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Phenol and chlorophenols were investigated using single-wall carbon nanotubes (SWCNT) and poly(3,4-ethylenedioxythiophene)
(PEDOT) compositemodified glassy carbon electrode (SWCNT/PEDOT/GCE) as a detector in flow injection system.Optimization
of experimental variables such as the detection potential, flow rate, and pH of the carrier solution (0.1M sodium acetate)
for the determination of phenol (P), 4-chlorophenol (CP), 2,4-dichlorophenol (DCP), 2,4,6-trichlorophenol (TCP), and
pentachlorophenol (PCP) were performed. Under these conditions, analytical parameters were calculated from the calibration
curve of measured amperometric responses as a function of concentrations of phenol and chlorophenols. The designed electrode
exhibited very good analytical performance. The designed electrode was tested with 20 repetitive injections of each analyte
and showed good operational stability. The analytical performance of the SWCNT/PEDOT/GCE electrode under flow through
conditions was tested and was found to be impressive.The electrode showed a wider dynamic range for the detection of phenol and
chlorophenols with low limits of detection compared with other enzymatic and nonenzymatic sensors. These results suggest that
the method is quite useful for the analysis and monitoring of phenols and chlorophenols.

1. Introduction

Phenolic compounds include a large class of compounds
that are common in nature and partly formed as a result of
biodegradation of natural compounds. They are widely dis-
tributed in fruits and vegetables with a wide range of phenolic
contents and species [1]. Phenolic compounds are also formed
in a number of industrial processes and released to wastew-
ater streams from these industries. Many phenols especially
chlorophenols are used in the manufacture of chemicals that
are used as preservatives for woods, textile, and leathers [2].
Phenol derivatives are known to be highly toxic to man
and to aquatic organisms. They possess carcinogenic and
immunosuppressive properties [3] and are highly resistant
to biological degradation and persistent in the environment
[2]. As a result the United States Environmental Protection
Agency (EPA) and the European Union (EU) have included
these phenolic compounds in their list of primary pollutants

[4]. In fact the benefits related to consumption of phenolic-
rich foods are associated with their antioxidant activities
which are determined by their reactivity as hydrogen or
electron donating agent [5, 6].

The applications of phenol and its derivatives represent
potential source of pollution and affect aquatic organisms
[7] including algae and aquatic spermatophytes. These toxic
phenols and phenolic derivatives are released to the environ-
ment and their identification and quantification are of great
importance in environmental monitoring.

Various analytical methods, such as liquid chromatogra-
phy (LC), gas chromatography (GC), capillary electrophore-
sis, and fluorometry, have been reported for the determina-
tion of phenols and phenol derivatives [3, 5, 8–10]. These
methods are sensitive, specific, and precise, but most of
them are expensive and time consuming and require skilled
technicians and some require derivatization procedures.
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Electrochemical methods are the method of choice for
the sensitive, rapid, and precise determination of phenol
and its derivatives. Electrochemical oxidation of phenols and
chlorophenols [11] and the use of electrochemical sensors as
detectors in flow injection analysis [12] produced enhanced
selectivity, sensitivity, and reproducibility of determinations.
Amperometric methods mainly use electrochemical sensors
and biosensors as detectors in FIA. Tyrosinase (Tyr) based
sensors have been the most widely used amperometric
biosensor for determination of phenols and were prepared in
a number of matrices and conventional electrodes, including
carbon paste [13], conducting polymers [14, 15], CNT con-
ducting polymer composites [16, 17], self-assembled mono-
layer [18], and silica sol-gel composite [19]. Laccase based
biosensors [20, 21] and horseradish peroxidase (HRP) [22]
based electrochemical detectors coupled with flow injection
system for the determination of phenol and phenol deriva-
tives were also reported. In the investigated biosensors, the
enzymes were either individually immobilized or composite
multienzyme systems were immobilized on conventional
electrodes to determine the phenolic compounds.

The use of enzyme modified electrodes significantly
decreases surface fouling of electrodes. However, the high
cost, the problem of immobilization process, low stability,
and short operating time limit their practical application.
Thus, modification of bare electrodes with nonbiological
materials, such as conducting polymers, is an alternative
to prevent electrode surface fouling [11, 23]. Poly(3,4-
ethylenedioxythiophene), PEDOT, which is a relatively new
and well-known conjugated polymer, has received relatively
high attention because of its high electrical conductivity
and excellent environmental stability. Thus, PEDOT has
emerged as one of the most stable and promising elec-
trode materials offering the possibility modification with
different chemical groups for the determination of phenols,
dopamine and ascorbic acid [24], paracetamol [25], N-acetyl-
p-aminophenol and p-aminophenol [26], and niclosamide
[27].

Carbon nanotubes have remarkable electrical properties,
such as high specific surface area and chemical stability [28–
30], and can be used as electrodematerial to promote electron
transfer between electroactive species and the electrode.
Addition of CNT to conducting polymer, such as PEDOT,
results in a significant increase in the mechanical properties
and enhances electrical properties of the polymer by facil-
itating the charge transfer processes. Thus, in recent years,
more and more attentions were inclined to the synthesis
of conducting polymer/CNT composites that have special
properties of the individual components in a synergistic
manner [31, 32].

Although a number of electrodematerials based onCNT-
conducting polymer composite were used for the determi-
nation of phenol and its derivatives in batch system, few
researchers investigated the use of CNT-conducting polymer
composites as detectors in flow injection analysis. Glassy
carbon electrode modified with multiwall carbon nanotubes
dispersed in polyethylenimine composite was used as amper-
ometric working electrode for flow injection determination
of phenolic compounds [33].

The preparation of new composite materials that have
distinct properties which were not observed in the individual
components was the objective of this work. The study led to
the development of SWCNT/PEDOTmodified glassy carbon
electrode (SWCNT/PEDOT/GCE) for the determination of
phenol and chlorophenols. The modified electrode was used
as an amperometric detector in flow injection system with
improved qualities such as simplicity of electrode prepa-
ration, wider linear range, low detection limit, and good
stability. To the best of our knowledge the modification and
application of the SWCNT/PEDOT/GCEmodified electrode
as an amperometric phenol and chlorophenols detector had
not been reported so far.

2. Experimental

2.1. Chemicals. SWCNT (mixture of metallic and semicon-
ducting), 3,4-ethylenedioxythiophene (EDOT) monomer,
and pentachlorophenol were from Adrich, 4-chlorophenol,
2,4-dichlorophenol, 2,4,6-trichlorophenol, and phenol were
from Fluka (Buchs, Switzerland), acetic acid and DMF were
from Merck, tetrabutylammonium perchlorate and acetoni-
trile were from Sigma-Aldrich, and other chemicals were
from the Republic of South Africa. Helium gas (Air Products,
RSA) was employed for the deaeration of the carrier solution
of the flow system. All chemicals were of analytical grade
and were used without further purifications. All solutions
were prepared using ultrapure water of resistivity 18.2MΩ-
cm obtained from ELGA PURELAB Option-Q (UK) water
purification system.

2.2. Instrumentation. Amperometric andVoltammetricmea-
surements were performed using Epsilon Electrochemical
Analyzer attached to BAS C2 cell stand (both from BASi
instrumentation, USA). EDOT polymerization was carried
out with BAS 100B electrochemical work station (BAS,
USA). A conventional three-electrode cell was used for
measurements, with a bare glassy carbon electrode (GCE)
(3mm diameter), SWCNT/PEDOT/GCE was used as the
working electrode, Ag/AgCl (3M NaCl) was used as a
reference electrode, and a platinum wire was used as counter
electrode. The flow system consisted of a BAS pump (Model
PM-92E; USA), a sample injection valve, and a thin-layer
electrochemical detector (BASi LC-4C, USA), with a flow-
through cell. The electrochemical detector was connected to
the Epsilon Electrochemical Analyzer. Two GCE modified
with SWCNT/PEDOT (in series configuration) were used
as working electrodes, while Ag/AgCl electrode (3M NaCl)
(RE-1; BASi) served as the reference electrode. The counter
electrode was the bulk plate of the cell, made of stainless
steel. The thickness of the layer in the cell was 0.0127 cm.The
pH of the solutions was measured using HANNA HI 8314
pH-meter, while for electrode cleaning iS Integral Systems
ultrasonic bath was used.

2.3. Preparation of Modified Electrode. Prior to surface mod-
ification, the bare glassy carbon electrode was polished with
a 0.3 and 0.05 𝜇m alumina slurry and washed with tap
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Figure 1: Repeated cyclic voltammograms of PEDOTfilm growth at
a glassy carbon electrode in a solution of 0.1M tetrabutylammonium
perchlorate in acetonitrile containing 0.01M EDOT, 10V s−1 scan
rate, and potential range −0.9–1.5 V.

water several times and sonicated in ultrapure water bath
for two minutes. Before electropolymerization, the polished
electrode was pretreated using cyclic voltammetry cycling for
10 minutes between −0.9 and +1.5 V at 10V s−1 containing
0.1M tetrabutylammonium perchlorate in acetonitrile. Then
the PEDOT was electrodeposited on the electrode in the
above solution containing 10mM EDOT by cycling the
potential between −0.9 and +1.5 V. The PEDOT film was
allowed to grow on the GC surface for ten successive scans
as can be seen from the increasing anodic and cathodic
peak current densities. The polymer film was washed with
ultrapure water to remove the supporting electrolyte and
unreacted monomer and dried. A PEDOT/SWCNT/GCE
multilayer film is formed by casting of a 20𝜇L of the dispersed
SWCNT in DMF (1mg SWCNT: 1mL DMF) over GCE and
dried for an overnight and coated with the PEDOT [34].
In order to determine the optimum amount of polymer
coating 5, 10, 20, 40, and 60 cycles of CV scans of PEDOT
polymerization were carried out followed by casting of 20 𝜇L
of the dispersed SWCNT onto the PEDOT/GCE.

3. Results and Discussion

3.1. Electrochemical Behavior of Phenol at Bare and PEDOT
Modified Glassy Carbon Electrodes. In the determination of
phenol at bare glassy carbon electrodes (figure not shown)
the oxidation peak decreasedmarkedly with successive cycles
due to the electrodeposition of nonconducting polymeric
oxidation product of phenol as cited in the literature [23, 35].
The response disappeared totally after the third cycle owing
to the adsorption of phenol oxidation products followed by
electrode fouling. The bare GCE was then modified with
PEDOT film. Figure 1 shows the repetitive cyclic voltammo-
grams illustrating the continuous growth of the PEDOT on
GCE surface. The thickness of the film was controlled by the
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Figure 2: Cyclic voltammogram of 1× 10−4M phenol (10 cycles) at
PEDOT/GCE modified electrode in 0.1M acetate buffer pH 7 and
scan rate of 50mV s−1

number of cycles.The continuous increase of the current with
the cycle number reveals the formation and expansion of a
conducting phase at the electrode surface.

Using cyclic voltammetry the response current for phenol
oxidation at PEDOTmodified electrode was investigated (see
Figure 2). In contrast to the response of the bare GCE to
phenol oxidation, the PEDOTmodified electrode gave much
pronounced current responses. Due to the electrocatalytic
effect of the polymer, the shape and the response current are
different from those of the bare GCE. The oxidation peak
of phenol increased markedly with successive runs at the
PEDOT/GCE and the response becomes reproducible after
the tenth potential cycle as reported earlier [36]. It can be seen
that the use of PEDOT coated GCE sensor also can overcome
the problem of passivation.

The GCE then was modified with PEDOT followed by
coatingwith SWCNT.The excellentmechanical and electrical
properties of carbon nanotubes help to transport electrons
over long distances, and this quality gives the advantage of
fabricating many polymer nanocomposites that have good
mechanical and/or electrical properties [37].The responses of
1× 10−4M phenol obtained at SWCNT/PEDOT/GCE multi-
layer film for different numbers of cycles of the film formation
are shown in Figure 3.

The lowest number of scans (5 cycles) gave broad
voltammograms, while the upper scans (60 cycles) had low
sensitivity and long response time due to slow penetration
of the analyte molecule into the conducting polymer film.
Hence the best combination, having large sensitivity and
short response time, was selected to be 10 cycles of PEDOT
polymerization over the bare electrode followed by casting of
20𝜇L dispersed SWCNT.

Cyclic voltammograms recorded for the oxidation of
1× 10−4Mphenol at bare GCE, PEDOT/GCE, SWCNT/GCE,
and SWCNT/PEDOT/GCE are shown in Figure 4. The peak
current and the corresponding peak potential recorded
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Figure 3: The effect of polymer film thickness on the sensor
response to 1× 10−4M phenol at SWCNT/PEDOT/GCE in 0.1M
acetate buffer, pH 6; other conditions are shown in Figure 2.
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Figure 4: Cyclic voltammograms of 1× 10−4M phenol at GCE (a),
PEDOT/GCE (b), SWCNT/PEDOT/GCE (c), and SWCNT/GCE
(d); 0.1M sodium acetate buffer solution, pH 6; scan rate of
50mV s−1.

for the bare GCE, PEDOT/GCE, SWCNT/GCE, and
SWCNT/PEDOT/GCE are 4.63 𝜇A and 0.851 V, 13.64 𝜇A
and 0.758V, 22.60𝜇A and 0.683V, and 25.05 𝜇A and 0.701 V,
respectively. This shows that the SWCNT/PEDOT/GCE
produced significant increase in the peak current which is
the result of incorporation of CNTs into the PEDOT polymer
resulting in a synergic effect.

Efficiently dispersed SWCNTs establish a strong affinity
with the surrounding polymer matrix and these principles
were used to cast SWCNTs on the PEDOT polymer coated
GCE. The designed electrode, SWCNT/PEDOT/GCE, has
relatively good sensitivity to phenol oxidation andwas used as
a detector in the flow injection system for the determination
of phenol and chlorophenols. Moreover in flow through

systems the flowing carrier solution continuously cleans the
surface of the electrode and removes reaction products and
impurities from the electrode surface [38].

3.2. Flow Injection Analysis of Phenol and Its Derivatives at
SWCNT/PEDOT/GCE

3.2.1. Experimental Variables for Flow Injection Analysis of
Phenol andChlorophenols. Theelectrochemical performance
of GCE modified with elctropolymerized PEDOT and dis-
persed SWCNT was investigated for phenol and chlorophe-
nols using 0.1M sodium acetate carrier solution by flow
injection analysis. The influences of the applied potential,
flow rate, and effect of the pH on the amperometric signal
of phenol and chlorophenols were studied.

To investigate the effect of modification of the electrode
on the working potential, experiments were carried out on
the bare GCE and SWCNT/PEDOT/GCE. As shown in
Figure 5, similar trends of hydrodynamic responses (sig-
moidal shape plots) for 1× 10−4M of phenol and chlorophe-
nols were observed. The response for phenol oxidation at
bare GCE shows a dramatic decrease of the current response
as observed earlier [38] and at SWCNT/PEDOT/GCE the
current signal increased in all cases, which can be justified
by the facilitated electron transfer offered by SWCNT.

As the flow rate affects the detection limit, sensitivity, and
accuracy of the analysis, the effect of the flow rate on phenol
and chlorophenols oxidation was investigated. Solutions
of 1× 10−4M concentrations of each analyte were injected
consecutively to the carrier solution (0.1M sodium acetate)
at flow rates ranging between 0.1 and 2mLmin−1. It was
observed that the amperometric current responses increased
with an increase in flow rate up to about 1.0mLmin−1
for phenol and chlorophenols. As the flow rate increases
the dispersion decreases that results in decrease of the
residence time and concurrently increases the sensitivity. At
relatively higher flow rate (greater than 1.2mLmin−1) the
amperometric current signal decreased, as shown in Figure 6,
as previously observed for enzyme based FIA of phenols
[38]. Such trends could be explained by the fact that as the
sample passes faster through the electrode the smaller would
be the fraction of the analyte that would be oxidized followed
by a decrease in the amperometric signal. Also the electron
transfer and mass transfer rate are not significantly different
[18]. The optimum flow rate of the carrier solution for sharp
peaks and high sensitivity observed were in the range of 0.9
to 1.2mLmin−1.

The pH of the carrier buffer solution used for the
determination of phenol and its derivatives affects the amper-
ometric peak current of the analytes. Figure 7 shows the
influence of pH upon the response of 1× 10−4M phenol and
chlorophenols at SWCNT/PEDOT/GCE in the pH range of
3–10. As can be seen from the figure, the current gradually
increased with an increase in pH from 3 to 7. However,
when the pH was further increased to 10 the peak current
dramatically decreased.Therefore, considering the sensitivity
of the determination of phenol and chlorophenols, optimum
pH 7 for phenol, 4-chlorophenol, 2,4-dichlorophenol, and
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Figure 5: Effect of the applied potential on the flow injection response for 1× 10−4M4-chlorophenol (CP), 2,4-dichlorophenol (DCP), 2,4,6-
trichlorophenol (TCP), pentachlorophenol (PCP), and phenol (P) at bare GCE (A) and SWCNT/PEDOT/GCE (B); flow rate: 1.0mLmin−1;
carrier solution: sodium acetate buffer (0.1M); pH, 6.
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Figure 6:The amperometric current response of 1× 10−4Mphenol (P), pentachlorophenol (PCP), 4-chlorophenol (CP), 2,4-dichlorophenol
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buffer (0.1M); pH 7, applied potential: 0.725V for phenol and 4-chlorophenol, 0.7 V for 2,4-dichlorophenol and 2,4,6-trichlorophenol, and
0.75V for pentachlorophenol.
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Figure 8: Amperometric flow injection responses of chlorophenol (a) and stability plot (b) obtained for 20 repetitive injections of
phenol (A), 2,4,6-trichlorophenol (B), 2,4-dichlorophenol (C), pentachlorophenol (D), and 4-chlorophenol (E) at SWCNT/PEDOT/GCE as
amperometric detector pH7 for phenol, 4-chlorophenol, and pentachlorophenol and 8 for 2,4-dichlorophenol and 9 for 2,4,6-trichlorophenol;
other conditions are shown in Figure 7.

pentachlorophenol and pH9 for trichlorophenolwere chosen
for the subsequent experiments.

3.2.2. Sensor Performance. One of the most important per-
formance parameters of a sensor is its operational stability.
The operational stability of the SWCNT/PEDOT/GCE was

investigated by measuring the current response of a series
of 20 repetitive injections of 1× 10−5M phenol, 5× 10−5M
4-chlorophenol, 2× 10−5M 2,4-dichlorophenol, 2× 10−5M
2,4,6-trichlorophenol, and 5× 10−5M pentachlorophenol.
The performance of SWCNT/PEDOT/GCE, as shown in
Figure 8, is highly remarkable since after 20 continuous
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Table 1: Reproducibility of the stability measurements obtained at
SWCNT/PEDOT/GCE in flow injection system.

Phenolic compounds RSD for 𝑖
𝑝

(%)
Phenol 0.47
4-Chlorophenol 1.82
2,4-Dichlorophenol 1.03
2,4,6-Trichlorophenol 1.07
Pentachlorophenol 1.60

injections of the different phenolic analytes, the amper-
ometric current response remains almost the same with
standard deviation ranging from 0.47 to 1.82%, as shown
in Table 1. This demonstrates the good stability of the
SWCNT/PEDOT/GCE as a detector in flow injection system.

3.2.3. Analytical Performance of the SWCNT/GCE Detector
in the Flow Injection System. Figure 9 demonstrates the
amperometric current responses of 2,4,6-trichlorophenol
with increasing concentrations. As shown in the figure,
the electrochemical responses were sharp and consistent
with rapid and efficient electron transfer processes. The
amperometric peak current increased linearly with increase
in the concentration of 2,4,6-trichlorophenol. The observed
relationships were employed to construct reliable analytical
calibration curves as shown by the inset of Figure 9, with
regression equation of 𝑖

𝜇A = 𝑏𝑥𝑐𝜇M + 𝑎, where 𝑏 is the
slope and 𝑎 is the intercept. The data obtained from the
linear calibration curves under the optimum experimental
conditions for each analyte are presented in Table 2. The
evaluated analytical characteristics of the calibration plots
show wide linear range of detections with low limits of
detection (LOD). The detection limits were calculated based

on the 3𝑆
𝑏

/𝑚 criterion, where𝑚 is the slope of the calibration
graph for each analyte and 𝑆

𝑏

was estimated as the standard
deviation of the responses (𝑛 = 10) obtained from the
repetitive analyte injections at the lowest concentration.

The analytical performance of the SWCNT/PEDOT/GCE
evaluated for the amperometric responses has been com-
pared with other enzyme/enzymeless electrochemical sen-
sors reported recently as shown in Table 3. Characteristics
such as type of electrode, linear range, sensitivity, and
limit of detection achieved were compared. In addition to
the simplicity of the preparation of the sensor wider or
similar dynamic ranges, low detection limits and compa-
rable sensitivity were obtained compared to the recently
reported sensors/biosensors, as shown in Table 3. Hence,
it can be clearly deduced that the SWCNT/PEDOT/GCE
detector offers advantageous compared with other reported
sensors/biosensors.

3.2.4. Interference Study. In order to evaluate the selectivity of
the developed sensor, possible interferences in the detection
of phenol at SWCNT/PEDOT/GCE were investigated by
the addition of various ions and compounds to the carrier
solution (0.1M acetate buffer solution, pH 7) containing
5× 10−6M phenol. Hundred fold additions of common
ions such as Na+, K+, Ca2+, Mg2+ Cu2+, Cl−, NO

3

−, and
SO
4

2− have no effect on the amperometric response of the
designed electrode. The addition of two fold 2-nitrophenol,
4-nitrophenol, and pentachlorophenol did not interfere with
the determination of phenol. As the optimum conditions
of these compounds are similar due to their similarity in
the oxidation of phenolic OH group, the effect from 4-
chlorophenol, 2,4-dichlorophenol, and 2,4,6-trichlorophenol
is significant. The result suggests that this proposed method
has good selectivity towards the determination of phenol
and chlorophenols. However the analysis of phenols and
chlorophenols needs separation prior to analysis.

3.2.5. Analytical Applications. In order to evaluate the
validity of the proposed method phenol was taken. The
SWCNT/PEDOR/GCE was applied for tape water samples
which were prepared by adding 3 𝜇M of phenol. The results
are given in Table 4. When increased concentrations of
phenol were injected to water sample quantitative recoveries
of 99.14–102.87% were obtained. These results confirm that
the designed detector can successfully be used for the quan-
titative determination of phenol and chlorophenols in flow
injection system.

4. Conclusion

An electrochemical detector based on SWCNT/PEDOT
modified GCE for the analysis of phenol and chlorophenols
was developed. The constructed modified electrode was
optimized for the amperometric determination of phenolic
compounds in flow injection mode. The results demonstrate
that the amperometric sensor exhibits a good analytical
performance for the detection of phenolic compounds in
flowing systems.The developed sensor is simple and efficient



8 ISRN Analytical Chemistry

Table 2: Characteristics of the calibration graphs for the different phenolic compounds.

Compound 𝑖
𝜇A = 𝑏𝑥𝑐𝜇M + 𝑎 Linear range (𝜇M) Detection limit (𝜇M) 𝑅

2

Slope (𝑎) Intercept (𝑏)
Phenol 0.018 ± 0.00032 0.013 ± 0.0031 0.1–260 0.094 0.998
4-Chlorophenol 0.018 ± 0.00024 0.035 ± 0.012 0.4–180 0.38 0.999
2,4-Dichlorophenol 0.025 ± 0.00031 0.056 ± 0.056 0.4–120 0.39 0.998
2,4,6-Trichlorophenol 0.021 ± 0.00026 0.035 ± 0.013 1.0–90 0.30 0.998
Pentachlorophenol 0.01 ± 0.00017 00.046 ± 0.011 2.0–110 0.33 0.996

Table 3: Comparison of analytical performance of the calibration curves of SWCNT/GCE with different modified electrodes.

Phenolic substrate Detector/sensor Linear range
(𝜇M) Sensitivity Detection

limit (𝜇M) Reference

Phenol

Tyr/MWNTs/GCE 4×10
−7–1×10−5 0.226 𝜇A/𝜇M 0.2 [39]

Polyacrylamide microgels/GCE 5–22 0.0042𝜇A/𝜇M 1.4 [40]
Au/Cys/Fe3O4-SiPGMA/HRP 500–8500 2.44 𝜇A/mM 28 [22]
GCE/(CNT/PEI 2.5–20 27 nA/𝜇M 0.21 [33]
Multiwalled carbon nanotube
poly(pyrrole)-horseradish peroxidase
nanobiocomposite

16–44 1 nA/𝜇M 3.52 [41]

MWNT-Nafion-Tyr/GCE 1–19 303 𝜇A/mM 0.13 [16]
SWCNT/PEDOT/GCE 0.1–260 0.018 𝜇A/𝜇M 0.094 This work

4-Chlorophenol

self-assembled monolayer based
tyrosinase biosensors on Au 0.4–40 na 0.15 [18]

Polyacrylamide microgels/GCE 2–24 0.067 𝜇A/𝜇M 0.03 [39]
laccase- and tyrosinase-based
biosensors 1–10 0.131 nA/𝜇M 0.09 [42]

Multiwalled carbon
nanotube-poly(pyrrole)-horseradish
peroxidase nanobiocomposite

1.6–14.4 8 nA/𝜇M 0.3 [41]

Biofunctional ZnO nanoroad microarrays
on the nanocrystalline diamond electrode 1–150 339.3 𝜇A/mMcm2 0.2 [42]

SWCNT/PEDOT/GCE 0.4–180 0.018 𝜇A/𝜇M 0.380 This work

2,4-Dichlorophenol

HRP/MWCNT/GCE 1–100 0.05 𝜇A/𝜇M 0.38 [43]
MWCNT/PEI/GCE 0.1–100 0.307𝜇A/𝜇M 0.075 [44]
MIP/Chitosan/Nafion/GCE 5–100 0.067 𝜇A/𝜇M 1.6 [45]
SWCNT/PEDOT/GCE 0.4–120 0.025 𝜇A/𝜇M 0.228 This work

2,4,6-Trichlorophenol Enzymless GCE using preoxidation 0.4–750 na 0.04 [46]
SWCNT/PEDOT/GCE 1.0–90 0.021 0.30𝜇A/𝜇M This work

Pentachlorophenol MWCNT/epoxy composite 2–12 11𝜇A/𝜇M 0.8 𝜇A/𝜇M [47]
SWCNT/PEDOT/GCE 2.0–110 0.01 𝜇A/𝜇M 0.33 𝜇A/𝜇M This work

na: not available.

Table 4: Recovery study.

Sample (𝜇M) Added (𝜇M) Found (𝜇M) Recoveries (%)
3 4 6.94 99.14
3 8 10.96 99.64
3 12 15.43 102.87

andpossesses a good operational stability and reproducibility.
In general it is advantageous compared with other enzymztic
andnonenzymatic sensors used in flow injection systems.The

analytical performancemakes possible the estimation of phe-
nolic compound in tap water. The detector has good selectiv-
ity towards the determination of phenols and chlorophenols
in terms of other interfering substances. However the analysis
ofmixtures of phenols and chlorophenols requires separation
prior to analysis.
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[23] T. Spǎtaru andN. Spǎtaru, “Voltammetric detection of phenol at
platinum-polytyramine composite electrodes in acidic media,”
Journal of Hazardous Materials, vol. 180, no. 1–3, pp. 777–780,
2010.

[24] V. S. Vasantha and S.-M. Chen, “Electrocatalysis and simulta-
neous detection of dopamine and ascorbic acid using poly(3,4-
ethylenedioxy)thiophene film modified electrodes,” Journal of
Electroanalytical Chemistry, vol. 592, no. 1, pp. 77–87, 2006.

[25] S. Mehretie, S. Admassie, M. Tessema, and T. Solomon,
“Voltammetric determination of paracetamol with poly(3,4-
ethylenedioxythiophene) modified glassy carbon electrode,”
Analytical and Bioanalytical Electrochemistry, vol. 3, no. 1, pp.
38–50, 2011.

[26] S. Mehretie, S. Admassie, T. Hunde, M. Tessema, and
T. Solomon, “Simultaneous determination of N-acetyl-p-
aminophenol and p-aminophenolwith poly(3,4-ethylenedioxy-
thiophene) modified glassy carbon electrode,” Talanta, vol. 85,
no. 3, pp. 1376–1382, 2011.



10 ISRN Analytical Chemistry

[27] S. Mehretie, S. Admassie, M. Tessema, and T. Solomon, “Elec-
trochemical study of niclosamide at poly(3,4-ethylenedioxythi-
ophene) modified glassy carbon electrode,” Sensors and Actua-
tors B: Chemical, vol. 168, pp. 97–102, 2012.

[28] J. Wang, R. P. Deo, and M. Musameh, “Stable and sensitive
electrochemical detection of phenolic compounds at carbon
nanotube modified glassy carbon electrodes,” Electroanalysis,
vol. 15, no. 23-24, pp. 1830–1834, 2003.

[29] S. K. Vashist, D. Zheng, K. al-Rubeaan, J. H. T. Luong, and F.-
S. Sheu, “Advances in carbon nanotube based electrochemical
sensors for bioanalytical applications,” Biotechnology Advances,
vol. 29, no. 2, pp. 169–188, 2011.

[30] J. M. Schnorr and T. M. Swager, “Emerging applications of
carbon nanotubes,” Chemistry of Materials, vol. 23, no. 3, pp.
646–657, 2011.

[31] T.-M. Wu, H.-L. Chang, and Y.-W. Lin, “Synthesis and charac-
terization of conductive polypyrrole/multi-walled carbon nan-
otubes composites with improved solubility and conductivity,”
Composites Science and Technology, vol. 69, no. 5, pp. 639–644,
2009.

[32] P. Sundari and P. Manisankar, “Development of ultrasensitive
surfactants doped poly(3,4-ethylenedioxythiophene)/multi-
walled carbon nanotube sensor for the detection of pyrethroids
and an organochlorine pesticide,” Journal of Applied Electro-
chemistry, vol. 41, no. 1, pp. 29–37, 2011.

[33] A. S. Arribas, E. Bermejo, M. Chicharro et al., “Analytical appli-
cations of glassy carbon electrodes modified with multi-wall
carbon nanotubes dispersed in polyethylenimine as detectors in
flow systems,” Analytica Chimica Acta, vol. 596, no. 2, pp. 183–
194, 2007.

[34] F. Qu, M. Yang, J. Jiang, G. Shen, and R. Yu, “Amperometric
biosensor for chorine based on layer-by-layer assembled func-
tionalized carbon nanotube and polyaniline multilayer film,”
Analytical Biochemistry, vol. 344, no. 1, pp. 108–114, 2005.

[35] J. S. Wang, P. Y. Chen, T. T. Huang, and M. S. Lin, “Enzyme-
less flow injection analysis of 2,4,6-trichlorophenol based on
preoxidation cerium (IV) nitrate,” International Journal of
Electrochemical Science, vol. 7, pp. 9113–9121, 2012.

[36] M.A.Heras, S. Lupu, L. Pigani et al., “A poly(3,4-ethylenedioxy-
thiophene)-poly(styrene sulphonate) composite electrode coat-
ing in the electrooxidation of phenol,” Electrochimica Acta, vol.
50, no. 7-8, pp. 1685–1691, 2005.

[37] Z. Spitalsky, D. Tasis, K. Papagelis, and C. Galiotis, “Carbon
nanotube-polymer composites: chemistry, processing,mechan-
ical and electrical properties,” Progress in Polymer Science, vol.
35, no. 3, pp. 357–401, 2010.

[38] R. S. Freire, N. Duran, and L. T. Kubota, “Development of
a laccase-based flow injection electrochemical biosensor for
the determination of phenolic compounds and its application
for monitoring remediation of Kraft E1 paper mill effluent,”
Analytica Chimica Acta, vol. 463, no. 2, pp. 229–238, 2002.

[39] J. Ren, T.-F. Kang, R. Xue, C.-N.Ge, and S.-Y. Cheng, “Biosensor
based on a glassy carbon electrode modified with tyrosinase
immmobilized on multiwalled carbon nanotubes,” Microchim-
ica Acta, vol. 174, no. 3-4, pp. 303–309, 2011.
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