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a b s t r a c t

A conductive biocomposite film (MWCNTs–PANIFAD) which contains multi-walled carbon nanotubes
(MWCNTs) along with the incorporation of poly(aniline) and poly(flavin adenine dinucleotide) co-
polymer (PANIFAD) has been synthesized on gold and screen printed carbon electrodes by potentiostatic
methods. The presence of MWCNTs in the MWCNTs–PANIFAD biocomposite film enhances the surface
coverage concentration (� ) of PANIFAD and increases the electron transfer rate constant (ks) to 89%. Elec-
trochemical quartz crystal microbalance studies reveal the enhancements in the functional properties
of MWCNTs and PANIFAD present in MWCNTs–PANIFAD biocomposite film. Surface morphology of the
biocomposite film has been studied using scanning electron microscopy and atomic force microscopy.
The surface morphology results reveal that PANIFAD incorporated on MWCNTs. The MWCNTs–PANIFAD
biocomposite film exhibits promising enhanced electrocatalytic activity towards the oxidation of p-
acetamidophenol. The cyclic voltammetry has been used for the measurement of electroanalytical.co

m.cn

properties of p-acetamidophenol by means of PANIFAD, MWCNTs and MWCNTs–PANIFAD biocompos-
ite film modified gold electrodes. The sensitivity value of MWCNTs–PANIFAD film (88.5 mA mM−1 cm−2)
is higher than the values which are obtained for PANIFAD (28.7 mA mM−1 cm−2) and MWCNTs films
(60.7 mA mM−1 cm−2). Finally, the flow injection analysis (FIA) has been used for the amperometric
detection of p-acetamidophenol at MWCNTs–PANIFAD film modified screen printed carbon electrode.
The sensitivity value of MWCNTs–PANIFAD film (3.3 mA mM−1 cm−2) in FIA is also higher than the value

(1.1

m

obtained for MWCNTs film

. Introduction

Electropolymerization is a simple but powerful method in tar-
eting selective modification of different type electrodes with
esired matrices. However, the materials on the matrices do not
ossess peculiar properties when compared with those materi-
ls which are chemically synthesized by traditional methods. The
lectroactive polymers and carbon nanotubes (CNTs) matrices have
eceived considerable attraction in recent years. Numerous conju-
ated polymers have been electrochemically synthesized for their
pplication in the fabrication of chemical and biochemical sensor
evices [1]. These conjugated polymers for sensor devices exhibits

nteresting enhancement in the electrocatalytic activity towards
he oxidation or reduction of several biochemical and inorganic

www.sp
ompounds [2] where, some of the functional groups in polymers
ill act as catalyst [3–5]. In this article, the word “enhanced elec-

rocatalytic activity” could be explained as both; increase in peak
urrent and lower overpotential [6]. The wide variety of applica-

∗ Corresponding author. Tel.: +886 2270 17147; fax: +886 2270 25238.
E-mail address: smchen78@ms15.hinet.net (S.-M. Chen).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.04.017
mA mM−1 cm−2).
© 2009 Elsevier B.V. All rights reserved.

tions of matrices made of CNTs for the detection of inorganic and
bioorganic compounds such as IO3

−, ascorbic acid, etc., have already
been reported in the literature [7–9].

Even though the electrocatalytic activity of conjugated polymers
and CNTs matrices individually shows good results; some proper-
ties like mechanical stability, sensitivity for different techniques,
and electrocatalysis for multiple compound detections are found to
be poor. To overcome this difficulty, new studies have been devel-
oped in the past decade for the preparation of composite films
composed of both CNTs and conjugated polymers. The rolled-up
graphene sheets of carbon exhibit �-conjugative structure with
highly hydrophobic surface. This unique property of the CNTs allows
them to interact with organic aromatic compounds through �–�
electronic and hydrophobic interactions to form new structures
[10,11]. There were past attempts in the preparation of compos-
ite and sandwiched films made of polymer adsorbed on CNTs, and
used them for electrocatalytic studies such as, selective detection

of dopamine in the presence of ascorbic acid [12]. The sandwiched
films were also been used in the designing of nanodevices with the
help of non-covalent adsorption, electrodeposition, etc. [13].

Among conjugated polymers, polyaniline (PANI) is one of the
most widely used conducting polymer [14]. The synthesis of PANI

http://www.sciencedirect.com/science/journal/00399140
http://www.elsevier.com/locate/talanta
mailto:smchen78@ms15.hinet.net
dx.doi.org/10.1016/j.talanta.2009.04.017
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as first reported by Letheby [15], where aniline was oxidized on
t-sheet in acidic media. PANI layers have been used as gas sen-
ors [16,17], electrode material for redox supercapacitor [18], shield
aterial for electromagnetic interference control [19], corrosion

ontrol [20], etc. Similarly, flavin adenine dinucleotide (FAD) is a
avoprotein coenzyme that plays an important biological role in
any oxidoreductases and in reversible redox conversions in bio-

hemical reactions. FAD has an isoalloxazine ring as a redox-active
omponent. The adsorption of FAD has been studied on Hg electrode
nd titanium electrodes [21,22], and the electrochemical reaction
f FAD was also studied on various electrodes in aqueous solu-
ions [23,24]. Further, the electropolymerization of FAD to form
oly(flavin adenine dinucleotide) (PFAD) was also reported in the

iterature [25].
p-Acetamidophenol is a well-known drug which has extensive

pplications in pharmaceutical industries. It is an antipyretic and
nalgesic compound that has high therapeutic value. It is also used
s a precursor in penicillin, and as stabilizer for hydrogen per-
xide, photographic chemical, etc. Various studies were reported
or the determination of p-acetamidophenol in drug formulations
sing different techniques [26–33]. Among these several methods
f determination techniques, the electrochemical methods have
ore advantages over the other in sensing p-acetamidophenol.
owever in these reports, the same principle, that is, oxidation of
-acetamidophenol by metal ion oxidants has been used for the
stimation.

The literature survey reveals that there were no previous
ttempts made for the synthesis of biocomposite film composed of
NTs, PANI and PFAD for the use in sensor application. In this arti-
le, we report about a novel biocomposite film (MWCNTs–PANIFAD)
ade of multi-walled carbon nanotubes (MWCNTs) which has

een incorporated with PANIFAD co-polymer. MWCNTs–PANIFAD
iocomposite film’s characterization, enhancement in functional
roperties, peak current and electrocatalytic activity have also
een reported along with its application in the determination of
-acetamidophenol. The film formation processing involves the
odification of gold electrode with uniformly well dispersed MWC-
Ts, and which is then modified with PANIFAD co-polymer.

. Experimental

.1. Materials

Aniline, FAD, MWCNTs (OD = 10–20 nm, ID = 2–10 nm
nd length = 0.5–200 �m), potassium hydroxide and p-
cetamidophenol obtained from Aldrich and Sigma–Aldrich
ere used as received. All other chemicals used were of analytical

rade. The preparation of aqueous solution was done with twice
istilled deionized water. Solutions were deoxygenated by purging
ith pre-purified nitrogen gas. Solutions were prepared from 1 M
ClO4 for the pH 2.28 aqueous solution.

.2. Apparatus

Cyclic voltammetry (CV) was performed in analytical sys-
em models CHI-611, CHI-400 and CHI-1205A potentiostats. A
onventional three-electrode cell assembly consisting of Ag/AgCl
eference electrode and a Pt wire counter electrode were used
or the electrochemical measurements. The working electrode was
ither an unmodified gold or a gold modified with PANI, PANIFAD,

www.sp
WCNTs–PANI or MWCNTs–PANIFAD biocomposite films. In all
xperiments, the potentials are reported vs. the Ag/AgCl reference
lectrode. The working electrode used for EQCM measurements
as an 8 MHz AT-cut quartz crystal coated with gold electrode.

he diameter of the quartz crystal is 13.7 mm; the gold elec-
(2009) 486–492 487

trode diameter is 5 mm. The flow injection analysis (FIA) of the
p-acetamidophenol at screen printed carbon electrode (SPCE) was
done using Alltech 426 HPLC pump containing an electrochem-
ical cell with electrodes. This above-mentioned electrochemical
cell was connected with an inlet from the pump and an outlet,
which were used for the carrier stream flow in the electro-
chemical cell. The morphological characterizations of the films
were examined by means of scanning electron microscopy (SEM)
(Hitachi S-3000H) and atomic force microscopy (AFM) (Being Nano-
Instruments CSPM4000). All the measurements were carried out at
25 ◦C ± 2.

2.3. Preparation of MWCNTs dispersion and MWCNTs–PANIFAD
modified electrode

There was an important challenge in the preparation of MWC-
NTs. Because of its hydrophobic nature, it was difficult to disperse it
in any aqueous solution to get a homogeneous mixture. Briefly, the
hydrophobic nature of the MWCNTs was converted in to hydrophilic
nature by following the previous studies [34]. This was done by
weighing 10 mg of MWCNTs and 200 mg of potassium hydroxide in
to a ruby mortar and grained together for 2 h at room temperature.
Then the reaction mixture was dissolved in 10 ml of double distilled
deionized water and it was precipitated many times in to methanol
for the removal of potassium hydroxide. Thus obtained MWCNTs
in 10 ml water was ultrasonicated for 6 h to get uniform disper-
sion. This functionalization process of MWCNTs was done to get
hydrophilic nature for the homogeneous dispersion, in water. This
process not only converts MWCNTs to hydrophilic nature but this
helps to breakdown larger bundles of MWCNTs in to smaller ones
also. This process was confirmed using SEM, which is not shown in
figures.

Before starting each experiment, gold electrodes were polished
by BAS polishing kit with 0.05 �m alumina slurry and rinsed
and then ultrasonicated in double distilled deionized water. The
gold electrodes studied were uniformly coated with 50 �g cm−2

of MWCNTs and then dried at 35 ◦C. The concentrations of
homogeneously dispersed MWCNTs were exactly measured using
micro-syringe. The electropolymerization of aniline with FAD to
form PANIFAD co-polymer was performed using the mixture 50 mM
aniline and 1 mM FAD present in pH 2.28 aqueous solution by
consecutive CV over a suitable potential region of −0.35 to 1.0 V.
Then the MWCNTs–PANIFAD modified gold electrode was care-
fully washed with double distilled deionized water. For detailed
study, comparison of different modified gold electrodes such as
PANI, PANIFAD, MWCNTs–PANI and MWCNTs–PANIFAD have been
performed. These characterization studies were done to reveal
the obvious necessity for the usage of MWCNTs and PANIFAD
in the MWCNTs–PANIFAD biocomposite film. For the FIA of p-
acetamidophenol oxidation (at 726 mV), carrier stream used was
pH 2.28 aqueous solution with the flow rate of 2 ml min−1, and the
volume of p-acetamidophenol injected at each cycle was 10 �l at
the time interval of 50 s.

3. Results and discussions

3.1. Electrochemical synthesis of MWCNTs–PANIFAD
biocomposite film and its characterization

The electropolymerization of aniline (50 mM) with FAD (1 mM)
mixture on MWCNTs modified gold electrode present in pH 2.28

.co
m.cn
aqueous solution has been performed by consecutive CVs for
the preparation of MWCNTs–PANIFAD biocomposite film. Fig. 1(a)
shows the reduction and electropolymerization of aniline and FAD
at MWCNTs modified gold electrode. Four redox couples (formal
potential E0 ′ = −14.8, 202.15, 511.9 and 718.4 mV vs. Ag/AgCl) are

zhk
铅笔

zhk
铅笔
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Fig. 1. (a) Repetitive CVs of MWCNTs–gold electrode modified from 50 mM ani-
line with 1 mM FAD present in pH 2.28 aqueous solution, scan rate 100 mV s−1. (b)
Comparison of CVs of PANI, PANIFAD, MWCNTs–PANI and MWCNTs–PANIFAD bio-
c
(
M
p

o
s
p
p
c
m
t
P
r
o
p
h
b
t
c

P
e
A
v
E
c
fi
c
o
P
h
T

Table 1
Surface coverage concentration (� ) of various species present in PANIFAD at different
gold modified electrodes.

Modified films a � (nmol cm−2)

b c d e

PANI – – 0.13 –
PANIFAD 0.37 0.03 0.15 –
MWCNTs–PANI – – 0.92 –
MWCNTs–PANIFAD 1.82 0.18 2.03 0.93

m
omposite films at gold electrode in pH 2.28 aqueous solution, scan rate 20 mV s−1.
c) The plot of Ipa and Ipc vs. different scan rate for PANIFAD (continuous line) and

WCNTs–PANIFAD (dotted line) present in pH 2.28 aqueous solution and (d) the
lot of �E vs. log scan rate for the same films.

btained for PANIFAD during electropolymerization, which repre-
ents the electrochemical redox reactions of PANIFAD co-polymer
resent in MWCNTs–PANIFAD biocomposite film. The increase in
eak current of the same redox couples at each cycle reveals the
ontinuous deposition of PANIFAD during cycling. The electropoly-
erization has been carried out at a suitable potential range of −0.3

o 1 V. In Fig. 1(a) result, the E0 ′ at −14.8 and 202.15 mV represents
FAD redox reactions, then the E0 ′ at 511.9 mV represents PANI redox
eaction, and then the E0 ′ at 718.4 mV represents the redox reaction
f PANIFAD co-polymer. In the following experiments, each newly
repared MWCNTs–PANIFAD biocomposite film on gold electrode
as been washed carefully in deionized water to remove the loosely
ounded aniline and FAD on the modified gold electrode. It was then
ransferred to pH 2.28 aqueous solution for other electrochemical
haracterizations.

Fig. 1(b) represents the electrochemical redox signals of PANI,
ANIFAD, MWCNTs–PANI and MWCNTs–PANIFAD modified gold
lectrodes present in pH 2.28 aqueous solution; scan rate 20 mV s−1.
mong these four films, PANI has a redox couple at E0 ′ = 511.9 mV
s. Ag/AgCl, where as for PANIFAD two new redox couples appear at
0 ′ = 202.15 and 718.4 mV along with the enhancement in the redox
ouple’s peak current at E0 ′ = 511.9 mV. Similarly in MWCNTs–PANI
lm, the presence of MWCNTs abruptly enhances the PANI’s redox

www.sp
ouple at E0 ′ = 511.9 mV. These above results show that the presence
f PFAD and MWCNTs in the film enhances the redox reaction of
ANI. In the same figure, MWCNTs–PANIFAD biocomposite film
ave four redox couples at E0 ′ = −14.8, 202.15, 511.9 and 718.4 mV.
hese four redox couple for MWCNTs–PANIFAD biocomposite
Species b, c, d, and e representing redox couples at E0 ′ = −14.8, 202.15, 511.9 and
718.4 mV, respectively.

a Studied using CV technique in pH 2.28 aqueous solution.

film represents the redox reactions of the compounds as we
discussed above for Fig. 1(a). Among these four redox couples,
E0 ′ at −14.8 mV do not appear for other three films, and the peak
currents of each redox couple in MWCNTs–PANIFAD biocomposite
film is higher than the other films. From these CVs in Fig. 1(b), the
surface coverage concentration (� ) values have been calculated
and given in Table 1. In this above calculation, the charge involved
in the reaction (Q) has been obtained from CVs and it has been
applied in the equation � = Q/nFA, where the number of electron
transfer involved in PANIFAD redox reactions are assumed as two.
These values in Table 1 indicates that the concentration increase
of MWCNTs increases the � of PANIFAD. The � increase can be
explained as, the concentration of MWCNTs directly proportional
to the geometric area, where the MWCNTs modified gold electrode
contains more surfaces to hold PANIFAD when comparing bare gold
electrode surface. In general, the geometric area of nanomaterials
is higher than the bulk materials. The slope value obtained from
Table 1 reveals the increase in � of PANI and PFAD per �g of
MWCNTs is ≈16 and 29 pmol cm−2 �g−1 respectively.

The CVs of PANIFAD and MWCNTs–PANIFAD biocomposite
films on gold electrode in pH 2.28 aqueous solution at different
scan rates have been studied (CVs not shown). In these results,
the redox peaks intensity increases linearly with the increase of
scan rates up to 7.8 V s−1. The scan rate vs. PANI redox couple
peak current in Fig. 1(c) shows that, the ratio of Ipa/Ipc remains
almost in unity as expected for surface type behavior. These above
results demonstrate that the redox process is not controlled by
diffusion up to 7.8 V s−1. From the slope values of �Ep vs. log scan
rate given in Fig. 1(d) plot, by assuming the value of ˛ ≈ 0.5, the
electron transfer rate constant (ks) has been calculated based on
Laviron theory [35]; and the ks for PANI redox reaction at PANIFAD
and MWCNTs–PANIFAD biocomposite films are ≈6.1 and 11.5 s−1

respectively. From these ks values, we have calculated the increase
in the ability of electron transfer between the electrode surface
and PANIFAD in presence of MWCNTs, and it is ≈89%. These results
show the enhanced functional property of MWCNTs–PANIFAD
biocomposite film in the presence of MWCNTs.

3.2. EQCM and pH studies of MWCNTs–PANIFAD biocomposite
film

The EQCM experiments have been carried out by modifying the
gold electrochemical quartz crystal with and without uniformly
coated MWCNTs, which was then dried at 35◦ C. Fig. 2(a) and (b)
shows the consecutive CVs from EQCM studies for the PANIFAD for-
mation at MWCNTs modified and unmodified gold coated quartz
crystal electrodes respectively. In these results, increase in the
voltammetric peak currents of PANIFAD redox couples and the fre-

.co
m.cn
quency decrease, or mass increase (figure not shown) are found
to be consistent with the growth of PANIFAD film on both mod-
ified and unmodified gold electrode. From the frequency change,
change in the mass of PANIFAD and MWCNTs–PANIFAD biocom-
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Fig. 2. Consecutive potential CVs of electrochemical quartz crystal gold electrode modified with PANIFAD at 1.0 to −0.3 V (scan rate 20 mV s−1), where (a) and (b) is the presence
a ) are t
a (c) CV
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nd absence of MWCNTs on the gold electrode respectively. Insets in both (a) and (b
nd every cycle frequency change with the increase of the scan cycles (dotted line).
nd transferred to various pH solutions; inset shows formal potential vs. pH.

osite film at gold coated quartz crystal has been calculated
sing Sauerbrey equation. From this calculation for the above-
entioned experimental conditions, it has been found that 1 Hz

requency change is equal to 1.4 ng of mass change [36–39]. There-
ore, mass change during PANIFAD incorporation on the MWCNTs

odified and unmodified gold electrodes for total cycles are 504
nd 341 ng cm−2 respectively. The insets in Fig. 2(a) and (b) indi-
ates the every cycle frequency change with the increase of the
can cycles (dotted lines) and variation of frequency change with
he increase of scan cycles (continuous lines) for MWCNTs–PANIFAD
iocomposite and PANIFAD films respectively. From these plots, it

s clear that there is a higher deposition of PANIFAD in presence
f MWCNTs, which is similar to the � results given in Table 1.
hese results show that the deposition of PANIFAD on MWCNTs
lm and bare gold electrode is stable and homogeneous. Previ-
us studies on CNT composites have shown also the necessity of
NTs for improving the functional properties such as orientation,
nhanced electron transport, high capacitance, etc. [40,41]. Fig. 2(c)
hows the CVs of MWCNTs–PANIFAD on gold electrode at various
H aqueous solutions in which the aniline and FAD are absent. In
hese experiments, the MWCNTs coated gold electrode has been

odified with PANIFAD using pH 2.18 aqueous solution, and it has
een washed with deionized water and then transferred to various

www.sp
H aqueous solutions for CV measurements. These CV results show
hat the PFAD present in the film is stable in the pH range between
and 10, and the Epa and Epc values of both PANI and PFAD present

n the film depends on the pH value of the aqueous solution. The
ecrease of PFAD peak current in pH 7 or greater could be due to
he variation of frequency change with the increase of scan cycles (continuous line)
s of MWCNTs–PANIFAD biocomposite film synthesized at pH 2.28 on gold electrode

the decomposition of PFAD in higher pH, which in turn affects the
PANI redox peak current also. The inset in Fig. 2(c) shows the for-
mal potential of PANI redox couple present in MWCNTs–PANIFAD
plotted over the pH range of 1–12. The response shows a slope of
−64 mV pH−1, which is close to that given by Nernstian equation
for equal number of electrons and protons transfer [42,43].

3.3. Topographic characterization of MWCNTs–PANIFAD
biocomposite film

Three different films MWCNTs, PANIFAD and MWCNTs–PANIFAD
have been prepared on gold electrode with similar conditions and
similar potential as mentioned in the previous sections, and were
characterized using SEM and AFM. It is a well-known fact that the
prolonged exposure to electron beam will damage the PFAD present
in PANIFAD and MWCNTs–PANIFAD films, so an at most care has
been taken to measure these images. Comparison of Fig. 3(a) and (b)
SEM images reveals significant morphological difference between
PANIFAD and MWCNTs–PANIFAD films. The top views of nanos-
tructures in Fig. 3(a) on the gold electrode surface show grains of
PANIFAD deposited on the electrode. The MWCNTs–PANIFAD bio-
composite film in Fig. 3(b) shows that the plateaus of PANIFAD
deposited over MWCNTs to form MWCNTs–PANIFAD biocompos-

ite modified gold electrode. Similarly, (a′) and (b′) represents bare
gold electrode and only MWCNTs, where MWCNTs are more visi-
ble in (b′) when comparing (b). The same modified gold electrodes
have been used to measure the AFM topography images shown in
Fig. 4(a) PANIFAD and (b) MWCNTs–PANIFAD, where (a′) is the bare



490 Y. Li et al. / Talanta 79 (2009) 486–492

F
w

g
i
s
F
i
c
fi
T
o
v
i
T
P

3
M

o
s
e
f
p
s
s
t
u
m
b
fi
t
r
M
C

redox couples in the absence of p-acetamidophenol, and upon
addition of p-acetamidophenol a new growth in the oxidation
peak of p-acetamidophenol appeared at Epa = 726 mV. This above
said anodic peak shows that the electrocatalytic oxidation of
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ig. 3. SEM images of (a) PANIFAD and (b) MWCNTs–PANIFAD biocomposite films,
here (a′) is bare gold electrode and (b′) is only MWCNTs.

old electrode. The higher magnification (10 �m × 10 �m) of AFM
mages when comparing SEM images reveal that disk shaped grain
tructures of PANIFAD formed on the gold electrode. However in
ig. 4(b), elongated deposition of PANIFAD formed over MWCNTs
nstead of disk shaped grain structure. This result reveals that higher
oncentration of PANIFAD has been deposited on MWCNTs modi-
ed gold electrode, which is consistent with the � values given in
able 1. Further, the thicknesses of PANIFAD and MWCNTs–PANIFAD
btained from AFM results are 300 and 1500 nm respectively. These
alues too show MWCNTs–PANIFAD is thicker than PANIFAD, which
s due to the presence of MWCNTs covered under PANIFAD film.
hese SEM and AFM results reveal the coexistence of MWCNTs and
ANIFAD in the biocomposite film.

.4. Electroanalytical response of p-acetamidophenol at
WCNTs–PANIFAD biocomposite film

The MWCNTs–PANIFAD biocomposite film has been synthesized
n gold electrode at similar conditions as given in experimental
ection. Then the MWCNTs–PANIFAD biocomposite film modified
lectrode has been washed carefully in deionized water and trans-
erred to pH 2.28 aqueous solution for the electrocatalysis of
-acetamidophenol. All the CVs have been recorded at the con-
tant time interval of 1 min with nitrogen purging before the
tart of each experiments. Fig. 5 shows the electrocatalytic oxida-
ion of p-acetamidophenol (60 �M) at various film modified and
nmodified gold electrodes; scan rate 20 mV s−1. The various film
odified electrodes are PANIFAD, MWCNTs and MWCNTs–PANIFAD

iocomposite films, where the MWCNTs–PANIFAD biocomposite

www.sp
lm is shown with highest concentration (60 �M) and also in
he absence of p-acetamidophenol (blank). The schematic rep-
esentation of p-acetamidophenol electrochemical oxidation at
WCNTs–PANIFAD biocomposite film is given in Scheme 1. The

Vs for MWCNTs–PANIFAD biocomposite film exhibits reversible
Fig. 4. AFM images of (a) PANIFAD and (b) MWCNTs–PANIFAD biocomposite films,
where (a′) is bare gold electrode.
Fig. 5. CVs of p-acetamidophenol (60 �M) at bare, PANIFAD, MWCNTs and
MWCNTs–PANIFAD biocomposite film modified gold electrodes using pH 2.28 aque-
ous solution at 20 mV s−1, where MWCNTs–PANIFAD biocomposite film is shown
with both the absence and presence of 60 �M p-acetamidophenol.
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ol at MWCNTs–PANIFAD biocomposite film modified electrode.
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Table 3
Sensitivities and correlation coefficient of different modified electrodes for p-
acetamidophenol oxidation in pH 2.28 aqueous solution using various techniques.

Modified films Sensitivity (mA mM−1 cm−2)
[correlation coefficient]

CVa FIAb

PANIFAD 28.7 [0.9976] –
MWCNTs 60.7 [0.8941] 1.1 [0.9326]

respective analytes concentration. From the slopes of linear cal-
ibration curves, sensitivities of MWCNTs and MWCNTs–PANIFAD
biocomposite film modified SPCE and their correlation co-efficient
have been calculated and given in Table 3. The comparison of slope
values of both the films show that the MWCNTs–PANIFAD biocom-

m
m.cn
Scheme 1. Electrochemical oxidation of p-acetamidophen

-acetamidophenol takes place at PANIFAD co-polymer’s redox cou-
le E0 ′ = 718.4 mV. In these above electrocatalysis experiment, an

ncrease in concentration 2–60 �M of p-acetamidophenol simulta-
eously produces a linear increase in the oxidation peak current
f p-acetamidophenol with good film stability at PANIFAD, MWC-
Ts and MWCNTs–PANIFAD biocomposite films. However, there is
o increase at bare gold electrode. The anodic peak current is linear
ith the concentration of p-acetamidophenol for all the three films.

It is obvious that the MWCNTs–PANIFAD biocomposite film
hows higher electrocatalytic activity for p-acetamidophenol.
ore specifically, the enhanced electrocatalytic activity of
WCNTs–PANIFAD biocomposite film can be explained in terms

f both lower in overpotential and higher peak current than that
f PANIFAD film, MWCNT film and bare gold electrode. These
esults can be observed from the Ipa and Epa values given in
able 2. Where, the increase in peak current and decrease in
verpotential; both are considered as the electrocatalytic activ-
ty [6]. In detail, the enhancement in electrocatalytic activity at

WCNTs–PANIFAD biocomposite film is due to presence of both
WCNTs and PANIFAD, where the anodic peak potential is lowered

y MWCNTs, and the peak current is enhanced by both MWCNTs
nd PANIFAD. From the slopes of linear calibration curves, the sensi-
ivities of PANIFAD, MWCNTs and MWCNTs–PANIFAD biocomposite
lm modified gold electrodes and their correlation co-efficient
ave been calculated and given in Table 3. It is obvious that the
ensitivity of MWCNTs–PANIFAD biocomposite film is higher for p-
cetamidophenol when comparing PANIFAD and MWCNTs films.
he overall view of these results reveals that MWCNTs–PANIFAD
iocomposite film is efficient for p-acetamidophenol analysis.

.5. FIA of p-acetamidophenol at MWCNTs–PANIFAD
iocomposite film

ww.sp
The MWCNTs–PANIFAD biocomposite film has been synthesized
n SPCE at similar conditions to that of gold electrode. Then the
odified electrode has been washed carefully in deionized water

nd used for FIA of p-acetamidophenol as shown in Fig. 6. The

able 2
omparison of Epa and Ipa of p-acetamidophenol in electrocatalytic oxidation reac-
ion using CV technique at different modified electrodes in pH 2.28 aqueous solution.

odified films a Epa (mV) Ipa (�A)

are gold electrode 753.5 36.91
ANIFAD 765.3 69.88
WCNTs 728.2 152.1
WCNTs–PANIFAD 726.0 246.1

a Modified at gold electrode.

w

MWCNTs–PANIFAD 88.5 [0.7843] 3.3 [0.9957]

a Films modified at gold electrode.
b Films modified at SPCE.

carrier stream used was pH 2.28 aqueous solution with the flow
rate of 2 ml min−1, and the volume of p-acetamidophenol injected
at each cycle was 10 �l at the time interval of 50 s. Fig. 6 shows
the successive addition of p-acetamidophenol in the concentra-
tion range from 10 �M to 0.1 M at the potential of 726 mV. This
above-mentioned potential is the optimized potential obtained
from CV study. The rapid amperometric response of the MWCNTs
and MWCNTs–PANIFAD biocomposite film is proportional to the

.co
Fig. 6. FIA of p-acetamidophenol at MWCNTs–PANIFAD biocomposite film with
five different concentrations of p-acetamidophenol = (a) 1 × 10−5; (b) 1 × 10−4; (c)
1 × 10−3, (d) 1 × 10−2 and (e) 1 × 10−1 M; potential = 726 mV, where the carrier
stream used was pH 2.28 aqueous solution; flow rate = 2 ml min−1 and injected
volume = 10 �l.
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Table 4
Electroanalytical values obtained for the p-acetamidophenol tablet’s determina-
tion using FIA in pH 2.28 aqueous solution at MWCNTs–PANIFAD biocomposite film
modified SPCE.

Added (mM) Found (mM) RSD (%) Recovery (%)

0.01 0.0102 1.94 102
0.1 0.107 2.61 107
1 1.08 2.78 108
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10 10.86 1.28 109
100 109.49 1.71 109

osite film possess good reproducibility with higher sensitivity for
-acetamidophenol.

.6. Analysis of p-acetamidophenol tablet

The performance of MWCNTs–PANIFAD biocomposite film mod-
fied SPCE has been tested by applying it to the determination
f the p-acetamidophenol present in p-acetamidophenol tablets.
he technique used for the determination was FIA. These p-
cetamidophenol tablets were obtained from GlaxoSmithKline
ungarvan Ltd., Ireland. The tablet’s labeled composition is 500 mg
f acetamidophenol and 65 mg of caffeine. In these experiments,
he concentration added, found and the relative standard devi-
tion (RSD) are given in Table 4. From these results in Table 4,
he recovery of p-acetamidophenol is ≈107%. These above results
how that MWCNTs–PANIFAD biocomposite film is efficient for p-
cetamidophenol detection.

. Conclusions

We developed a novel biocomposite material using MWCNTs
nd PANIFAD (MWCNTs–PANIFAD) at gold electrode and SPCE,
hich are more stable in pH 2.28 aqueous solution. The devel-

ped MWCNTs–PANIFAD biocomposite film for the electrocatalysis
ombines the advantages of ease of fabrication, high reproducibility
nd sufficient long-term stability. The EQCM results confirmed the
ncorporation of PANIFAD on MWCNTs modified gold electrode. The
EM and AFM results have shown the difference between PANIFAD
nd MWCNTs–PANIFAD biocomposite films morphology. Further,
t has been found that MWCNTs–PANIFAD biocomposite film has
xcellent functional properties along with good electrocatalytic
ctivity on p-acetamidophenol. The experimental methods of CV

.sp
nd FIA with MWCNTs–PANIFAD biocomposite film sensor inte-
rated into the gold electrode and SPCE which are presented in
his article provide an opportunity for qualitative and quantitative
haracterization. Therefore, this work establishes and illustrates in
rinciple and potential, a simple and novel approach for the devel-

[

[

[www
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opment of a voltammetric and amperometric sensor which is based
on modified gold electrode and SPCE.
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