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Abstract

A chemically modified glassy carbon electrode was developed using multi-walled carbon nanotubes covalently
immobilized with 2,6-dichlorophenolindophenol. The immobilization of 2,6-dichlorophenclindophenol with
multi-walled carbon nanotubes was characterized by UV-visible absorption spectroscopy and Fourier transform
infrared spectroscopy, and was determined using cyclic voltammetry. The cyclic voltammetric response of 2,6-
dichlorophenolindophenol grafted onto multi-walled carbon nanotubes indicated that it promoted the
electrocatalytic, sensitive and stable determination of sulfide ions. Meanwhile, the dependence of response
currents on the concentration of sulfide was also examined and was linear in the range of 1.8 pM — 2.5 mM. The
detection limit of sulfide was 1.1 pM, and RSD for 10 and 1000 puM sulfide was 1.8 and 1.3 %, respectively.
Many interfering species had little or no effect on the determination of sulfide. This procedure was applied for

determination of sulfide in water samples.
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1. INTRODUCTION

In aqueous solutions, hydrogen sulfide (H2S) is in
equilibrium with bisulfide (HS™) and sulfide ions
(S%). Sulfides are widely found in natural water
samples and wastewater and serve as a very
important pollution index for water [1-2]. Several
methods are available to measure sulfide in
aqueous mediums. A comprehensive review on
the analytical methods related to the detection of
sulfide has been reported by Lawrence et al. [3].
The direct electrochemical oxidation of sulfide is
highly irreversible with a great overpotential at
the bare electrodes. In addition, the oxidized
products of sulfide can be adsorbed on the
electrode surface, which may result in the fouling
and passivation of the electrode surface causing
poor sensitivity, selectivity and also unstable
analytical signals. The construction of chemically
modified electrodes (CME) by the attachment of a
catalytic species (organic or inorganic) to the
surface of a base electrode is one of the treatment
methods to solve these problems. Different
approaches based on redox mediators including
Cu(ll)-alizarin complexone [4], ferricyanide [5-
6], cobalt pentacyanonitrosylferrate  [7],
Cinder/tetracyano nikelate [8],
hexadecylpyridinium-bis(chloranilato)-
antimonyl(V) [9], 2,6-dichlorophenolindophenol
[10], 2-(4-fluorophenyl)indolemodified xerogel
[11], hemin functionalized reduced graphene
oxide [12], Prussian Blue [13],
hexadecachlorophthalocyanatoiron(ll) [14], N,N¢-
Diphenyl-p-phenylenediamine  [15], quercetin
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[16], vanadium pentoxide [17-19], alizarin—
reduced graphene oxide nanosheets [20],
hematoxylin [21-22] and poly-methylene blue
[23] have been utilized as
voltammetric/amperometric sensors to determine
dissolved sulfide in the aqueous mediums.

One of the common methods which is very
essential for the deposition of redox mediators
and other species onto surfaces of carbon
nanotubes (CNTs) is chemical modification
which is used for nanocatalytic applications. As
CNTs are large molecules with thousand atoms of
carbon in an aromatic delocalized system, they
are practically insoluble in all solvents, which
results in their limited application. CNT, similar
to graphite, is somewhat non-reactive, except at
the caps of nanotube, which are more reactive
because of the presence of dangling bonds.
Accordingly, functionalization of CNTs is a
compulsory task in order to increase the reactivity
leading to wider application of CNTs. Currently,
covalent and non-covalent functionalization of
CNTs using organic compounds has become the
subject of numerous studies to produce novel
nanostructures  with  new  functions and
applications particularly for modification of
electrode surfaces. Some of the previously
reported functionalization approaches have
included the origination of covalent bonds [24-
26] while others have utilized noncovalent
interactions [27-29] between modifier and CNT.
In the present study, (i) 2,6-
dichlorophenolindophenol (DPIP) as a redox
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mediator was covalently attached to the multi-
walled carbon nanotubes (MWNTS), (ii) a CME
based on this nanomediator was prepared, and
(iii) it was examined for electrocatalytic
determination of sulfide in agueous mediums.

2. EXPERIMENTAL

2.1. Materials

All reagents were of analytical reagent grade and were
used without extra purification. DPIP was purchased
from Merck, and MWNTs (95% purity) with an
average outer diameter of 3-20 nm, length of 1-10 um,
number of walls 3-15 and surface area of 350 m? g1,
were obtained from Palasmachem GmbH (Berlin,
Germany). The stock solution of NazS (0.1 M) was
prepared by dissolving NazS-9H20 crystals in a
degassed solution (0.1 M NaOH) and kept at +4°C.
This solution could be kept at most for a maximum of
one week, and iodometric method was periodically
used to standardize the solution. Phosphate buffer
solution (PBS) with pH 7.5 which contained 0.1 M KClI
was used as a supporting electrolyte for electrochemical
studies. Deionized water was also used for all the
experiments.

2.2. Apparatus

All voltammograms were recorded with a three-
electrode system: 1) an Ag/AgCl as the reference
electrode, 2) a platinum wire as the counter electrode,
and 3) a glassy carbon electrode, GCE (3 mm diameter,
Metrohm, Switzerland), modified with the following
presented procedure, as the working electrode. The
voltammetric experiments were performed using an
Autolab electroanalyser Model PG-STAT-12 which
was equipped with GPES software (version 4.9)
running under Windows XP. To adjust pH, a Metrohm
710 pH meter was applied. The characterization of the
functionalized-MWNTs was carried out using Jasco
FT-IR 4200 spectrophotometer and also Cintra 6 GBC
UV-Vis spectrophotometer. All the measurements were
carried out at room temperature (22+1 °C).

2.3. Attaching the DPIP to the MWNTSs

The raw MWNTSs were first immersed in an aqueous
HF solution to remove SiOq; then they were filtered
and washed with distilled water. To remove the metals
and amorphous carbon, they were refluxed in diluted
HNO;s for 24 h. The obtained solid was then completely
washed with deionized water and THF and dried in
vacuum. It is well known that this procedure results in
segmentation and production of -COOH groups at the
terminus and sidewalls of MWNTSs [30]. The COOH-
MWNTSs (100 mg) were suspended in an SOCI2 (25 ml)
and DMF (1 ml) solution. The suspension was then
stirred at 65 °C for 24 h. After that, the solid was
separated by filtration washed with anhydrous THF,
and dried in vacuum. It is also obvious that these
reactions cause conversion of -COOH groups at the
terminus and sidewalls of MWNTSs to —COCI groups.
Later, these COCI-MWNTs (50 mg) were added to a
solution of DPIP (100 mg) in degassed CHCIs (10 ml),
and the suspension was stirred for 20 h under N2
atmosphere at 70 °C. Finally, the solid was separated
by filtration, and washed exhaustively with THF and
CH:Cly, and dried in vacuum.

2.4. Preparation of modified electrode

First a 0.6 mg mL* DPIP-MWNT suspension was
obtained by dispersing 6 mg of DPIP-MWNT in 10 mL
of deionized water solution with the aid of ultrasonic
agitation for 20 min. Before surface modification, a 3
mm glassy carbon electrode was polished with slurries
of 0.05 mm alumina, and then it was cleaned
ultrasonically in deionized water. The DPIP-MWNT
film coated glassy carbon electrode (DPIP-
MWNT/GCE) was prepared by casting a 5 pL drop of
the 0.6 mg mL? DPIP-MWNT suspension onto the
well-polished GCE with a microsyringe. The solvent
was then allowed to evaporate under room temperature.
In a like procedure, the bare electrode was prepared
whitout using unfunctionalized MWNTS.

2.5. Electrochemical studies

The electrochemical behavior of DPIP-MWNT/GCE
was studied by recording the cyclic voltammograms in
0.1 M PBS (pH 7.5) including 0.1 M KCI at a scan rate
of 50 mV s1. The effect of the scan rate on the peak
potentials and peak currents was investigated by
recording the cyclic voltammograms of the DPIP-
MWNT/GCE at different scan rates in the potential
range between -0.200 and +0.250 V. Moreover, the
effect of pH between 4.5 and 9.5 on the peak potentials
of the modified electrodes was also investigated at a
scan rate of 50 mV s The electrocatalytic oxidation of
sulfide at the DPIP-MWNT/GCE was investigated by
cyclic voltammetry and hydrodynamic amperometry
through the addition of a freshly prepared sulfide
solution to the supporting electrolyte solution. The
supporting electrolytes were deaerated by allowing
highly pure nitrogen to pass through for 5 min before
all the electrochemical experiments.

3. RESULT AND DISCUSSION

3.1. Characterization of MWNT functionalized
with DPIP

With the aid of the previous procedure, the
functionalization of MWNTs with DPIP was
carried out [31]. The reaction scheme is shown in
Fig. 1.
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Fig. 1 Anchoring the DPIP to the MWNTSs
To investigate the interactions between MWNT

and DPIP, UV-visible absorption measurements
were used. The UV-visible absorption spectra of
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DPIP and DPIP-MWNT suspended solutions are
shown in Fig. 2a and b, respectively. It was
discovered that the UV-visible spectrum of the
pure DPIP had one distinctive absorption peak in
visible region around 592 nm. Moreover,
observing this peak in DPIP modified MWNTSs
solution indicated the existence of DPIP
molecules on MWNTS. The clear red shift for this
peak also provided additional verifications for the
immobilization of DPIP with MWNTSs. These
observations are in good accordance with the
earlier reports [30-31].
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Fig. 2 UV-visible absorption spectra of (a) DPIP in
aqueous solution, (b) DPIP-MWNT  suspended
solution, (c) MWNT suspended solution and (d)
deionized water.

Fig. 3a, b and ¢ show the Fourier-transformed
infrared spectra of as DPIP, carboxylated
MWNTs and DPIP functionalized MWNTS,
respectively. The COOH-MWNTSs yielded three
major peaks at wave numbers near 1400, 1700
and 3500 cm, which were related to aromatic
—C=C groups, carbonyl groups (—C=0) from
carboxylic acids (—COOH), and alcoholic groups
(-COH) or hydroxyl groups (—OH) from
carboxylic acids [30,32], respectively.
Meanwhile, the FT-IR spectra of DPIP-MWNT
performed similar bands under 1600 cm* and also
a band at 2900 cm?® when MWNTs were
functionalized with DPIP. These bands were also
exhibited with DPIP [33] which looked like those
in the presence of DPIP modified onto MWNT
surface.

3.2. Electrochemical behavior of modified
electrode

Cyclic voltammetric tests were performed to
investigate the electrochemical behavior of the
DPIP-MWNT/GCE. The cyclic voltammograms
(CVs) are shown in Fig. 4. The figure shows the
electrochemical behaviors of bare GCE (curve a),
MWNT/GCE (curve b) and DPIP-MWNT/GCE
(curve c) in a 0.1 M phosphate buffer solution
(pH 7.5). As seen, the bare GCE basically
displayed no voltammetric reactions in the studied
potential range while a pair of unclear and

negligible redox peaks were noticed for
MWNT/GCE. These peaks were stable over
reiterative cycling and were associated with the
existence of oxygen containing functional groups
in the oxidized sample of MWNT.
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Fig. 3. The Fourier-transférmé‘d infrared spectra of as
(@ DPIP, (b) carboxylated MWNTs and (c) DPIP
functionalized MWNTSs.
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Fig. 4 The CVs (50 mV/s) in a 0.1 M PBS with pH=7.5
for (a) bare GCE, (b) MWNT/GCE, (c) DPIP-
MWNT/GCE, (d-f) a-c with 5 mM sulfide in solution.
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During acid purification of MWNT, these
functional groups were created specially at
surface handicaps (e.g., open ends of carbon
nanotubes). Certainly, the presence of surface
handicaps was responsible for electron transfer
and chemical reactivity of carbon nanotubes. The
catalytic active surface of nanotubes caused the
large background current [30, 32]. MWNTSs had
very high aspect ratio because of the diameters in
the range of 10-20 nm, and up to several microns
in length have very high aspect ratio (length
versus diameter). Therefore, the surface area of
the electrode was large. Thus, the background
current at the MWNT immobilized electrode was
greater than that at the bare surface. DPIP-
MWNT/GCE showed a couple of reversible
reduction and oxidation peaks with cathodic and
anodic peak potentials at -0.014 and +0.066 V
(vs. Ag/AgCI), respectively. The appearances of
the anodic and cathodic peaks were closely
symmetrical, and the reduction and oxidation
peaks had equal heights (AE,=80 mV value
proposes that DPIP undergoes a quasi-reversible
redox reaction at the electrode).

To confirm the association between current
response and surface confined DPIP molecules,
we performed a study to check the dependence of
the peak currents on the scan rate. Fig. 5A
displays the CVs of DPIP-MWNT/GCE obtained
at 9 different scan rates. It was observed that the
peak current increased linearly with increasing
scan rate, while AE, also increases. The I and Ipa
vs. v plot shown in Fig. 5B display linear
correlations representing that the redox reaction
was a surface confined process. Consequently,
DPIP immobilized onto the surface of MWNTSs
underwent electron transfer reactions. Since the
surfaces of MWNTS were recognized to improve
many electrochemical reactions, the easy electron
transfer reaction happened.

Furthermore, increasing the scan rates, the
reduction peak shifted to more negative potentials
although the oxidation peak shifted to more
positive potentials.  Through the theory of
Laviron [341], the anodic and cathodic peak
potentials were linearly dependent on the
logarithm of scan rates when AEp > 200/n. A plot
of Ep versus log v (Fig. 5C) provided two straight
lines with slope of -2.3RT/onF for the cathodic
peak and 2.3RT/(1 - a)nF for the anodic peak so
that o could be evaluated as 0.55 from the slope
of the straight lines based on the following
equation:

Vg a

—=_— 1)

Ve 1-a

The rate constant of electron transfer (ks) was

evaluated to be 1.61 s according to the equation:
k. = anFu; _ (1—a)nFvog (2)
= e _ LT

RT RT

The surface concentration of electroactive species
could be estimated from the slope of the plot of
peak currents versus scan rate. By the Sharp
equation [34], the peak current was related to the
surface concentration of electroactive species:
n2F2Arv

Ip = T arr ©)
where n depicts the number of electrons involved
in reaction (two for DPIP), A the surface
geometrical area (0.07065 cm?), I" (mol cm™2) the
surface coverage and other symbols have their
normal meaning. The surface concentration of
DPIP was calculated 2.7 x 10° mol cm™2 from the
slope of anodic peak currents versus scan rate
(Fig. 5B).
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Fig. 5 The CVs of the DPIP-MWNT/GCE in 0.1 M
PBS with pH=7.5 at different scan rates (a-i): 10-160
mV/s (A). Plots of anodic and cathodic peak currents
vs. potential scan rates (B). Plots of anodic and
cathodic peak potentials vs. logarithm of scan rates (C).

To confirm the effect of pH on the peak potentials
of the modified electrodes, the cyclic
voltammograms of DPIP-MWNT were recorded
in buffer solutions containing 0.1 M KCI of pH
values between 4.5 and 9.5 at a scan rate of 50
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mV s'. Cathodic and anodic peak potentials of
DPIP are shifted to less positive potentials when
the pH increased (curves a Fig.6A). As shown in
(Fig. 6B), the relevance between pH and anodic
peak potential of DPIP was linear with a slope of
—67.9 mV per unit of pH which was very close to
the predicted Nernstian value of —59 mV.
Consequently, it was observed that the number of
transferred electrons and protons was equal in the
DPIP electrochemical reaction. Our results were
also in agreement with other achievements, in
which the number of electrons and protons was
found to be 2 for DPIP oxidation at different
electrodes [10, 35].
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Fig. 6 The CVs of the DPIP-MWNT/GCE in 0.1 M
phosphate solutions containing 0.1 M KCI at different

pHs. Curves (a) are without sulfide ions and curves (b)
are with 5 mM sulfide ions in solutions.

3.3. Sulfide electrocatalytic determination at
DPIP-MWNT/GCE

In the presence of sulfide at a DPIP-
MWNT/GCE, the anodic peak of DPIP
significantly increased with a decrease in the
cathodic peak current (curve f Fig.4). This
showed that the oxidation reaction of sulfide
happened on the MWNT surface through DPIP as
a mediator. Thus, under the same experimental
conditions, an unfunctionalized MWNT/GCE

(curve e) and bare GCE (curve d) were subjected
for the oxidation of sulfide. Direct sulfide
oxidation on these electrodes occured in more
positive potentials and also with lower anodic
currents.  Consequently,  mediated  sulfide
oxidation on the DPIP-MWNT surface could
provide a better sensitivity but also avoid the
interference  of other easily  oxidizable
compounds.

Furthermore, the effect of pH on the DPIP-
MWNT/GCE electrocatalytic  behavior was
studied. As shown in Fig. 6A (curves b), the best
shape and highest electrocatalytic current was
observed at pH=7.5.

Then, hydrodynamic amperometry at the DPIP-
MWNT/GCE  was studied for  sulfide
determination. Under a detection potential of
0.100 V in pH 7.5 of PBS and, a linear calibration
in the range of 1.8 UM up to 2.5 mM was
acquired with a current sensitivity of 52 WJA/mM
and regression of 0.995. By continuous eight
additions of 10 and 1000 uM sulfide, RSDs were
obtained of 1.8 and 1.3 %, respectively. Using the
equation LOD = 3sy/m, the detection limit (D.L.)
was found to be 1.1 uM sulfide where sy is the
standard deviation of the blank response and m is
the calibration plot slope.

3.4. Chronoamperometric and RDE voltammetric
studies

The sulfide diffusion coefficient was calculated
by the catalytic oxidation of sulfide through the
DPIP-MWNT/GCE using chronoamperometric
method. As shown in  Fig.7A, the
chronoamperograms ~ demonstrated  that an
increase in anodic peak current achieved for a
potential step of 0.100 V. The diffusion
coefficient, D, was described through the Cottrell
equation when the oxidation current for the
electrochemical reaction of an electroactive
material was controlled under mass transfer.

| _ nFAD’iC”

7 4)
The plot of I against t*2 would be linear, and
from the plot slope value, the diffusion
coefficient, D, could be calculated. Fig. 7B shows
the experimental plots with different sulfide
concentrations. Then the resulting straight line
slopes were plotted wversus the sulfide
concentrations (Fig. 7C). So,the diffusion
coefficient was calculated as 1.06x10° cm? s
from the slope of this straight line.
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Fig. 7 (A) Chronoamperometric responses of DPIP-
MWNT/GCE in 0.1 M PBS (pH 7.5) at potential step
of 100 mV for different concentrations of sulfide. The
curves (a)-(e) correspond to 0.1, 0.5, 1.0, 1.5 and 2.0
mM sulfide. (B) Plots of current vs. t™'2 obtained from
the chronoamperograms shown in (A). (C) Plot of the
slopes of the straight lines shown in (B) against the
sulfide concentration.

In addition, RDE voltammetry was used to
evaluate the electrocatalytic activity of DPIP-
MWNT/GCE for sulfide oxidation. The steady-
state I-E curves were recorded for the sulfide
oxidation. Fig. 8A shows the RDE
voltammograms at rotation speed range 300 -
1750 rpm for 1.0 mM sulfide. If the sulfide
oxidation at the DPIP-MWNT/GCE is just
controlled by the process of mass transfer in the
solution, the relevance between the limiting
current and rotating speed should otain by the
Levich equation [34]:

.., =0.62nFAD %y 02C" ©)
where D is the diffusion coefficient, y is the
kinematic viscosity, o is the RDE rotation speed
and C” is the bulk concentration of the reactant
(sulfide) in the solution. All other symbols have
their usual meanings. According to Eq. (5), the
plot of limiting current I e, as function of the '/

should be a straight line. As shown in Fig. 8B,
through the Levich plot, at 0.100 V, the current
increased with the increasing rotation speed of the
electrode. For the reason that, the oxidation rate
of the DPIP at the electrode and the mass
transport of sulfide from bulk solution to the
surface of electrode at 0.100 V, can be fast, this
would propose that the sulfide catalytic oxidation
is the rate-determining step. Therefore, to caculate
the reaction rate constant (k¢) between combined
DPIP and sulfide, the Koutecky-Levich equation
(Eq. 6) can be applied:

[1,,]" =[NFACKI'T* +[0.62nFAD?y % /2C "] ©)

The plot of Koutecky-Levich is shown in Fig. 8C
obtained from the data in Fig. 8B. This plot shows
the predicted linear relevance between I and o
Y2 From the intercept of plot in Fig. 8C, the rate
constant, k., was found to be 1.75x10¢ cm® mol*
st
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Fig. 8 (A) RDE voltammograms for the oxidation of
1.0 mM sulfide at the DPIP-MWNT/GCE in 0.1 M
PBS (pH 7.5). The rotation speeds from (a) to (h) are
250, 500, 750, 1250, 2000, 3000, 4000 and 5000 rpm,
respectively, with a scan rate of 5 mVs™!. (B) shows the
Levich plot for catalytic oxidation of sulfide at 0.1 V.
(C) Koutecky—Levich plot for 1.0 mM sulfide at the
DPIP-MWNT/GCE at oxidation potential of 0.1 V.



M. mohadesi et. al/ The Application of 2,6-Dichlorophenolindophenol-Functionalized .... | 43

3.5. Interference and real sample studies

The influence of various species interference and
common components of environmental matrix on
the signal of sulfide was analyzed in the presence
of 0.2 mM NayS. For metal cations, 2 mM
solutions of the relevant salts of nitrate or chloride
were analyzed without sulfide because it is
declared that metal ions compose insoluble
sulfides. The response for Mn?*, Zn?*, Mg?*, Co?*,
Pb%, Na*, Ca®*, Fe**, Fe** and Cu?* was not
detectable. For anions, 2 mM solutions of the
relevant sodium or potassium salts were analyzed
with sulfide. In the presence of SO3?", SO, ,
S,03%7, SCN, NO3 7, NO;, COs*,I, CI and F,
no interference effect was noticed. Additionally,
no effect of interference was observed in the
presence of uric acid, dopamine, acetaminophen
and epinephrine. Just ascorbic acid and cysteine
demonstrated serious positive interference with
recoveries of 182 and 149 %, respectively. But
their interferences can be ignored, because these
compounds are rarely present in real sulfide
samples. The following system for practical
application was used to determine the sulfide
content in ground and waste waters. It was carried
out by spiking known amounts of sulfide in these
real samples, without any sulfides, and their
results for various matrices are resumed in Table
1. These conclusions confirm the practical
application of the present procedure in sensor
application.

Table 1. Determination of sulphide in water samples.

Sample Added Taken sulfide  Recoveries

sulfide (um) @ (%)
(1M)
Waste 0 No detect -
water
10.0 10.1+£0.2 101.0
1000.0 10149+ 1015
194
Ground 0 No detect -
water
10.0 10.3+0.1 103.0
1000.0 1016.8 + 101.7
17.3

@ Average of three runs + standard deviation

4. CONCLUSION

The MWNTs covalently bonded by DPIP were
successfully  achieved by the chemical
modification methods. This functionalized
MWNT was utilized to modify the surface of
glassy carbon electrode, and its electrochemical
behavior was examined in aqueous solutions. This
modified electrode was tested for electrocatalytic
sulfide determination in aqueous medium.
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