graph consists of
two linear segments of 1–20 �M and 20–800 �M with slopes of
0.082 �A �M−1 and 0.029 �A �M−1, respectively. The calibration
curve, in the range of 1–20 �M,  was used to estimate the lower
detection limit at the PGE/QH2 surface. The limit of detection (LOD)

was found to be 0.3 �M sulfide by using the equation LOD = 3sb/m,
where sb is the standard deviation of the blank response and m
is the slope of the calibration plot (0.082 �A �M−1). The precision
of the method was  investigated by repeated measurement of the
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Table 1
A  comparison of analytical detection parameters obtained from PGE/QH2 with different modified electrodes in the literature for electrocatalytic detection of sulfide.

Modified electrode Medium Met. DP vs. Ag/AgCl LR (�M) LOD (�M) Ref.

SPE modified with Tosflex anion exchange polymer
including ferrocyanide mediator

PBS; pH 7.0 FIA Amp. +300 mV 0.1–1000 0.0089 [17]

GCE  modified cobalt pentacyanonitrosylferrate film 0.5 M KNO3 CV Anodic
potential of CV

75–770  46 [23]

GCE  modified with vanadium pentoxide 0.1 M PBS; pH 10.28 CV +600 mV – 1.9 [24]
SP  carbon electrode modified with industrially waste

cinder/tetracyano nickel
0.1 M KCl/NaOH solution; pH 10 FIA Amp. +700 mV 1–100 0.06 [25]

SP  graphite electrode modified with
hexadecylpyridinium-bis(chloranilato)–antimony
(V)

0.25  M PBS in 1 M KCl; pH 6.5 Amp. +80 mV 10–700  5 [26]

GCE  modified with a cellulose acetate polymeric film
bearing  2,6-dichlorophenolindophenol

0.25 M PBS in 0.5 M KCl; pH 7.25 FIA Amp. +80 mV 20–1000 17 [27]

SP  Pt electrode modified with
2-(4-fluorophenyl)indole-modified xerogel

0.05 M PBS in 0.05 M KCl; pH5.5 FIA Amp. +450 mV 10–2000 6 [28]

This  work (PGE modified with QH2) BRBS in 0.1 M NH4Cl; pH 8.0 Amp. +300 mV 1–20 and 20–800 0.3
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CE: glassy carbon electrode; SP: screen printed; PBS: phosphate buffer solution; B
V:  cyclic voltammetry; Amp.: amperometry; DP: detection potential of sulfide; LR

0 �M sulfide and the relative standard deviation (RSD) was found
o be 2.8%.

The  various analytical detection parameters such as detection
otential of sulfide, linearity ranges and calculated LOD obtained
rom PGE/QH2 were compared with other modified electrodes in
he previously published reports for the electrocatalytic detection
f sulfide. The results are illustrated in Table 1. As it can be seen
rom Table 1, the electrocatalytic detection potential (DP) of sul-
de at PGE/QH2 was better than the DP of the modified electrodes

n the previous reports [23–25,28]. Although the DP results for the
odified electrodes in Refs. [26,27] were better than PGE/QH2, the

roposed electrode had a better LOD and larger linearity range than
he compared modified electrodes for the electrocatalytic determi-
ation of sulfide. As a result, it can be concluded that PGE/QH2 had

 significant LOD for the detection of sulfide.
Our literature search shows that many electrochemical methods

ave been described for the determination of sulfide with or with-
ut surface electrode modification with redox mediators [16–28].
n the present study, a new modified electrode using PGE/QH2
ehaves as a highly sensitive electrochemical sensor. Additionally

hen we consider the advantages of PGE such as disposability, low

ost, easy modification, renewable surface, etc., it can be stated
hat the proposed method is very useful for the electrocatalytic
xidation and detection of sulfide. The advantages of the PGE/QH2

ig. 4. Plot of electrocatalytic response current of PGE/QH2 at 0.3 V (vs. Ag/AgCl) vs.
ulfide concentration. Inset: the corresponding linear calibration curve (1) between

 and 20 �M and (2) between 20 and 800 �M.
Britton–Robinson buffer solution; Met.: methodology; FIA: flow injection analysis;
rity range; LOD: limit of detection; Ref.: reference.

can be written as: (i) usage of cheap pencil graphite as electrode,
(ii) easy usage of electrochemical measurements, (iii) disposability,
(iv) simple pretreatment with adsorption of quercetin, (v) higher
sensitivity with a detection limit of 0.3 �M,  (vi) compatibility at pH
8.0, (vii) allows sensitive amperometric detection at +300 mV,  (viii)
produces excellent calibration curve between 1–20 and 20–800 �M
of linearity range, and ix) compatible with waste water measure-
ments without interference.

The  proposed method was  applied for the determination of sul-
fide level in domestic and tannery waste water samples. The results
for two kinds of samples are summarized in Table 2. The results
were compared with those obtained with the methylene blue spec-
trophotometric method [7]. The accuracy of the method was also
verified by the recovery studies implemented by adding standard
sodium sulfide solutions to the samples. Recoveries of 95–115%
were obtained in this study.

3.4.  Interference study

The  interference effect of various reductive species and com-
mon environmental matrix components on the signal of sulfide
was investigated in the presence of 0.1 mM Na2S. Interferents were
added at concentrations 100 times higher than the sulfide con-
centration which is much higher than those normally exist in real
samples. In the case of metal cations, 10 mM solutions of the cor-
responding nitrate or chloride salts were analyzed without sulfide
present because it is known that metal ions form insoluble sulfides.
The response for Co2+, Pb2+, Zn2+, Cu2+, Ni2+, Mn2+, Mg2+, Fe3+, Fe2+

and Ca2+ was  not detectable. On the other hand, some of these metal
ions were precipitated as their hydroxides in the supporting elec-
trolyte medium (pH 8.0 BR buffer solution). In the case of anions,
10 mM solutions of the corresponding sodium or potassium salts
were analyzed with sulfide. No interference effect was observed in
the presence of SO3

2−, SO4
2−, S2O3

2−, SCN−, NO3
−, NO2

−, CO3
2−,
I−, Cl− and F−. Only ascorbic acid, uric acid and dopamine exhibited
significant positive interference. Since these compounds are rarely
present in real sulfide samples, their interferences can be ignored.

Table 2
The  sulfide levels in anaerobic waste water samples (n = 3).

Sample Proposed method
(mg L−1)

Reference
method (mg  L−1)

Domestic waste water 20 ± 2 21 ± 2
Tannery  waste water 15 ± 1 17 ± 2
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. Conclusions

In this study, the development of a simple and highly sensitive
lectrochemical sensor for sulfide based on a new modified elec-
rode, which was easily prepared by the adsorption of QH2 on PGE
urface, was described for the first time. PGE/QH2 exhibited a good
lectrocatalytic response for the measurement of sulfide and two
inear ranges were obtained between 1 and 20 �M and between 20
nd 800 �M with a detection limit of 0.3 �M (based on 3sb). When
e take into consideration the properties of PGE, PGE/QH2 elec-

rode is a robust, sensitive, lower-cost electrode which is suitable
o construct an electrochemical sulfide sensor.
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Taylan, Anal. Chem. 75 (2003) 2181–2187.
43]  M.R. Majidi, K.A. Zeynali, B. Hafezi, Microchim. Acta 169 (2010) 283–288.
44] M. Biesaga, K. Pyrzynska, Crit. Rev. Anal. Chem. 39 (2009) 95–107.
45] P. Xiao, F. Zhao, B. Zeng, Microchem. J. 85 (2007) 244–249.
46] H.R. Zare, M.  Namazian, N. Nasirizadeh, J. Electroanal. Chem. 584 (2005) 77–83.
47]  D. Zielinska, B. Pierozynski, W.  Wiczkowski, J. Electroanal. Chem. 640 (2010)

23–34.
48] P.Y. Chen, R. Vittal, P.C. Nien, K.C. Ho, Biosens. Bioelectron. 24 (2009)

3504–3509.
49] J. Kang, L. Zhuo, X. Lu, X. Wang, J. Solid State Electrochem. 9 (2005) 114–120.
50] J.B. He, G.P. Jin, Q.Z. Chen, Y. Wang, Anal. Chim. Acta 585 (2007) 337–343.

51] J.B. Raoof, R. Ojani, M.  Amiri-Aref, F. Chekin, J. Appl. Electrochem. 40 (2010)

1357–1363.
52]  J.B. Raoof, R. Ojani, F. Chekin, J. Mater. Sci. 44 (2009) 2688–2693.
53] L. Fotouhi, L. Behrozi, M.M. Heravi, D. Nematollahi, Phosphorus Sulfur Silicon

Relat. Elem. 184 (2009) 2749–2757.


	Amperometric determination of sulfide based on its electrocatalytic oxidation at a pencil graphite electrode modified with...
	1 Introduction
	2 Experimental
	2.1 Chemicals
	2.2 Apparatus
	2.3 Preparation of the modified electrodes
	2.4 Electrochemical procedure

	3 Results and discussions
	3.1 Preparation of modified electrode and its electrochemical behavior
	3.2 Electrocatalytic oxidation of HS− at PGE/QH2
	3.3 Amperometric detection of sulfide
	3.4 Interference study

	4 Conclusions
	References


