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Abstract A decorated glassy carbon (GC) electrode
with functionalized multi-walled carbon nanotube (CNTSs)
and ruthenium red (RR) has been used for simultaneous
determination of hydroquinone (HQ) and catechol (CC).
The electrocatalytic behaviors of the GC/CNTs—RR were
studied in acetate buffer solution with pH 4.5 by differ-
ential pulse voltammetry and chronoamperometry tech-
niques. Due to the excellent electrocatalytic activity and
enhanced electrical conductivity of the CNTs-RR, the
simultaneous determination of HQ and CC with two well-
defined peaks was achieved at the GC/CNTs—RR modi-
fied electrode. The catalytic peak currents linearly depend
on the HQ and CC concentrations in the range of 1.3—
433.3 uM with the sensitivity of 5.0 uA uM~! cm~? and
7.45 uA uM~! cm™2, respectively. The detection limits for
HQ and CC were obtained 0.21 and 0.18 uM. The diffusion
coefficient for the oxidation of HQ and CC at the modi-
fied electrode was calculated as 1.06 & 0.05 x 107° and
1.76 + 0.07 x 107 cm? s~!, respectively. The proposed
sensor was successfully examined for real water samples
analysis and revealed stable and reliable recovery data.
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Introduction

Phenolic compounds are ubiquitous in nature since they
are formed during biological degradation processes. These
compounds are used in a large number of industries, such
as coal mining, oil refinery, paint, polymer and pharmaceu-
tical preparation [1]. The two most significant isomers of
phenolic compounds are hydroquinone (1, 4-dihydroxy-
benzene, CgHO,) (HQ) and catechol (1, 2-dihydroxyben-
zene, C¢H¢O,) (CC), which are considered environmental
pollutants by the US Environmental Protection Agency and
the European Union [2]. Their simultaneous determination
is of great necessity for environmental analysis because
they coexist in environmental samples and are difficult to
degrade as environmental pollutants with high toxicity [3,
4]. The CC is also found in cigarette smoke [5] and studies
show that it induces damage to DNA and can cause can-
cer in humans [6, 7]. Therefore, it is necessary to develop
simple, cheap and rapid analytical method for speciation
of dihydroxybenzene isomers. So far, many methods have
been established for their determination, including liquid
chromatography [8, 9], synchronous fluorescence [10],
chemiluminescence [11, 12], spectrophotometry [13], gas
chromatography/mass spectrometry [14], pH based-flow
injection analysis [15], capillary zone electrophoresis [16]
and different electrochemical methods [17-24]. Electro-
chemical methods possess some advantages such as facile
and fast operation, low maintenance costs and high sen-
sitivity. However, a major problem is that the oxidation—
reduction peak potentials of the isomers are too close at
an unmodified electrode, which results in overlapping vol-
tammetric responses making their discrimination highly
difficult. A chemically modified electrode is an excellent
approach to address the signal separation problem by intro-
ducing a modifier with which the extent of the interaction
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Fig. 1 The chemical structure of Ruthenium Red

differs significantly from analyte to analyte. There are
some motivations behind the modification of the solid elec-
trode surface such as improving electrocatalysis property,
decreasing of surface fouling and prevention of undesirable
reactions competing kinetically with the desired electrode
process. Hence, various modified electrodes have been
constructed for the determination of HQ and CC such as
modified glassy carbon electrode (GCE) by poly(3,4-eth-
ylenedioxythiophene)/nitrogen-doped graphene [20], poly-
amidosulfonic acid-CNTs [25], ionic liquid-modified car-
bon paste electrode [26], poly(p-aminobenzoic acid [27],
penicillamine) [28], Zn/Al-layered double hydroxide film
[29], boron-doped diamond [30].

The carbon nanotube (CNTs), a new form of elementary
carbon, is composed of graphitic sheets rolled into closed
concentric cylinders with diameter of nanometers and length
of micrometers [31]. Since the discovery of CNTs in 1991
[32], numerous investigations were focused on the stud-
ies of their properties and applications [33-35]. The subtle
electronic properties suggest that CNTs have the ability to
promote charge-transfer reactions when used as an electrode
[36, 37]. It has been reported that carbon nanotubes-modi-
fied electrodes were successfully applied to study and deter-
mine many biological and organic molecules [38—42].

Ruthenium Red (ammoniated ruthenium oxychloride),
(RR) is an inorganic dye (see Fig. 1) and it is used in his-
tology to stain aldehyde-fixed mucopolysaccharides and
it is used as a pharmacological tool to study specific cel-
lular mechanisms. Selectivity is a significant issue in such
studies as RR is known to interact with a large number of
proteins [43]. It is a potent inhibitor of intracellular cal-
cium release by Ryanodine receptors and displays nanomo-
lar potency against several of its binding partners such as
TRPV4, Ryanodine receptors [44].

To the best of our knowledge, no study has been reported
for the electroanalysis and simultaneous determination of
HQ and CC using a modified GC electrode by CNTs—RR
nanocomposite. This paper includes the preparation of a
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new modified GC electrode based on CNTs—RR dispersed
in Nafion (NF) for the electroanalysis and simultaneous
determination of HQ and CC. The voltammetric peaks of
HQ and CC were well-defined at the proposed modified
GC electrode. Low detection limits and high sensitivity for
these two species were obtained due to the high electro-
catalytic properties of RR. We evaluated analytical perfor-
mance of this sensor for simultaneous determination of HQ
and CC by differential pulse voltammetry (DPV). Finally,
this sensor has been used for the determination of these
compounds in real samples.

Experimental
Reagents and solutions

The HQ and CC were purchased from Sigma-Aldrich and
used as received. A 1.0 x 107> mol L™' HQ and CC solution
was prepared daily by dissolving appropriate amount of HQ
and CC in water and the solution was diluted to 100 mL with
water in a 100 mL volumetric flask. The solution was kept in
a refrigerator in dark. Inorganic dye-ammoniated ruthenium
oxychloride, a polycationic dye, was purchased from Merck.
Nafion (5%) was purchased from Aldrich. Multi-walled car-
bon nanotubes with nanotube diameters, OD = 20-30 nm,
wall thickness = 1-2 nm, length = 0.5-2 wm and purity of
>95% was purchased from Aldrich. Dichloroacetic acid, chlo-
roacetic acid and acetic acid were purchased from May &
Bayker and Merck company. Dichloroacetic acid (pK, = 1.26)
was used for preparation of buffer solutions between pH 1.0
and 1.8, it was prepared by adjusting it to desired pH with
0.1 mol L' NaOH solution. In a same way, chloroacetic
acid (pK, = 2.87) for pH between 1.8 and 3.8 and acetic acid
(pK, = 4.76) for pH between 3.8 and 5.6 were used.

Apparatus

Electrochemical measurements were performed with an
SAMAS500 Electroanalyser (SAMA Research Center, Iran)
controlled by a personal computer. The three-electrode cell
system consisted of GCE glassy carbon working electrode
with diameter 2 mm as working electrode, a saturated calomel
electrode (SCE) as reference electrode and a Pt-wire electrode
as auxiliary electrode. All the electrochemical experiments
were carried out under a pure nitrogen atmosphere at room
temperature. TEM images were taken using a Philips CM120
transmission electron microscopy with 2.5 A resolution.

Preparation of the modified electrode

Functionalized CNTs were first subjected to the oxida-
tive pretreatment by vigorously stirring in a mixture of
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concentrated sulfuric acid and nitric acid with the volumet-
ric ratio of 3:1 at room temperature for 24 h. This pretreat-
ment removes impurities and generates sufficient functional
groups on the surface of CNTs [42]. The treated CNTs were
filtered by centrifugation (2,000 rpm) and washed with
double distilled water until the pH of the filtrate reached
7. After further washing and drying, 25 mg of CNTs was
sonicated in 1.0 mL of RR solution (0.004 M) and 50 pL
NF for 2 h. This mixture was denoted as CNT-RR-NF
and used for electrode modification. The GC/CNTs—NF
and GC/RR-NF were also prepared with the same method.
The glassy carbon (GC) electrodes with 0.0314 cm? surface
area were polished with 0.05 pm alumina slurry to a mir-
ror finish surface and then, they were rinsed with distilled
water. The GC was subsequently sonicated in a mixture of
water:ethanol (9:1 v/v) for 3 min. The GCE was cleaned
and activated in an electrochemical cell containing 1.0 M
of deoxygenated H,SO, using cyclic voltammetry between
—1.5 and +1.5 V at a scan rate of 100 mV/s until a sta-
ble cyclic voltammetric profile (%15 times) was obtained.
The clean GCE was coated by casting 5.0 uL. of the CNT-
RR-NF or CNTs—NF suspension and then put the electrode
under infrared radiation for fast drying. This modified GC
electrode was denoted as GC/CNTs—RR-NF. When not in
use, the modified electrode was stored in double distillated
water (DDW). The GC/RR-NF and GC/CNTs-NF were
also prepared with the same method.

Results and discussion
TEM characterization

Figure 2 shows the TEM images of prepared CNTs—RR—
NF and CNTs-NF. In the presence of NF, the CNTs and
CNTs-RR are not aggregated. The probable reason is that
NF as a polymer can interact with CNTs and make heavily
entangled CNTs bundles from finer bundles.

Electrochemical properties of GC/CNTs—RR-NF

Cyclic voltammograms of GC/CNTs-RR-NF in ace-
tic acid buffer solution (AABS) (pH 4.5) at different scan
rates are shown in Fig. 3a. A pair of reduction and oxida-
tion peak at -0.193 and -0.36 V with potential peak sepa-
ration AE, = —0.17 V was obtained. The correspond-
ing plot for the anodic peak current (,,) and cathodic
peak current (Ipc) as a function of scan rate (v) (see
Fig. 3b) was linearly dependent on the scan rate (v) over
the range of 25-800 mVs~!, with the regression equa-
tion Ipa (uA) = 0.2159v + 14.27 (correlation coeffi-
cient, R = 0.9919) and Ipc (uA) = —0.2341v — 19.93
(R* = 0.9901), indicating a surface-controlled electrode

Fig. 2 TEM image of CNT-RR-NF (Inset, CNTs—NF)
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Fig.3 a CVs of GCE/CNTs-RR-NF electrode in AABS with pH 5.5
at various scan rates (from inner to outer curve): 25, 50, 75, 100, 200,
250, 300, 350, 400, 450, 500, 600, 650, 700, 750 and 800 mV s~'.
bThe plot of peak currents vs. scan rates

processes. From the behavior of the modified GCE with
scan rate, we can conclude that the electrode reaction
was a diffusionless system and a quasi-reversible electron
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Fig. 4 aDPV at BGCE, b
GCE/RR-NF, ¢ GCE/CNTs—
NF, d GCE/CNTs-RR-NF

and e CVs (/) at GC without
analyte, (2) at GC and (3) at
GCE/CNTs-RR-NF electrodes
in the presence of HQ and CC
(133.3 uM) in AABS (0.1 M)
atpH 4.5
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transfer. The peaks can be attributed to redox reaction of
RR ([Ru™-Ru!V-Ru™]) adsorbed in GC/CNTs—RR-NF to
RR-brown ([RulY—Ru™-Ru'"]), assumed to be a one-elec-
tron transfer [45]:

6+
[(NH3)5RuHI—O—RuW(NH3)4—0—RuHI(NH3)5]

—

7+
[(NH3) sRu'Y —0—Ru" (NH3),—0—Ru!Y (NH3)5] +e”
(H

An approximate estimate of the surface coverage of the
electrode was made by adopting the method used by Sharp
et al. [46]. Therefore, the peak current must be related to
the surface concentration of electroactive species, I', fol-
lowing Eq. (2):

I (n2F2AFU) J4RT

2
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where n represents the number of electrons involved in the
reaction, A is the geometric surface area of the electrode
(0.0314 cm?), I" (mol cm™?) is the surface coverage, v is
the scan rate, and R, F and T have their normal meanings.
From the slope 0.214 of anodic peak currents vs. scan rate
(Fig. 3b), the calculated surface concentration of RR in
CNTs-RR-NF is 7.15 x 10~ mol cm™* for n = 1.

Differential pulse voltammetric studies of HQ and CC

Figure 4 shows the DPVs of HQ and CC (126.6 uM each) in
0.1 M AABS with pH 4.5 at bare GC electrode (BGC) and
GC/RR-NF, GC/CNTs-NF and GC/CNTs—RR-NF-modified
electrodes. BGC, GC/RR-NF and GC/CNTs-NF electrodes
showed a weak oxidation peak for a mixture of HQ and CC
at 045, 04 and 0.27 V, respectively (see Fig. 4a—c). Fig-
ure 4d shows the two oxidation peaks for HQ and CC at 0.118
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and 0.229 V, respectively, with enhanced oxidation current
response at the GC/CNTs—RR-NF electrode. Also, the peak
at —0.30 V for RR redox couple was decreased. The separa-
tion of oxidation peak potential of HQ and CC was of 111 mV
which was enough for the simultaneous determination of this
binary mixture of HQ and CC. Based on Fig. 4b, d, oxidation
peak of the RR is observed at —0.30 V on GC/RR-NF and
GC/CNTs-RR-NF-modified electrodes. The oxidation peak
current of RR using CNTs—RR-NF nanocomposites (Fig. 4d)
was apparently higher than of RR—NF (Fig. 4b), showing the
reinforcing effect of CNTs. Accordingly, CNTs—RR-NF com-
posites can be used as promising materials for simultaneous
determination of HQ and CC. The coupling of CNTs with RR
has been shown to provide a cooperative and synergistic effect
which can enhance the overall efficiency of the electrooxida-
tion process. Also, Fig. 4e shows the cyclic voltammograms
(CVs) in absence (see Fig. 4e;) and a mixture of HQ and CC
at unmodified GC electrode and modified GC/CNTs—-RR—
NF electrode. Due to comparison of proposed modified GC/
CNTs—RR-NF electrode with unmodified GC electrode, GC
shows just one oxidation peak for a mixture of HQ and CC
at 0.52 V (see Fig. 4e,). It is impossible to distinguish the
oxidation potential of HQ and CC in the GC electrode. This
revealed that the GC electrode is not suitable for the selective
and stable determination of HQ and CC. Figure 4e; displays
the CVs of a mixture of HQ and CC at GC/CNTs—RR-NF
electrode. This modified electrode oxidized HQ and CC in
two well-defined CV anodic peaks at 0.164 and 0.275 V and
cathodic peaks at 0.073 and 0.186 V with enhanced oxidation
current response for HQ and CC, respectively.

Furthermore, the oxidation peaks of HQ and CC were
more stable at the GC/CNTs—RR-NF electrode in the sub-
sequent cycles. The mechanism of this phenomenon can be
written as follows:

2RuM—RuV —Ru™ — 2¢ — 2Ru!Y —RuM—Ru'Y (3)

2Ru"Y —Ru™—Ru'"Y + HQgeq(or CCreq) —

4
2RuM—Ru™V —Ru" + HQq, (or CCoy) @

These results showed that the electrooxidation of HQ
and CC can be catalyzed by RR coupled as a mediator at
the surface of the modified electrode.

The effect of pH on the oxidation of HQ and CC

The pH of the solution has a significant effect on the HQ
and CC electrooxidation because protons participate in the
electrode reaction [47]. The effect of pH on the oxidation
of HQ and CC at GC/CNTs—RR-NF was investigated at pH
levels ranging from 1.5 to 5.5 of buffer solution (0.1 mol
L~!) by DPVs. The results are shown in Fig. 5. Based
on the results, the peak currents of HQ and CC increase
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Fig. 5 a Effect of pH on the peak separation and peak current for the
oxidation of HQ and CC (126.6 uM); pH = 1.5-5.5. b Plot of peak
currents vs. pH and ¢ Plot of peak potential currents vs. pH

slightly with an increase in the pH from 1.5 to 4.5 and then
the peak current decreases with increase of the pH until it
reaches to 5.5 (Fig. 5b). It can be seen from Fig. 5a that
the highest peak current was obtained at pH 4.5 for both
compounds. It was observed that as pH of the medium was
gradually increased, peak potentials for the oxidation of
HQ and CC shifted towards less positive values, showing
that protons have taken part in their electrode processes.
This was expected because of the participation of proton(s)
in the oxidation reactions of HQ and CC. The oxidation
reaction can be explained as follows:

Red — mH" — ne = Ox ®)

where Red stands for HQ and CC; Ox stands for the
responding products; m and n are the number of protons
and electrons involved in the reaction, respectively. The
anodic peak potentials for peak Red, is given by:

2.303mRT
" pH

nF ©)

E[/)(Red) = Ep(Red, pH=0) —

where E,req, pn—o) 18 the anodic peak potential for Red at
pH = 0.0, and R, T, and F have their usual meanings. The
value of theoretical slope, (— %), was found to be
0.059(%) V/pH. Plot of E', vs. pH for HQ and CC in the
working pH range is shown in Fig. 5b. As can be seen the
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E/p of both compound have linear relationship with pH of
the buffer solution regarding following equations (Fig. 5b):

HQ: Ej(V) = 0.402 — 0.064pH(R* = 0.999) %)

CC : E}(V) = 0.502 — 0.063pH(R? = 0.998) ®)

Based on Eqs. 7 and 8, E'geq, for HQ and CC were
shifted to negative potentials. Regarding the observed
slopes of 0.064 and 0.063 mV/pH for HQ and CC, the val-
ues were close to the anticipated Nernstian value for a two-
electron, two-proton electrochemical reaction [48]. These
results suggest that oxidation of HQ and CC involves an
equal number of protons and electrons (m = n). It can be
concluded that equal number of electrons and protons are
involved in the electrode reactions.

Out of these, acetate buffer solution with pH 4.5 gave
the best response in terms of peak current and peak shape
and negative shifts, hence was chosen as optimal pH for
further studies.

Interference studies

To demonstrate the selectivity of the method for the simultane-
ous determination of HQ and CC, the influence of potentially
interfering substances on the determination of these com-
pounds was investigated. In each experiment, the concentra-
tion of one species changed, while the concentrations of the
other one were kept constant. The results are shown in Fig. 6a,
b. Examination of Fig. 6a shows that the peak current of HQ
increases with an increase in HQ concentration when the con-
centrations of CC are kept constant. Although the charge cur-
rent was enhanced after HQ was oxidized, the peak currents
of CC did not change. Similarly and obviously, as shown in
Fig. 6b, when keeping the concentration of the HQ constant,
the oxidation peak currents of CC were positively propor-
tional to its concentration, while oxidation peak currents of
HQ did not change (see Fig. 6b). The corresponding plot for
the peak current as a function of concentration is shown as
inset in Fig. 6¢c and d was linearly dependent on concentration
over the range of 0.0-283.3 and 0.0-350 puM for HQ and CC,
respectively. Also, the influence of various foreign species on
the determination of 50.0 umol L™' HQ and CC were inves-
tigated. The tolerance limit was taken as the maximum con-
centration of the foreign substances, which caused an approxi-
mately +5% relative error in the determination of compounds.
The results of this investigation are summarized in Table 1.

Simultaneous determination of HQ and CC

The DPV was performed to investigate the relation-
ship between the peak current and concentration of two
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Fig. 6 DPVs at the GC/CNT-RR-NF electrode in 0.1 M pH 4.5
AABS a containing CC (133.3 uM and different concentrations of
HQ (from inner to outer): HQ (0.0, 10.0, 16.6, 23.3, 30.0, 36.6, 43.3,
50.0, 56.6, 66.6, 83.3, 100.0, 116.6, 133.3, 150.0, 166.6,183.3, 200.0,
216.6, 233.3, 250.0, 266.6, 283.3), b containing HQ (133.3 uM and
different concentrations of CC (from inner to outer): CC (0.0, 6.6,
13.3, 20.0, 26.6, 33.3, 40.0, 46.6, 53.3, 70.0, 86.6, 103.3, 120.0,
136.6, 153.3, 170.0,186.6, 200.0, 216.6, 233.3, 250.0, 266.6, 283.3,
300.0, 316.6, 33.3, 350.0) Insets: ¢ Plots of I vs. concentrations of
HQ and CC

Table 1 Effect of interferences on determination of 50.0 uM HQ and
CcC

Foreign compound Foreign compound / Recovery (%)
HQ and CC ratio

K* 100 97.3
Th* 100 96.0
Ca* 90 98.0
Mg** 80 99.4
Zn** 95 98
AP 100 95.7
Cr 100 96.9
NO; 100 101.6
SO¥ 100 97.0
Fe*t 85 98.2
Resorcinol 100 99.2
Ascorbic acid 100 98.7
Urea 100 97.8

dihydroxybenzene isomers due to its higher sensitivity. As
shown in Fig. 7, the DPV curves showed two well-distin-
guished oxidation peaks. Voltammograms clearly show
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Fig. 7 a Chronoamperograms obtained at GC/CNTs—RR-NF in
0.1 M AABS (pH 4.5) for different concentration of HQ. The num-
bers 1-5 correspond to: 0.1, 0.3, 0.5, 1.0 and 1.5 mM of HQ. Insets b
Plots of I vs. t~'? obtained from chronoamperograms 1-5. ¢ Plot of
the slope of the straight lines vs. HQ concentration

that the plot of the peak current versus HQ and CC con-
centration is composed of two linear segments with differ-
ent slopes (see Fig. 7c, d). The electrocatalytic peak cur-
rents for oxidation of HQ and CC at the surface of GC/
CNTs—RR-NF were linearly dependent on the HQ and CC
concentrations, over the range of 1.3-433.3 uM with detec-
tion limit 0.21 and 0.18 pM for HQ and CC, respectively.
For 7 successive determinations of 66.6 uM of HQ and
CC, the relative standard deviations were 2.6 and 2.1 %,
respectively. The results of the calibration characteristics
at GC/CNTs—RR-NF electrode are presented in Table 2.
These results show that the proposed electrode can be used
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Fig. 8 a DPVs of the mixtures of, HQ and CC at the GC/CNTs—
RR-NF electrode in AABS (pH 4.5). Concentrations from inner
to outer of curves: HQ and CC (0.0, 1.3,3.3,6.6,13.3, 20.0, 23.3,
26.6, 33.3, 40.0, 46.6,53.3,60.0, 66.6,73.3, 83.3, 93.3, 100.0, 116.6,
133.3,150.0,166.6,183.3, 200.0, 216.6, 233.3, 250.0, 266.6, 283.3,
300.0, 316.6, 333.3, 350.0, 366.6, 383.3, 400.0, 416.6, 433.3) Insets b
Plots of I, vs. concentration of HQ and CC

effectively for the simultaneous determination of HQ and
CC.

The stability of the GC/CNTs—RR-NF electrode was stud-
ied by measuring the electrocatalytic peak currents, in repeti-
tive potential scan cycles on different days. The electrode
did not show a significant change in the peak currents of HQ
and CC for more than nine months; such results could prove
the stability of the modified electrode. Also, the repeatabil-
ity of the modified electrode was checked for simultaneous

Table 2 Analytical characteristics of the GC/CNTs—RR-NF for determination of HQ and CC

Analyte Linear dynamic range (uM) Regression equation and correlation coefficient Detection limit (uM)
First segment Second segment First segment Second segment
HQ 1.3-83.3 83.3-433.3 y=0.157x + 7.011 y=0.05+16.83 0.21
r=0.992 r=0.987
CC 1.3-53.3 53.3-433.3 y=0234x +7.14 y =0.046x 4 17.32 0.18
r=0.993 r=0.995

@ Springer



1146

JIRAN CHEM SOC (2015) 12:1139-1147

Table 3 Determination of HQ and CC in water samples using GC/
CNT-RR-NF (n =5)

Sample Analyte Detected Added Found Recovery
(uM)* M) (uM)* (%)
Tap water HQ NDP 20.0 194+11 97.0
cCc ND 50.0 487724 974
Well water HQ NDP 20.0 19.7 98.5
CcC ND 50.0 49.5 99.0

% Mean =+ standard deviation for n = 5
® Not detect

determination of HQ and CC. Relative standard deviations
(% RSD) for five determinations of HQ and AC (133.3 uM
each) using DPV were 1.17 and 1.20 %, respectively.

Chronoamperometric study

Chronoamperometric measurements of HQ and CC at GC/
CNTs—RR-NF were also studied by setting the working
electrode potential at 0.25 and 0.3 V vs. SCE for the vari-
ous concentration of HQ (see Fig. 8a) and CC in AABS
(pH 4.5) for determination of the diffusion coefficient D.
For an electroactive with a diffusion coefficient of D, the
current for the electrochemical reaction with a mass trans-
port limited rate is described by the Cottrell equation [44].

I = nFADY2Cym=1/21/2 9)

For example, under diffusion control, a plot of T vs.
12 for HQ will be linear (see Fig. 8b), and the slope of

the linear region of the Cottrell’s plot can be used to esti-
mate of the D for HQ and CC (see Fig. 8c). The value of
Dyq and D¢ were found to be 1.06 + 0.05 x 107 and
1.75 4 0.07 x 1075 cm? 57!, respectively.

Real sample analysis

The modified electrode was also applied to the analysis of
HQ and CC in two real samples to demonstrate the capa-
bility of the GC/CNTs—RR-NF for the simultaneous deter-
mination of HQ and CC in tap and well waters. 5 ml of
each sample were added to the electrochemical cell con-
taining 10 ml of the buffer solution and measurement was
performed. The results are given in Table 3. The recoveries
were found to be satisfactory (97.0 and 99.0 %) as shown
in Table 3. The recovery ratio indicates that the determina-
tion of HQ and CC using the proposed electrode is effective
and can be applied for the detection of HQ and CC in real
samples.

Conclusions

We have demonstrated an effective electrochemical
approach to construct a CNTs—RR-NF immobilized on
the GCE surface and its application for the simultaneous
determination of HQ and CC. Two well-defined peaks and
the significant increase of peak current were observed at
the GC/CNTs-RR-NF, which clearly demonstrated that
RR could be used as an efficient promoter to enhance the
kinetics of the electrochemical process of HQ and HQ. The

Table 4 Comparison the proposed method with other electroanalytical methods with GC/CNT-RR-NF electrodes for the simultaneous determi-

nation of HQ and CC

Modifier Method Linear range (uM) Detection limit (uM) Ref
HQ ccC HQ CC
PB-SPCE? DPV 4.0-90 1.0-90 0.12 0.43 [49]
RGO-MWCNT® DPV 8-391 5.5-540 2.6 1.8 [50]
ECF-CPE¢ DPV 1-200 1-200 0.4 0.2 [51]
Au/pAMTI-MWCNT DPV 7.2-391.2 3.6-183.6 0.3 0.24 [52]
Carbon nanoparticle chitosan composite DPV 0.8-100 0.8-100 0.2 0.2 [53]
LRG*® DPV 1-300 2-300 0.5 0.8 [54]
PIL-MWCNT! DPV 1-500 1-400 0.40 0.17 [55]
GC/CNT-RR-NF DPV 1.3-433.3 1.3-433.3 0.21 0.18 This work

% Prussian Blue-screen-printed carbon electrode

® Reduced graphene oxide and multiwall carbon nanotubes hybrids

¢ Electrospun carbon nanofiber-modified carbon paste electrode
d Poly-3-amino-5-mercapto-1,2,4-triazole
¢ Laser reduced graphene

Polymeric ionic liquid-multi-walled carbon nanotubes

@ Springer



JIRAN CHEM SOC (2015) 12:1139-1147

1147

optimization of the experimental conditions for differen-
tial pulse voltammetry yielded a detection limit for HQ of
0.21 uM and 0.18 for CC better than those described in the
literature (Table 4).
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