
S
c
n

B
D

a

A
R
R
A
A

K
A
A
C
C
T

1

(
s
c
H
n
c
t
c
[
i
t
t
fl
l
a

(

0
d

Electrochimica Acta 55 (2010) 8638–8648

Contents lists available at ScienceDirect

Electrochimica Acta

journa l homepage: www.e lsev ier .com/ locate /e lec tac ta

imultaneous voltammetric determination of acetaminophen, aspirin and
affeine using an in situ surfactant-modified multiwalled carbon
anotube paste electrode

ankim J. Sanghavi, Ashwini K. Srivastava ∗

epartment of Chemistry, University of Mumbai, Vidyanagari, Santacruz (East), Mumbai 400 098, India

r t i c l e i n f o

rticle history:
eceived 13 May 2010
eceived in revised form 27 July 2010
ccepted 29 July 2010
vailable online 6 August 2010

eywords:
cetaminophen
spirin

a b s t r a c t

A carbon nanotube paste electrode modified in situ with Triton X 100 was developed for the individual
and simultaneous determination of acetaminophen (ACOP), aspirin (ASA) and caffeine (CF). The elec-
trochemical behavior of these three molecules was investigated employing cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), chronocoulometry (CC) and adsorptive stripping differen-
tial pulse voltammetry (AdSDPV). Kramers–Kronig transformation implied that the resulting impedance
data were validated and were of very good quality. These studies revealed that the oxidation of ACOP, ASA
and CF is facilitated at an in situ surfactant-modified multiwalled carbon nanotube paste electrode (ISSM-
CNT-PE). After optimization of analytical conditions employing this electrode at pH 7.0 in phosphate
affeine
arbon nanotubes
riton X 100

buffer (0.1 M), the peak currents for the three molecules were found to vary linearly with their concen-
trations in the range of 2.91 × 10−7–6.27 × 10−5 M with detection limits of 2.58 × 10−8, 8.47 × 10−8 and
8.83 × 10−8 M for ACOP, ASA and CF respectively using AdSDPV. The prepared modified electrode showed
several advantages, such as a simple preparation method, high sensitivity, very low detection limits and
excellent reproducibility. Furthermore, the proposed method was employed for the simultaneous deter-
mination of ACOP, ASA and CF in pharmaceutical formulations, urine and blood serum samples and the

nd to
obtained results were fou

. Introduction

Combination drugs consisting of acetaminophen (ACOP), aspirin
ASA) and caffeine (CF) are used to treat pain from conditions
uch as headache (including migraine), muscle aches, menstrual
ramps, arthritis, backache, toothaches, colds and sinus infections.
owever, an overdose of these combination drugs may induce
ausea, vomiting, diarrhea, abdominal pain, sweating, seizures,
onfusion or an irregular heartbeat. Hence, their determination in
race quantities is of great importance. Previously, electrochemi-
al techniques have been implemented for the estimation of ACOP
1–6], ASA [7–9] and CF [10–14] when present individually. Other
nstrumental techniques employed for the individual analysis of
hree molecules are: HPLC–MS/MS, GC–MS/MS, spectrofluorime-

ry for ACOP [15–17], UV–vis spectrophotometry, solid-phase
uorescence spectroscopy for ASA [18–20] and GC–MS, micel-

ar electrokinetic capillary chromatography, Quasi-flow injection
nalysis for CF [21–23]. However, there are relatively few methods
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be satisfactory.
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for their simultaneous estimation [24–27]. Moreover, these meth-
ods face the drawbacks of being expensive, laborious and requiring
pretreatment of the samples. Surprisingly, no voltammetric pro-
cedure exists for the simultaneous determination of ACOP, ASA
and CF in a mixture. Therefore, it is desirable to develop sim-
ple, sensitive and precise alternate methods employing carbon
paste electrodes for the simultaneous determination of all three
molecules.

Carbon paste electrodes (CPEs) are very popular due to their
wide anodic potential range, low residual current, ease of fabri-
cation, easy surface renewal and low cost. Chemically modified
electrodes (CMEs) are used to lower the detection limits com-
pared to plain carbon paste electrodes (PCPE). Various modifiers,
such as macrocyclic compounds [28,29], copper complexes [30,31],
phthalocyanine [32] and nanomaterials [33] have been employed
successfully as modifiers for carbon paste electrodes. Carbon nan-
otubes (CNTs) have triggered a new genre for the development
of novel electrode materials due to their amazing structural,

mechanical, electrical and physical properties [34–38]. In addition,
surfactants at trace levels have also been employed successfully as
modifiers [39–43].

In view of the desirable characteristics of CNTs and surfac-
tants, it is likely that electrochemical processes may occur in
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http://www.sciencedirect.com/science/journal/00134686
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facile manner on surfactant-CNT modified carbon paste elec-
rodes. Therefore, the present work aims to employ adsorptive
tripping differential pulse voltammetry (AdSDPV) for the indi-
idual and simultaneous determination of ACOP, ASA and CF
t an in situ surfactant-modified multiwalled carbon nanotube
aste electrode (ISSM-CNT-PE). The surface characterization of
hese electrodes is performed using a scanning electron micro-
cope (SEM). The electrochemical characterizations of the obtained
lectrodes have been carried out through cyclic voltammetry
CV), electrochemical impedance spectroscopy (EIS) and chrono-
oulometry (CC). Utilizing the developed method, individual and
imultaneous determination of the three molecules has been car-
ied out in pharmaceutical formulations, urine and blood serum
amples. Additionally, CF was successfully analyzed in beverages,
offee and cola. Moreover, the proposed voltammetric method was
alidated by UV–vis spectrophotometry for ACOP, potentiometry
or CF and titrimetry for ASA.

. Experimental

.1. Chemicals and instrumentation

All chemicals were of A.R. grade and were used as received
ithout any further purification. ACOP, ASA, CF, ascorbic acid,
-glucose, uric acid, NaH2PO4 and Na2HPO4 were purchased

rom S.D. Fine (India). Urea and 4-aminophenol were procured
rom Loba Chemie (India). MWCNTs (dimensions: OD = 60–100 nm,
D = 5–10 nm, length = 0.5–50 �m, C 95+%) were obtained from
ldrich (USA). Graphite powder was purchased from S.D. Fine

India). Mineral oil was purchased from Fluka (USA). Sodium lau-
yl sulfate (SLS), Triton X 100 (TX 100), cetyl trimethylammonium
romide (CTAB), cetyl pyridinium chloride (CPC), Tween 20, Tween
0, Brij 35 and Brij 56 were purchased from S.D. Fine (India). All
olutions were prepared using double distilled water of specific
onductance (0.3–0.8 �S).

All voltammetric measurements were performed on an Eco
hemie, Electrochemical Work Station, model Autolab PGSTAT 30
The Netherlands) having the GPES software (version 4.9.005).
ll pH measurements were performed using an ELICO LI 120 pH
eter. A Ag/AgCl electrode and a platinum electrode were used

s the reference and counter electrodes respectively. All poten-
ials were measured with respect to Ag/AgCl(aq) (3 M KCl) as the
eference electrode. A plain carbon paste electrode (PCPE), carbon
anotube paste electrode (CNT-PE), an in situ surfactant-modified
aste electrode (ISSM-PE) and an in situ surfactant-modified car-
on nanotube paste electrode (ISSM-CNT-PE) were used as working
lectrodes. The UV–vis spectrophotometer used for validating the
ethod was obtained from Shimadzu (Japan). The scanning elec-

ron microscope employed for surface characterization of the
lectrodes was a FEI Quanta-200 model with an operating voltage
f 20 kV.

.2. Preparation of the PCPE, CNT-PE and ISSM electrodes

The PCPE was prepared using slurry composed of 70:30,
raphite:mineral oil, using a mortar and pestle, which was then
llowed to homogenize for 48 h. The paste was then filled into a
eflon micropipette tip (diameter = 0.5 mm). A metallic wire was
issected through the paste thus providing the electrical contact.
mooth and fresh electrode surfaces were obtained by squeez-

ng out 0.5 mm of paste from the syringe, scraping off the excess
nd polishing it against butter paper until the surface had a shiny
ppearance. The CNT-PE was prepared in the same way as the PCPE,
ut with a composition of 65:5:30, graphite:CNT:mineral oil. For
he pretreatment of CNTs, 0.05 g of carbon nanotubes was dispersed
imica Acta 55 (2010) 8638–8648 8639

in 60 mL of 2.2 M HNO3 for 20 h at room temperature with the aid
of ultrasonic agitation, then washed with distilled water to neu-
trality and dried in an oven at 37 ◦C [44]. In situ modification of
the electrode was done by dipping the PCPE and the CNT-PE in vig-
orously stirred (at 400 rpm) surfactant (TX 100) solution for 120 s.
These modified electrodes were then dipped in standard ACOP, ASA
and CF solutions containing 5 × 10−5 M TX 100 during measure-
ments.

2.3. The treatment and determination of samples

For stripping voltammetric analysis of ACOP, ASA and CF, appro-
priate quantities of the analyte solution was placed into a 25 mL
standard volumetric flask and then diluted to the mark with phos-
phate buffer, pH 7.0 (0.1 M). The solution was then transferred into
the micro-electrochemical cell where the measurements were car-
ried out. A magnetic stirrer (Expo Hi-Tech, India) with a stirring bar
was used to provide the convective transport of the analyte during
its accumulation onto the carbon paste electrode surface. An accu-
mulation potential of −0.7 V was applied to the ISSM-CNT-PE for
an accumulation duration of 300 s while the solution was stirred at
400 rpm with the magnetic stirrer. At the end of the accumulation
period, the stirring was stopped, and a 15 s rest period was allowed
for the solution to become quiescent. The voltammogram was then
recorded by scanning the potential towards the positive direction
from −0.1 V to +1.5 V for all three analytes present together using
the differential pulse mode employing a step potential of 5 mV
and a modulation amplitude of 50 mV. Similarly, cyclic voltammet-
ric experiments were carried out by scanning the potential from
−0.4 V to +1.7 V for all three molecules when present together at
a scan rate of 10 mV s−1. Double potential step chronocoulometry
was carried out with a pulse period of 5 s from +0.3 V to +0.7 V
for ACOP, +0.6 V to +1.0 V for ASA and +1.1 V to +1.6 V for CF vs.
Ag/AgCl.

Individual analysis of ACOP, ASA and CF was first carried out
in pharmaceutical formulations. For simultaneous determination
of ACOP, ASA and CF, Cipstrong tablet (Cipla Ltd., India) and two
synthetic samples were employed. Twenty tablets of ACOP (and
ASA) were weighed and ground to a fine powder using a mortar
and pestle. In all the samples where ASA was present, the weighed
amount of the powder was boiled with 0.01 N NaOH for 10 min, thus
hydrolyzing it completely into salicylic acid [45,46]. The amount of
salicylic acid obtained was then equated to the original amount of
ASA in the samples. Different beverage samples viz., espresso and
instant coffee samples along with two samples of cola beverages
were then analyzed for their CF content. The cola samples were
appropriately diluted (1:200) with supporting electrolyte to bring
them into the working range. Similar treatment was also given to
the coffee-based samples. Furthermore, caffeine-free cola sample
and a decaffeinated coffee samples were also analyzed with the
aim of testing the contribution of the matrix to the analyte signal.
The caffeine contents of these samples were almost zero. For all of
these experiments, the samples were diluted to 100 mL with pH 7.0
phosphate buffer solution.

Recovery tests were performed for simultaneous determina-
tion by spiking standard solutions of all three molecules into
pharmaceutical formulations as well as urine and blood serum sam-
ples from healthy volunteers. Human blood serum samples were
obtained from a local pathology clinic and stored under refrigera-
tion. To avoid interferences of the serum matrix, a 50-�L serum

sample was added to the electrochemical cell containing 25 mL
of pH 7.0 phosphate buffer solution having 5 × 10−5 M of TX 100.
These samples were cleaned by filtering through a 0.22-�m PVDF
syringe filter (Millex, Millipore Corporation) with no prior extrac-
tion steps before voltammetric measurements.
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. Results and discussion

.1. Effect of pH and supporting electrolyte

Standard solutions of ACOP, ASA and CF (2 × 10−6 M) were used
o find the optimum pH of the supporting electrolyte best suited
or determination of ACOP, ASA and CF by PCPE. The influence of
he pH on the oxidation peaks currents of ACOP, ASA and CF were
nvestigated in the pH range of 2–12 employing Britton–Robinson
uffer. It was observed that as the pH of the medium was gradually

ncreased, the potential shifted towards less positive values, sug-
esting the involvement of protons in the reaction. At very low
H values, ACOP was hydrolyzed to p-aminophenol. As the pH

ncreased beyond 7.0, however, the peak current decreased and
bove pH 8.0, there is a distortion in the peak shape. Furthermore,
s the pH was increased above 8.0 the oxidation became kinetically
ess favorable, presumably due to the presence of the phenoxide.
ver the pH range 5.5–8.0, the peak potential (Ep) was a linear

unction of pH for all three molecules. From the plot of Ep vs. pH,
lopes of −0.063 V, −0.030 V and −0.065 V were obtained for ACOP
Fig. S1), ASA and CF respectively in the working pH range. This
esult revealed that an equal number of protons and electrons were
nvolved in the oxidation reactions of ACOP and CF, whereas an
nequal number was involved in the oxidation of ASA. It was also
bserved that the peak current (ip) reached its maximum value at
H 7.0 for ACOP, ASA and CF oxidation. Thus, this pH was employed
or further studies. Various buffers, such as Tris, citrate phosphate,
EPES and phosphate buffer were then employed at pH 7.0 (Fig. S2).
ut of these buffers, the pH 7.0 phosphate buffer gave the best

esponse in terms of peak current and peak shape and, hence, was
mployed for all future experiments. In the next step, optimization
f buffer concentration was carried out by varying its concentration
n the range of 0.02–0.2 M. The best peak response was observed
or 0.1 M phosphate buffer and therefore used for all further stud-
es.

.2. Effect of CNTs and different surfactants on the oxidation
eaks of ACOP, ASA and CF

The effect of the amount of CNTs as a modifier in the carbon paste
as first studied by varying its composition in the range of 1–10%
ith respect to graphite. It was then observed that the oxidation
eak current for ACOP, ASA and CF increased with increases in the
ercentage of CNTs up to 5%; beyond this point, saturation in the
nodic peak current occurred. As a result, 5% CNTs was selected as
he optimum amount for the preparation of the CNT-PE.

The effects on the peak current of ACOP, ASA and CF were inves-
igated using the following: cationic surfactants, such as CTAB, CPC
nd CPB; anionic surfactants, such as SLS; and non-ionic surfac-
ants, such as Tween 20, Tween 80, Brij 56, Brij 35 and TX 100.
t should be highlighted here that ACOP (pKa = 9.5, M.W. = 151.16)
s a neutral molecule at neutral pH. Therefore, upon employing
ationic surfactants, its oxidation peak disappeared and its determi-
ation was impossible. Conversely, cationic surfactants enhanced
he peak current for ASA (pKa = 3.5, M.W. = 180.16) and CF (pKa = 0.7,

.W. = 194.19). In the presence of anionic surfactants, however, the
eaks for ASA and CF were not observed.

Based on these observations, conditions conducive for the
imultaneous determination of ACOP, ASA and CF were yet to be
elected. It was observed that on employing non-ionic surfactants,
owever, that the peak current for all three molecules increased

rastically. Among all the non-ionic surfactants, TX 100 gave the
est response in terms of peak current for all three molecules of

nterest and, hence, was employed for further studies.
The oxidation peak currents of ACOP, ASA and CF were observed

o be highly dependent on the concentration of TX 100 and the
imica Acta 55 (2010) 8638–8648

nature of the electrode. While gradually increasing the concentra-
tion of TX 100 from 1 × 10−7 M, the oxidation peak current initially
increased up to a concentration of 5 × 10−5 M and then leveled off
till 2.8 × 10−4 M due to surface saturation. Beyond this concentra-
tion, the peak current intensity started to decrease (Fig. S3) due
to the micelle effect. Hence, TX 100 was employed at what was
deemed the best concentration of 5 × 10−5 M, well below the CMC
(3 × 10−4 M) of TX 100. The observed increase in peak current could
be attributed to the TX 100, which has hydrophobic C–H chains
and hydrophilic head groups that adsorb strongly at the surface
of the carbon paste via hydrophobic interactions. Consequently,
adsorbed TX 100 induced ACOP, ASA and CF adsorbtion on to the
electrode surface. Therefore, the oxidation current of ACOP, ASA
and CF increased significantly in the presence of TX 100. Moreover,
ACOP, ASA and CF were solubilized by TX 100, increasing their res-
idence time near the electrode (i.e., TX-100 forms a thin layer on
the electrode surface into which the analyte molecules are pre-
concentrated). This phenomenon then increased the probability of
electron transfer between the electrode and all three molecules. As
a result, the oxidation peak potentials shifted to less positive values
due to induced and associated adsorption [47].

3.3. Scanning electron microscope (SEM)

Fig. 1 compares the morphological features of the different elec-
trodes using SEM. The SEM profile of PCPE was characterized by a
surface of irregularly shaped graphite particles that appeared to
remain isolated (Fig. 1(a)). The SEM image of ISSM-PE, however,
was more uniform in nature: no separated graphite particles could
be observed, which demonstrates the good adherence of the sur-
factant to the graphite (Fig. 1(b)). Furthermore, the SEM image of
ISSM-CNT-PE, having CNT at the centre [the rod-like structure at
the center of the Fig. 1(c)], with a coating of surfactant was more
compact in comparison to PCPE. Hence, the current increases at the
ISSM-CNT-PE could be attributed to the more compact nature of the
carbon paste due to surfactant and an increased surface area due
to MWCNTs.

3.4. Cyclic voltammetry (CV)

The cyclic voltammograms of ACOP, ASA and CF (1 × 10−6 M) at
all four investigated electrodes are given in Fig. 2. It can be observed
from Fig. 2(a) that moving from PCPE to ISSM-CNT-PE, the anodic
and cathodic peak potentials of ACOP shifted towards less posi-
tive and less negative values respectively. Thus, the separation in
peak potential (�Ep) value decreased drastically, indicating that
the rate of electrode reaction increased with surfactant modifica-
tion. At a scan rate of 10 mV s−1, the electrode reaction became
reversible with a formal potential of El

0 = 0.30 V. As shown in
Fig. 2(b) and (c), the Ep values for ASA and CF shifted by −100 mV
and −30 mV, respectively, in the anodic range. This result implied
that the oxidation of all three molecules become facile on the ISSM-
CNT-PE.

The effect of potential scan rate on the peak current of ACOP,
ASA and CF was also simultaneously studied. Fig. 2(d) shows that
ACOP gave a quasireversible cyclic voltammogram, while ASA and
CF were completely irreversible in nature. From Fig. 2(d), it can
be seen that the oxidation peak shifted to a more positive value
for ACOP, ASA and CF, and the reduction peak for ACOP shifted to
more negative values with increasing scan rates that had concur-

rent increases in current. The cyclic voltammetric results indicated
that the anodic peak currents (ip) of the three molecules varied
linearly with the scan rate (�) in the range from 100 mV s−1 to
3500 mV s−1. This finding implied that the oxidation of ACOP, ASA
and CF was kinetically controlled on the ISSM-CNT-PE.
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.5. Electrochemical impedance spectroscopy (EIS)

In an attempt to clarify the differences among the electro-
hemical performance of the PCPE, the ISSM-PE, the CNT-PE and
he ISSM-CNT-PE, electrochemical impedance spectroscopy (EIS)
as employed as a technique for the electrochemical character-

zation of each electrode surface. As such, the Nyquist plots for
COP showed a significant difference in responses for all four
lectrodes, as shown in Fig. 3(a). In addition, a semicircle with
large diameter was observed for the PCPE in the frequency

ange 10−2–106 Hz. However, the diameter of the semicircle dimin-
shed when the ISSM-CNT-PE was employed. Furthermore, the
harge transfer resistance (Rct) values obtained from Fig. 3(a) for
COP (5.0 × 10−5 M) at the PCPE, the ISSM-PE, the CNT-PE and the

SSM-CNT-PE were 235, 133, 122.5 and 65 k�, respectively. This
bservation implied that the charge transfer resistance of the elec-
rode surface decreased and that the charge transfer rate increased
pon employing the ISSM-CNT-PE. A Warburg at 45◦ was also

bserved for all the electrodes of interest.

Further electrochemical characterization of the electrode sur-
ace was performed using a Bode plot (Fig. 3(b)). In the absence
f TX 100, only a single, symmetrical peak existed on the Bode

Fig. 1. Scanning electron microscope images of (
imica Acta 55 (2010) 8638–8648 8641

plot of phase angle (˚) vs. log frequency (f), which corresponded
to the relaxation process of the electrode/solution interface, as
given in Fig. 3(b). However, the Bode plot was very different
when 5 × 10−5 M TX 100 was present, showing two well-defined
peaks corresponding to the two relaxation processes, (I) and
(II). The adsorption of surfactants on hydrophobic surfaces has
been investigated previously, and a common observation was
that, at high concentrations, surfactants usually form a mono-
layer on the electrode surface. Due to the suspected formation of
this monolayer, the smoothness of the surface of the surfactant-
modified electrodes increased in comparison to the unmodified
ones.

Proceeding from very low concentrations (1 × 10−7 M) of surfac-
tants to high concentrations (1 × 10−3 M), the adsorptive behavior
of TX 100 on a hydrophobic surface changes from monomer adsorp-
tion to monolayer adsorption. As the relaxation of the electrolyte
solution usually occurred at high frequencies, relaxation (I) on the
curve was attributed to the electrolyte solution, and relaxation

(II) was due to the monolayer of TX 100 on the electrode sur-
face. It was interesting to note that, for those electrodes in which
there was no surfactant present, the second relaxation was not
observed. This result further verified the above-mentioned rea-

a) PCPE, (b) ISSM-PE and (c) ISSM-CNT-PE.
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Fig. 2. Cyclic voltammograms of 1 × 10−6 M ACOP (a), ASA (b) and CF (c) at four different electrodes: PCPE (· · ·), CNT-PE (– – –), ISSM-PCPE (—) and ISSM-CNT-PE (– · – · –).
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oltammetric conditions: scanning electrode potential with a scan rate of 10 mV s−1

uffer solution (pH 7.0) containing 5.00 × 10−5 M TX 100. (d) Cyclic voltammograms
pH 7.0) containing 5.00 × 10−5 M TX 100 employing varying scan rates (mV s−1): (1

ons of the process of formation of TX 100 layer onto the electrode
urface. In addition, the ISSM-CNT-PE showed a lower relaxation
han the ISSM-PE electrode, implying that the reaction was more
acile on the former electrode. This conclusion was supported by
nother type of Bode plot that compared log Z vs. log f. In the fre-
uency range of relaxation (I), the dependence of log Z vs. log f
ave a slope of −0.5, corresponding to the Warburg impedance
ssociated with the electrolyte solution. As for relaxation (II), the
lope for log Z vs. log f was −0.55, indicating the presence of a
onstant phase element in the relaxation of the TX 100 mono-
ayer.

The dependence of log Z on log f in the absence of TX 100 had
slope of −0.8, corresponding to the capacitance of the electric

ouble layer. A slope of almost zero at the two extremes repre-
ented the capacitance of the electric double layer as well as the
wo resistances associated with the electrolyte solution and the
harge transfer between the solution and the electrode. As dis-
ussed above, the resistance of the electrolyte solution usually
ppeared at high frequencies; thus, the plateau at high frequencies
n the Bode plane plots corresponded to the electrolyte solution
esistance, and the plateau at low frequencies was associated with
he charge transfer process. Similar results were obtained for ASA
nd CF employing all four electrodes.

Finally, the Kramers–Kronig transformation test was carried out
n ACOP to test the validity of the impedance data (Fig. 3(c)).
he Kramers–Kronig transformation gave a �2 (chi square) of
.48 × 10−6 for ACOP, 7.85 × 10−6 for ASA and 6.69 × 10−6 for CF.

herefore, the system satisfied all the conditions for very good
mpedance data (i.e., linearity, causality, stability and finiteness of
he system). Thus, the test implied that the impedance data were
alidated with respect to impedances over a wide frequency range
nd were of very good quality.
een −0.4 and +1.0 V for ACOP, +0.6–1.2 V for ASA and +1.0–1.6 V for CF in phosphate
P, ASA and CF (1.0 × 10−6 M) obtained simultaneously in phosphate buffer solution

100, 200, 300, 400, 500, 1000, 1500, 2000, 2500, 3000 and 3500.

3.6. Chronocoulometry (CC)

Electro-oxidation of ACOP, ASA and CF at the PCPE, CNT-
PE, ISSM-PE and ISSM-CNT-PE was characterized by employing
chronocoulometry for the determination of the kinetics and
mechanisms of electrode reactions. Using double potential step
chronocoulometry, after point-by-point background subtraction,
the plot of charge (Q) vs. the square root of time (t1/2) showed a
linear relationship. According to the integrated Cottrell equation,
the diffusion coefficient and Qads of ACOP, ASA and CF could then
be estimated from the slope and intercept, respectively, of the plot
of total Q vs. t1/2, given by the Anson equation [48]. The resulting
calculated parameters are presented in Table S1. As can be observed
from the data, the value of the slope and the Qads for the ISSM-CNT-
PE were more than the other electrodes, confirming that TX 100,
along with CNTs, makes the accumulation of ACOP, ASA and CF on
the electrode surface more effective.

The surface coverage (� 0) for all four electrodes was calculated
using the following relationship:

Qads = nFA� 0 (1)

and the results are given in Table S1. From these values, it was
observed that the surface coverage was maximum in the case of
the ISSM-CNT-PE. Moreover, the diffusion coefficients (D) obtained

in the micellar media was greater than the D obtained in aque-
ous media. Thus, due to the synergistic effect of CNTs and TX 100,
the electrode surface coverage by ACOP, ASA and CF drastically
increased and the kinetics of oxidation became more facile, thereby
confirming the results obtained from CV.
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Fig. 3. (a) Nyquist plots for EIS measurements (5.0 × 10−5 M ACOP) at PCPE (©),
ISSM-PE (×), CNT-PE (�) and ISSM-CNT-PE (�). In the box on the right upper
side is the equivalent circuit used for data fitting. (b) Bode plots: (i) logarithmic
plot of frequency vs. impedance and (ii) logarithmic plot of frequency vs. phase
angle at the PCPE (©), the ISSM-PE (×), the CNT-PE (�) and the ISSM-CNT-PE (�).
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Fig. 4. AdSDPV of 8 × 10−7 M ACOP (a), ASA (b) and CF (c) at four different electrodes:
c) Kramers–Kronig transformation test (plot of log ω vs. error in Z1 or Z11) for
.0 × 10−5 M ACOP at the ISSM-CNT-PE in phosphate buffer solution (pH 7.0) con-
aining 5.00 × 10−5 M TX 100. The amplitude of the perturbation was 10 mV and the
requency range was from 10−2 Hz to 106 Hz.

.7. Adsorptive stripping differential pulse voltammetry
AdSDPV)

AdSDPV was employed to study the influence of the accumu-
ation potential (Eacc) and the accumulation time (tacc) on the
xidation peak current of ACOP, ASA and CF in the presence of
X 100 (Fig. S4). Keeping the tacc as 60 s, Eacc was determined by
mploying a potential window of −1.2 V to + 0.5 V. The peak cur-

ent for ACOP reached its maximum at an Eacc of −0.7 V (Fig. S4(a)),
hereas that for ASA and CF occurred at −0.6 V (Fig. S4(b)) and

t −0.4 V (Fig. S4(c)), respectively. Therefore, Eacc = −0.7 V was
elected for all further studies. An increase in the accumulation
ime improved the sensitivity of determination. Hence, the effect of
PCPE (· · ·), CNT-PE (– – –), ISSM-PCPE (—) and ISSM-CNT-PE (– · – · –). Voltammetric
conditions: Eacc = −0.7 V, tacc = 300 s, step potential = 5 mV and modulation ampli-
tude = 50 mV in phosphate buffer solution (pH 7.0) containing 5.00 × 10−5 M TX
100.

the variation of tacc was studied over a period of 10–600 s, keeping
Eacc = −0.7 V constant at a concentration of 1.27 × 10−6 M. From 10
to 300 s, there was a linear increase in the peak current of ACOP and
ASA (Fig. S4(a) and (b)). This same increase was seen in the range of
10–330 s for CF (Fig. S4(c)). Beyond this range, the current began to
level off for the analytes of interest. This observation implied that
surface saturation occurred at higher accumulation times. Thus, tacc

of 300 s was selected as the optimum time where all three analytes
could be determined with good sensitivity.

A comparative study was also carried out, employing AdSDPV
for 8 × 10−7 M ACOP, ASA and CF (Fig. 4) on the PCPE, the ISSM-
PE, the CNT-PE and the ISSM-CNT-PE. From these experiments, it
could be observed that the best results for both peak current and
peak potential were obtained from the ISSM-CNT-PE. The resulting
oxidation peak potentials obtained for ACOP, ASA and CF at the
PCPE were 0.40, 0.94 and 1.30 V, respectively, whereas the peak
potentials obtained at the ISSM-CNT-PE were 0.30, 0.85 and 1.27 V,

respectively. Thus, it can be concluded that the electro-oxidation
of all three molecules became facile at the ISSM-CNT-PE surface.

The oxidation products found were N-acetyl-p-quinone imine
for acetaminophen [Scheme 1 , (1)], which involved two proton
and two electron transfers [49], and 3,6-dioxocyclohexa-1,4-
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Scheme 1. Oxidation reactions for ACOP, ASA and CF.

Table 1
Analytical parameters for electrochemical determination of ACOP, ASA and CF in phosphate buffer solution at pH 7.0.

No. Molecule LWR LRE r LOD %RSD

(A) Statistical data for individual molecules
1 ACOP 1.12 × 10−7–6.94 × 10−5 M Ip (�A) = 0.0771 × 10−6C (�M) + 0.350 0.9979 2.11 × 10−8 M 2.92
2 ASA 2.39 × 10−7–6.45 × 10−5 M Ip (�A) = 0.0654 × 10−6C (�M) + 0.2235 0.9965 7.51 × 10−8 M 1.58
3 CF 2.82 × 10−7–6.61 × 10−5 M Ip (�A) = 0.0608 × 10−6C (�M) + 0.162 0.9981 8.26 × 10−8 M 2.16

(B) Statistical data for two molecules simultaneously when the concentration of the third molecule is kept constant (8.00 × 10−7 M)
5 ACOP 2.77 × 10−7–6.40 × 10−5 M Ip (�A) = 0.0741 × 10−6C (�M) + 0.2685 0.9977 2.46 × 10−8 M 2.54
6 ASA Ip (�A) = 0.0598 × 10−6C (�M) + 0.2852 0.9963 8.37 × 10−8 M 1.82
7 ACOP 2.85 × 10−7–6.43 × 10−5 M Ip (�A) = 0.0545 × 10−6C (�M) + 0.1477 0.9984 2.28 × 10−8 M 2.32
8 CF Ip (�A) = 0.0772 × 10−6C (�M) + 0.350 0.9948 8.69 × 10−8 M 2.51
9 ASA 2.81 × 10−7–6.54 × 10−5 M Ip (�A) = 0.0584 × 10−6C (�M) + 0.2108 0.9974 8.44 × 10−8 M 1.96

10 CF Ip (�A) = 0.0528 × 10−6C (�M) + 0.2247 0.9972 8.73 × 10−8 M 2.38

(C) Statistical data for one molecule when the concentrations of the other two molecules are kept constant (8.00 × 10−7 M each)
11 ACOP 1.43 × 10−7–6.53 × 10−5 M Ip (�A) = 0.0758 × 10−6C (�M) + 0.3114 0.9969 2.33 × 10−8 M 2.37
12 ASA 2.79 × 10−7–6.45 × 10−5 M Ip (�A) = 0.0622 × 10−6C (�M) + 0.2000 0.9937 8.17 × 10−8 M 1.82
13 CF 2.65 × 10−7–6.49 × 10−5 M Ip (�A) = 0.0572 × 10−6C (�M) + 0.1531 0.9954 8.43 × 10−8 M 2.48

(D) Statistical data for all the three molecules simultaneously
14 ACOP 2.91 × 10−7–6.27 × 10−5 M Ip (�A) = 0.0785 × 10−6C (�M) + 0.2061 0.9942 2.58 × 10−8 M 3.34
15 ASA Ip (�A) = 0.0637 × 10−6C (�M) + 0.2203 0.9949 8.47 × 10−8 M 2.61
16 CF Ip (�A) = 0.0545 × 10−6C (�M) + 0.1249 0.9987 8.83 × 10−8 M 3.03

LWR: linear working range; RSD: relative standard deviation; LOD: limit of detection; LRE: linear regression equation; r: correlation coefficient.
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ienecarboxylate (a) or 5,6-dioxocyclohexa-1,3-dienecarboxylate
b) for aspirin [Scheme 1, (2)], which involved two electron and one
roton transfers [50]. The mechanism of CF [Scheme 1, (3)] electro-
xidation, however, involved four electrons and four protons. In
his more complicated process, the first step was a two electron,
wo proton oxidation of the C-8–N-9 bond to give the substituted
ric acid (c), followed by an immediate two electron and two pro-
on electro-oxidation to the 4,5-diol analogue of uric acid (d), which
apidly fragmented [51,52].

.8. Individual and simultaneous voltammetric determination of
COP, ASA and CF
.8.1. Determination of ACOP, ASA and CF individually
Based on the above findings, an analytical method was proposed

or determining concentrations of ACOP, ASA and CF employing
dSDPV. The optimized conditions were applied for finding the

ig. 5. (A) (i) AdSDPV curves obtained at the ISSM-CNT-PE for ACOP at different concen
3) 4.33 × 10−6, (4) 9.78 × 10−6, (5) 1.58 × 10−5, (6) 2.19 × 10−5, (7) 3.29 × 10−5, (8) 4.14
SSM-CNT-PE for ASA at different concentrations in the presence of 4.14 × 10−6 M ACOP an
6) 1.89 × 10−5, (7) 3.11 × 10−5, (8) 4.52 × 10−5, (9) 5.34 × 10−5 and (10) 6.42 × 10−5 M. (iii
he presence of 4.2 × 10−5 M ACOP and ASA: (1) 0.27 × 10−7, (2) 2.73 × 10−6, (3) 5.10 × 10
9) 5.43 × 10−5 and (10) 6.50 × 10−5 M. (B) (i) AdSDPV curves obtained at the ISSM-CNT-P
1) 2.85 × 10−7, (2) 2.89 × 10−6, (3) 3.72 × 10−6, (4) 5.51 × 10−6, (5) 1.03 × 10−6, (6) 1.89
dSDPV curves obtained at the ISSM-CNT-PE for ACOP and ASA at different concentration

4) 1.55 × 10−5, (5) 2.25 × 10−5, (6) 2.79 × 10−5, (7) 3.19 × 10−5, (8) 4.18 × 10−5, (9) 5.31 ×
SA and CF at different concentrations in the presence of 5 × 10−6 M ACOP: (1) 2.81 × 10

7) 3.21 × 10−5, (8) 4.19 × 10−5, (9) 5.27 × 10−5 and (10) 6.48 × 10−5 M. Other conditions w
imica Acta 55 (2010) 8638–8648 8645

limit of detection (LOD) (S/N = 3), the linear working range (LWR),
the linear regression equation (LRE) and the correlation coefficient
(r) (Table 1(A)).

3.8.2. Determination of ACOP, ASA and CF simultaneously
The proposed AdSDPV method was employed for the simultane-

ous determination of ACOP, ASA and CF in synthetic samples. In this
respect, three separate cases were studied. In the first case, the con-
centration of one molecule was increased linearly in the presence
of fixed concentrations of the other two (Fig. 5(a)). In the second
case, the concentrations of two molecules were increased simul-

taneously while keeping the concentration of the third constant
(Fig. 5(b)). For the third case, the three molecules were determined
when simultaneously increasing their concentrations (Fig. 6). The
statistical results for the above three cases are summarized in
Table 1(B)–(D).

trations in the presence of 5 × 10−6 M ASA and CF: (1) 1.43 × 10−7, (2) 2.42 × 10−6,
× 10−5, (9) 5.32 × 10−5 and (10) 6.53 × 10−5 M. (ii) AdSDPV curves obtained at the
d CF: (1) 2.8 × 10−7, (2) 2.41 × 10−6, (3) 4.89 × 10−6, (4) 6.87 × 10−6, (5) 1.10 × 10−5,
) AdSDPV curves obtained at the ISSM-CNT-PE for CF at different concentrations in
−6, (4) 7.39 × 10−6, (5) 1.28 × 10−5, (6) 2.01 × 10−5, (7) 3.26 × 10−5, (8) 4.74 × 10−5,
E for ACOP and CF at different concentrations in the presence of 3.9 × 10−6 M ASA:
× 10−6, (7) 2.99 × 10−5, (8) 3.91 × 10−5, (9) 5.44 × 10−5 and (10) 6.43 × 10−5 M. (ii)
s in the presence of 2.5 × 10−5 M CF: (1) 2.77 × 10−7, (2) 3.75 × 10−6, (3) 8.72 × 10−6,
10−5 and (10) 6.40 × 10−5 M. (iii) AdSDPV curves obtained at the ISSM-CNT-PE for

−7, (2) 2.83 × 10−6, (3) 3.97 × 10−6, (4) 6.82 × 10−6, (5) 1.28 × 10−5, (6) 2.04 × 10−5,
ere as in Fig. 3.
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ig. 6. AdSDPV curves obtained for the oxidation of ACOP, ASA and CF at equal
oncentrations of each: (1) blank, (2) 2.91 × 10−7, (3) 2.89 × 10−6, (4) 7.62 × 10−6,
5) 1.78 × 10−5, (6) 2.56 × 10−5, (7) 3.10 × 10−5, (8) 4.08 × 10−5, (9) 5.32 × 10−5 and
10) 6.27 × 10−5 M. Other conditions were as in Fig. 3.

The LOD and LWR obtained in all of the aforementioned cases
atched well with the case when the three molecules were ana-

yzed individually. Thus, it could be concluded that, by employing
he proposed AdSDPV method, the simultaneous determination of
ll three molecules was as efficient as their individual determina-
ions.

.9. Interference studies, validation studies and analytical
pplications

Under optimal experimental conditions, the interference from
elected metal ions and organic compounds was evaluated. The tol-
rance limit for interfering species was considered as the maximum
oncentration that gave a relative error less than ± 5.0% at a con-
entration of 8.0 × 10−7 M of ACOP. Phenol, ascorbic acid, caffeine,
ric acid, glucose and 4-aminophenol were the most common con-
tituents found with ACOP. From the studies, a 80-fold excess of
scorbic acid had no effect on the ip of ACOP (Fig. S5). Glucose,
ric acid, citric acid and urea also did not interfere until a 100-
old excess was achieved. In addition, 4-aminophenol showed no
hanges in ip until a 70-fold excess was used. Even a 200-fold excess
f K+, Ca2+, NO3

−, NH4
+, Cl− or Mg2+ had no effect on the ip of

COP, ASA or CF. These results suggested that the determination of
ll three molecules in pharmaceutical formulations and biological
amples at an ISSM-CNT-PE was not significantly affected by the
ost common interfering species.
For validation of the proposed method, various parameters, such

s repeatability, reproducibility, precision and accuracy of anal-
sis, were obtained by performing five replicate measurements
or 1.51 × 10−6 M standard ACOP, 1.38 × 10−6 M standard ASA, and
.94 × 10−6 M standard CF over a single day (intraday assay, n = 5)
nd for 5 days over a period of 1 week (interday assay). Satisfactory
ean percentage recoveries (%R) and relative standard deviations

% RSD) were obtained and are reported in Table S2(a). The recov-
ries obtained confirmed both the high precision of the proposed
rocedure and the stability of ACOP, ASA and CF solutions.

The robustness of the proposed procedure [Table S2(b)] was also
xamined by studying the effect of small variations in pH (6.5–7.5),
ccumulation potential Eacc (−0.60 to −0.80 V) and accumulation
ime (250–350 s) on the recovery of ACOP, ASA and CF. As can be
een from Table S2, %R for the three molecules were in the range of

8–102% under all variable conditions and did not show a signifi-
ant change when the critical parameters were varied; hence, the
ethod was robust in nature.
For further evaluation of the validity of the proposed method,

ecovery tests for ACOP, ASA and CF in pharmaceutical for- Ta
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Table 3
Comparison between various electroanalytical methods for the individual determination of ACOP, ASA and CF with the proposed method.

Molecule Modified electrodes Linear working range (M) Limit of detection (M) Samples analyzed References

ACOP

MWCNT modified basal plane pyrolytic
graphite electrode

1.0 × 10−8–2.0 × 10−6 1.00 × 10−8 Pharmaceutical formulations [1]

Palladium nanocluster – coated polyfuran 5.0 × 10−7–10 × 10−5 7.64 × 10−8 – [2]
Graphene modified glassy carbon electrode 1.0 × 10−7–2.0 × 10−5 3.20 × 10−8 Pharmaceutical formulations [3]
Thionine immobilized MWCNT modified CPE 1.0 × 10−7–10 × 10−5 5.00 × 10−8 Blood plasma samples [4]
Boron doped diamond electrode 6.0 × 10−7–8.3 × 10−5 4.60 × 10−7 Pharmaceutical formulations [5]
ISSM-CNT-PE 1.12 × 10−7–6.94 × 10−5 2.58 × 10−8 Pharmaceutical formulations,

urine and blood serum
samples

This work

ASA

Boron doped diamond electrode 2.50 × 10−6–1.05 × 10−4 2.0 × 10−6 Pharmaceutical formulations [8]
Nickel hydroxide modified nickel electrode 2.0 × 10−4–7.0 × 10−3 4.8 × 10−5 Pharmaceutical formulations [9]
Cobalt hydroxide modified glassy carbon
electrode

5.0 × 10−5–5.5 × 10−4 1.88 × 10−6 Urine sample [48]

ISSM-CNT-PE 2.39 × 10−7–6.45 × 10−5 8.47 × 10−8 Pharmaceutical formulations,
urine and blood serum
samples

This work

CF

Boron doped diamond electrode 3.0 × 10−7–9.1 × 10−5 1.47 × 10−7 Pharmaceutical formulations [5]
Nafion coated glassy carbon electrode 9.95 × 10−7–1.06 × 10−5 7.98 × 10−7 Cola beverages [11]
1,4-Benzoquinone modified carbon paste
electrode

5.0 × 10−4–8.0 × 10−3 5.1 × 10−6 Coffee samples [13]

Nafion–ruthenium oxide pyrochlore CME 5.0 × 10−6–2.0 × 10−4 2.0 × 10−6 Coffee and cola beverages [14]
ISSM-CNT-PE 2.82 × 10−7–6.61 × 10−5 8.83 × 10−8 Pharmaceutical formulations, This work
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ulations, urine and human serum samples were carried out.
nfortunately, we could obtain only one pharmaceutical formu-

ation, which contained a combination of ACOP, ASA and CF; hence,
ecovery tests were performed on synthetic mixtures, as mentioned
n Table S3. These tests gave %R values in the range of 98.0–102%
or all three molecules. Similarly, recovery tests were performed on

orning urine samples collected from healthy volunteers. The %R
btained for these samples were in the range of 96.5–98.5% for all
hree molecules, detected simultaneously.

Additionally, recovery tests were also performed on human
lood serum. However, proteins are known to be repelled by non-

onic surfactants that contain a polyethylene glycol (PEG) group.
ven though TX 100 has 9.5 ethylene oxide units on average, which
s less than common PEG, some repelling effect was still expected.
ortunately, when a highly diluted serum sample solution was
aken for analysis, the fouling effect on the electrode surface was
ound to be negligible. The %R obtained in this case was then in the
ange of 98.5–103.0% (Table S3). Recovery tests for CF were also
arried out in decaffeinated cola and coffee samples, and the %R
alues obtained were in the range of 98.7–101.5%.

Based on these results, recovery results were not affected sig-
ificantly, and consequently, the described method was accurate

or the assay of ACOP, ASA and CF in complex matrices. For ana-
ytical applications, the determination of the amount of ACOP, ASA
nd CF in all samples have been carried out by the standard addi-
ion method. The amount of ACOP, ASA and CF obtained in the
harmaceutical formulations and caffeinated beverages by the pro-
osed method was found to agree well with the label contents.
he results also showed that interferences from the matrix were
egligible.

Simultaneous determination of all three molecules of interest
as carried out in pharmaceutical formulations in the same manner

s for the individual samples. The proposed method was fur-
her validated by employing UV–vis spectrophotometry for ACOP,
otentiometry for CF and titrimetry for ASA, as proposed in the
ndian Pharmacopoeia [53]; the results are given in Table 2. This
able shows that the amounts of ACOP, ASA and CF obtained by the
roposed method agreed well with the amount obtained by the
tandard methods. Applying a paired t-test to the results obtained
y this procedure and those claimed on the labels, it was found
cola and coffee beverages,
urine and blood serum
samples

that all results were in agreement at the 95% confidence level
and within an acceptable range of error. Thus, individual and
simultaneous determination of ACOP, ASA and CF can be carried
out with great confidence in various matrices by the proposed
method.

A comparison between the analytical performance of the
present method and some previous literature methods for the
determination of ACOP, ASA and CF are given in Table 3. The lowest
limit of detection (1.00 × 10−8 M) obtained for the determination of
ACOP was by an MWCNT modified Basal plane pyrolytic graphite
electrode (MWCNT-BPPGE) (4.9 mm diameter) [1]. In comparison,
the ISSM-CNT-PE employed in the present work has a diameter of
0.5 mm, which is about 10-times smaller than this previously used
electrode [1]. Moreover, MWCNT-BPPGE has been employed for
the analysis of ACOP only in pharmaceutical formulations without
simultaneous determination of any major interfering components
present in real samples. However, the proposed electrode has
already been employed for the simultaneous determination of
ACOP, ASA and CF in pharmaceutical formulations, urine and blood
serum samples. Furthermore, the limits of detection obtained for
ASA and CF were the lowest by the proposed method, as shown in
Table 3. These results reveal that the proposed ISSM-CNT-PE has
a large advantage over other proposed methods in terms of linear
working range, limit of detection and number of analyzed samples,
in addition to the novel, simultaneous determination of ACOP, ASA
and CF in a complex matrix.

4. Conclusion

The results obtained in the paper demonstrate the synergistic
effect of TX 100 and an MWCNT modified carbon paste electrode
on the first simultaneous voltammetric determination of ACOP,
ASA and CF. Additionally, the oxidation peak currents of the three
molecules were observed to remarkably increase at the ISSM-CNT-
PE surface. Moreover, the proposed method was very sensitive, free

of common interferences with the molecules of interest and had
sub-micromolar detection limits. This method can be employed for
the simultaneous determination of the three molecules of interest
in pharmaceutical formulations, urine and blood serum samples.
Consequently, this method is recommended for both the individ-
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al and the simultaneous determination of all three molecules at
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