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bstract

Flow injection analysis (FIA) with amperometric detection was employed for acetaminophen quantification in pharmaceutical formulations
sing a carbon film resistor electrode. This sensor exhibited sharp and reproducible current peaks for acetaminophen without chemical modi-
cation of its surface. A wide linear working range (8.0 × 10−7 to 5.0 × 10−4 mol L−1) in phosphate buffer solution as well as high sensitivity
0.143 A mol−1 L cm−2) and low submicromolar detection limit (1.36 × 10−7 mol L−1) were achieved. The repeatability (R.S.D. for 10 successive
njections of 5.0 × 10−6 and 5.0 × 10−5 mol L−1 acetaminophen solutions) was 3.1 and 1.3%, respectively, without any memory effect between

njections. The new procedure was applied to the analyses of commercial pharmaceutical products and the results were in good agreement with
hose obtained utilizing a spectrophotometric method. Consequently, this amperometric method has been shown to be very suitable for quality
ontrol analyses and other applications with similar requirements.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Acetaminophen (N-acetyl-p-aminophenol, 4-acetamido-
henol, paracetamol or tylenol) is a popular analgesic and
ntipyretic agent. Its action is similar to aspirin and is an
ppropriate alternative for patients who are sensitive to acetyl-
alicylic acid [1]. The development of analytical techniques for
he rapid analysis of paracetamol is important for quality and

edical control. Overdose ingestions of acetaminophen lead to
ccumulation of toxic metabolites, which may cause severe and
ometimes fatal hepatotoxicity and nephrotoxicity [2–4]. This
rug is available in different dosage forms of tablets, capsules,
uspensions and suppositories.

Kissinger et al. [5,6] investigated the electrochemical oxida-
ion of acetaminophen through cyclic voltammetric studies. The

rst reaction step is an electrochemical oxidation involving two
lectrons and two protons to generate N-acetyl-p-quinoneimine.
ll subsequent reaction steps are non-electrochemical, but pH-

∗ Corresponding author. Tel.: +55 11 3091 3828; fax: +55 11 3818 5579.
E-mail address: luangnes@iq.usp.br (L. Angnes).
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Amperometry

ependent, processes. For oxidations at pH values ≥ 6, the final
roduct is a benzoquinone.

For the quantification of acetaminophen in pharmaceuti-
al products, the American Pharmacopoeia recommends liquid
hromatography as the official method [7] while the Brazil-
an Pharmacopoeia uses a spectrophotometric technique [8].

oreover, there are many studies described in the literature for
etermination of this drug.

These include spectrophotometry [9–11], chemilumi-
escence [12,13], liquid chromatography [14], capillary
lectrophoresis [15,16], amperometric biosensors [17–19],
mperometric batch injection analysis [20], colorimetry [21],
itrimetry [22] and FTIR-spectrometry [23]. Flow injection
nalysis (FIA) using UV–vis spectrophotometric detection has
een demonstrated in several papers to be appropriate for
cetaminophen determination [24–28], but these spectrophoto-
etric methods require special reagents and are time consuming,

ot constituting a rapid analytical method.

Many voltammetric studies involving acetaminophen quan-

ification utilize chemically modified electrodes [29–33] or
oron doped diamond electrodes [34] in order to improve the
ensitivity. To the best of our knowledge, there is no other report

mailto:luangnes@iq.usp.br
dx.doi.org/10.1016/j.jpba.2006.11.038


and Biomedical Analysis 43 (2007) 1622–1627 1623

i
e
f
a
t
p

a
e
c
f
p
m
e
t
t
s
a
m
i
l
t
i

2

2

t
U
d
a
t
0
(
a
s
p
M
d

2

i
c
d
a
e
fi
m
a
p
w
w
[

F
m
A

2

c
s
w
e
F
e
t
s

e
p
a
a

2

1
o
a
fl
s
s

3

3

t
c
0

F.S. Felix et al. / Journal of Pharmaceutical

n the literature of flow injection studies utilizing unmodified
lectrodes for acetaminophen quantification in pharmaceutical
ormulations. The possible use of unmodified electrodes is an
ttractive alternative to investigate, since it leads to simplifica-
ion of the analytical procedure and a decrease in analysis time,
articularly in flow analysis.

This paper reports the electrochemical determination of
cetaminophen in different pharmaceutical tablets at carbon film
lectrodes, without any sample pretreatment or electrode modifi-
ation being necessary. These carbon film electrodes, fabricated
rom carbon resistors of 2 � nominal resistance, have a wide
otential window (for both positive and negative limits) than
any other forms of carbon, the detector preparation is very

asy and they have already been employed in a variety of elec-
roanalytical experiments involving its characterization [35,36],
race metal analysis [37,38] and its utilization for biosen-
or construction [39–42]. Cyclic voltammetry characterization
nd determinations by flow injection analysis with ampero-
etric detection were performed, at the carbon film electrode

nserted in a flow cell. In the flow injection procedure, a wide
inear working range, high sensitivity and submicromolar detec-
ion limit were achieved, without any memory effect between
njections.

. Experimental

.1. Reagents and solutions

Acetaminophen, caffeine, l-ascorbic acid, citric acid, lac-
ose and glucose were obtained from Sigma (St. Louis, Mo,
SA). Sodium hydroxide, sulphuric acid, sodium monohy-
rogen phosphate and potassium dihydrogen phosphate were
cquired from Merck (Darmstadt, Germany). All aqueous solu-
ions were freshly prepared by dissolving the solid salt in
.1 mol L−1 phosphate buffer electrolyte solution. The pH
2–12) of the solutions was adjusted to the required value by
ddition of aliquots of 1.0 mol L−1 sulphuric acid or 2.0 mol L−1

odium hydroxide. All solutions were prepared with ultra-
ure water from a Millipore Milli-Q system (resistivity ≥ 18
� cm). The pharmaceutical products were purchased in a local

rugstore.

.2. Electrode preparation

Carbon film resistor (2 � nominal resistance) electrodes, hav-
ng a carbon film of ∼15 �m thickness, were fabricated from
eramic cylinders with 4–6 mm length and 1.5 mm external
iameter by pyrolytic deposition of carbon from methane in
nitrogen atmosphere [35] and have been characterized by

lectrochemical impedance [36]. Each resistor has two tight-
tting metal caps and connecting wire as external contact. To
ake the electrodes, one of these metal caps was removed

nd other was covered by epoxy resin and the wire by a

lastic sheath. The exposed cylindrical area of the electrode
as 0.17 cm2. The electrode was electrochemically pretreated
ith perchloric acid 1.0 mol L−1 at a scan rate of 100 mV s−1

35].

o
s
i
l

ig. 1. Schematic representation of the electrochemical cell used for ampero-
etric determination of acetaminophen: (a) carbon film working electrode, (b)
g|AgCl reference electrode and (c) stainless steel auxiliary electrode.

.3. Instrumentation and flow cell

Cyclic voltammetric and amperometric measurements were
arried out with an ECO Chemie Autolab PSTAT 20 potentio-
tat (EcoChemie, The Netherlands). Cyclic voltammetric studies
ere done in a conventional 10 mL cell. The FIA/amperometric

xperiments were performed utilizing the flow cell depicted in
ig. 1. This cell was constructed in Plexiglas and has a three
lectrode configuration with a carbon film resistor working elec-
rode, an Ag/AgClsat (sat KCl) reference electrode and a stainless
teel tube auxiliary electrode.

A peristaltic pump (Ismatec, Zurich, Switzerland) was
mployed for fluid propulsion. The manifold was built with
olyethylene tubes (0.8 mm i.d.). The standard solutions and
cetaminophen samples were introduced into the stream through
manually operated injection valve.

.4. Sample and standard preparation

Each tablet of commercial drug was initially dissolved in a
00 mL volumetric flask, using deionized water. Then, aliquots
f 100 and 150 �L (for tablets containing 750 and 500 mg of
cetaminophen, respectively) were transferred to a volumetric
ask of 100 mL and the flask filled with phosphate buffer. The
tandard solutions of acetaminophen were prepared daily in a
imilar way, in the same phosphate buffer solution.

. Results and discussion

.1. pH dependence study

The electrochemical behavior of acetaminophen was inves-
igated over the pH range from 2 until 12. Fig. 2 shows
yclic voltammograms of 1.0 × 10−4 mol L−1 acetaminophen in
.1 mol L−1 phosphate buffer solutions. It was observed that the

xidation potential decreased when the pH of the acetaminophen
olution increased. This behavior was attributed to an increas-
ng amount of hydrolysis that occurs as the pH is increased,
eading to the formation of reducing compounds such as p-
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Fig. 3. Cyclic voltammograms of the carbon film (dotted line) and glassy carbon
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the ratio between oxidation and reduction currents was indepen-
dent of scan rate at around 1.7. By applying the Randles-Sevcik
equation to the oxidation process [44], an apparent diffusion
coefficient for paracetamol of 1.5 × 10−6 cm2 s−1 was obtained.
ig. 2. Cyclic voltammograms of 1.0 × 10−4 mol L−1 acetaminophen in
.1 mol L−1 phosphate buffer solution at different pH (from 2 until 12). Carbon
lm electrode area = 0.17 cm2. Scan rate 100 mV s−1.

ydroxyaniline [34]. The negative shift in anodic peak potential
Epa) with pH can be described by the equation:

pa(V vs. Ag/AgCl) = +0.76 − 0.042 {pH} (1)

The theoretical slope of the plot of Epa versus pH for
classical Nernstian two-electron, two-proton process is

59 mV pH−1. A slope of −42 mV pH−1 was obtained in these
xperiments. This value is close to that found by Gilmartin and
art [43] who reported a slope of −46.5 mV pH−1 over a sim-

lar range of pH to that utilized here. These authors suggest a
ore complex oxidation mechanism for acetaminophen. When

he pH is increased above 10, the oxidation become kinetically
ess favorable, and adsorption of analyte on the electrode surface
ccurs more intensely. This is presumably due to the presence
f the phenoxide form.

Under more acidic conditions (i.e. pH 2.0) the oxidation
otential increases significantly and a poorly defined cathodic
ave for the reduction of N-acetyl-p-quinoneimine (NAPQI)
as observed. In accordance with Kissinger et al. [5], this occurs
ecause the hydration of the NAPQI molecule leads to its disap-
earance from the voltammogram. These authors concluded that
ll the protonated NAPQI is converted into the inactive hydrated
orm before negative potentials are reached during the reverse
can of the cyclic voltammetric experiment.

The selection of a suitable pH involved a compromise
etween sensitivity and the electrochemical behavior of
cetaminophen in acidic and alkaline solution. Therefore, pH
.0 was selected for further studies.

.2. Cyclic voltammetry

Fig. 3 shows typical cyclic voltammetric curves for

.0 × 10−4 mol L−1 acetaminophen in 0.1 mol L−1 phosphate
uffer solution (pH 8) at carbon film (solid line) and glassy
arbon electrodes (dashed line). The carbon film exhibited a
ore well-defined peak at a less positive potential (+0.4 V ver-

F
0
s

solid line) electrodes in 0.1 mol L−1 phosphate buffer solution (pH 8) containing
.0 × 10−4 mol L−1 acetaminophen. Electrode areas: 0.17 cm2 for carbon film
nd 0.18 cm2 for glassy carbon. Scan rate 100 mV s−1.

us Ag/AgCl). Therefore, this new sensor is more favorable for
etection of acetaminophen, since it should be less subject to
nterferences.

The variation of current with scan rate, from 0.01
ntil 0.9 V s−1, was investigated using 1.0 × 10−4 mol L−1

cetaminophen in 0.1 mol L−1 phosphate buffer solution at
H 8, Fig. 4. An increase in the height of the oxidation and
eduction waves occurred and peak potentials shifted towards
ore positive and negative values for oxidation and reduction

rocesses, respectively. The oxidation and reduction peak cur-
ents varied linearly with the square root of scan rate (ν1/2)
ith r > 0.999, indicating that the electrochemical reaction is
diffusion-controlled process. The insets in Fig. 4 display the

elationship between anodic and cathodic currents and scan rate;
ig. 4. Cyclic voltammograms of 1.0 × 10−4 mol L−1 acetaminophen in
.1 mol L−1 phosphate buffer solution (pH 8) at different scan rates. The insets
how the relationship between anodic and cathodic currents with scan rate, ν.
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Fig. 5. Cyclic voltammograms obtained with carbon film electrode (A =
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Fig. 6. FIA results for a carbon film electrode (A = 0.17 cm2) in 0.1 mol L−1

phosphate buffer electrolyte, pH 8, after injections of (a) 8.0 × 10−7, (b) 1.0,
(c) 3.0, (d) 7.0, (e) 9.0 × 10−6, (f) 2.0, (g) 5.0, (h) 7.0, (i) 9.0 × 10−5, (j) 2.0,
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.17 cm2) in 0.1 mol L−1 phosphate buffer solution (pH 8) containing
cetaminophen in different concentrations (1.0 × 10−5 until 2.0 × 10−3

ol L−1). Scan rate 100 mV s−1.

Fig. 5 shows cyclic voltammograms resulting from increas-
ng additions of acetaminophen in 0.1 mol L−1 phosphate buffer
olution at scan rate 0.10 V s−1 at carbon film electrode. The
ignal obtained for each concentration of acetaminophen was
ery stable and reproducible. A very good linear relationship
etween current and acetaminophen concentration (1.0 × 10−5

ntil 2.0 × 10−3 mol L−1) was observed as can be seen in the
nset of Fig. 5.

.3. Flow injection parameters

To determine the optimal conditions for the flow injection
ystem performance, the parameters such as sample volume and
ow rate were varied using 1.0 × 10−5 mol L−1 acetaminophen

n 0.1 mol L−1 phosphate buffer (pH 8). An applied potential of
0.6 V versus Ag/AgCl was used in all these experiments, to
nsure complete analyte oxidation.

The effect of flow rate (from 1.0 to 5.0 mL min−1) on the ana-
ytical signal was evaluated. The current increased with flow rate
p until 3.0 mL min−1 and remained virtually constant for higher
ow rates. A flow rate of 2.0 mL min−1 was selected for fur-

her experiments, which combines good sensitivity with a good
ample analysis rate (50 determinations per hour). The effect of
ample volume was also evaluated using injection loops from 50
p to 300 �L. The amperometric signal increased almost linearly
ith sample volume from 50 until 150 �L. For higher volumes,

he increase was less significant. A volume of 150 �L was cho-
en based on the best compromise between reproducibility and
ampling rate.
.3.1. Analytical characteristics
Under the optimized conditions, series of triplicate experi-

ents were carried out using acetaminophen standard solutions
n 0.1 mol L−1 phosphate buffer electrolyte at pH 8. Lin-

3

b
1

k) 5.0 × 10−4 mol L−1 acetaminophen. Applied potential +0.6 V vs. Ag/AgCl,
ow rate 2.0 mL min−1, sample loop 150 �L. The inset shows the calibration
lot.

arity between FIA current and acetaminophen concentration
as observed over a wide range, from 8.0 × 10−7 up to
.0 × 10−4 mol L−1. All acetaminophen standard solutions were
ade by dilution from a 5.0 × 10−3 mol L−1 stock solution.
ig. 6 shows a series of current peaks obtained in one of

hese series of experiments. The dynamic range had a slope
f 24.34 ± 0.07 �A/mM, and an intercept of 0.004 ± 0.011 �A
ith a correlation coefficient of 0.999. The estimated detection

imit was 1.36 × 10−7 mol L−1 (three times the blank standard
eviation/slope) and the quantification limit was calculated as
.53 × 10−7 mol L−1.

Comparing the results obtained here with some other studies,
he linear range obtained with the carbon film resistor electrodes
s wider than those obtained by other techniques or utilizing
ifferent sensors [19,20,34]. The detection limit of this sensor
ompares favorably with the one obtained utilizing gold elec-
rodes were modified with thiols [30] and is situated just below
he value obtained when boron doped diamond electrodes were
tilized [34]. Comparing voltammetry and other techniques,
hemiluminescence leads to the lower detection limits (in the
ow nanomolar region [12,13]), whereas spectrophotometry pre-
ented higher limits (micromolar region [24,27,28]).

Fig. 7 shows repetition of alternate injections of 150 �L
f 5.0 × 10−6 and 5.0 × 10-5 mol L−1 acetaminophen in
.1 mol L−1 phosphate buffer electrolyte. In this experiment, the
xcellent repeatability of the current peaks for both concentra-
ions is seen. Additionally, there is no memory effect during the
njections, demonstrating that there has been no poisoning of the
lectrode surface. Results from this series of injections gave rela-
ive standard deviations (R.S.D.) of 3.1 and 1.3% for 5.0 × 10−6

nd 5.0 × 10−5 mol L−1 acetaminophen solutions, respectively.
.3.2. Interference studies
The effect of possible interferences was investigated

y addition of other compounds to a solution containing
.0 × 10−5 mol L−1 acetaminophen in 0.1 mol L−1 phosphate
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Fig. 7. FIA results for alternate injections of (a) 5.0 × 10−6, (b)
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Fig. 8. Analysis of the acetaminophen samples A1–A5 using carbon film elec-
trode in 0.1 mol L−1 phosphate buffer electrolyte, pH 8. Inset: calibration plot
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.0 × 10−5 mol L−1 acetaminophen in 0.1 mol L−1 phosphate buffer electrolyte,
H 8. Applied potential +0.6 V vs. Ag/AgCl, flow rate 2.0 mL min−1, sample
oop 150 �L.

uffer electrolyte. Each possible contaminant was first added
o have the same concentration as that of acetaminophen and
hen another addition was made so that the concentration of
nterferent was 10 times that of acetaminophen. Caffeine, lac-
ose, citric acid, glucose and ascorbic acid, all of which can be
resent in the acetaminophen samples, were tested. Caffeine,
actose, citric acid and glucose were found to cause less than a
% increase of the height of acetaminophen current peak, even
hen present in a 10-fold excess. The presence of ascorbic acid
t a concentration equal to that of acetaminophen was sufficient
o cause a 10% increase of the acetaminophen signal. Even so,
or samples which contain ascorbic acid, this analyte can be
ecomposed enzymatically with ascorbate oxidase and a dif-

t
t
8
m

able 1
esults obtained after analyses of acetaminophen in five commercial pharmaceutical

ample Composition Labeled
value (g)

Amp
± S.

Acetaminophen, microcrystalline
cellulose, polyvinylpyrrolidone,
sodium dioctylsulfosuccinate,
sodium carboxymethylcellulose,
magnesium stearate, macrogol,
hydroxypropylmethylcellulose

0.75 0.76

Acetaminophen, microcrystalline
cellulose, magnesium stearate,
sodium amide glycolate, polyvidone

0.75 0.74

Acetaminophen, sodium amide
glycolate, potassium sorbate, stearic
acid, polyvidone

0.75 0.68

Acetaminophen, microcrystalline
cellulose, polyvinylpyrrolidone,
sodium dioctylsulfosuccinate,
magnesium stearate

0.50 0.47

Acetaminophen, caffeine, amide,
sodium amide glycolate, cellulose,
macrogol

0.50 0.48

a Average ± standard deviation for three determinations.
b Relative difference between: labeled value and proposed amperometric method.
c Relative difference between labeled value and spectrophotometric method.
d Difference between the results obtained using amperometric and spectrophotome
btained before and after injections of (a) 1.0, (b) 2.0, (c) 4.0, (d) 6.0, (e)
.0 × 10−5 mol L−1 acetaminophen standard solutions. Applied potential +0.6 V
s. Ag/AgCl, flow rate 2.0 mL min−1, sample loop 150 �L.

erential determination of the two compounds can be achieved
45,46].

.3.3. Acetaminophen determination in real samples
For analyses of real samples, five different commercial phar-

aceutical tablet formulations containing acetaminophen were
mployed. Fig. 8 illustrates results of FIA signals obtained for

hese samples, preceded and followed by a series of injec-
ions of standard solutions of acetaminophen (from 1.0 until
.0 × 10−5 mol L−1). The proportionality between the ampero-
etric signal and the concentration of acetaminophen standard

samples by FIA and UV spectrophotometry (254 nm) [8].

erometry
D.a (g)

Spectrophotometry
± S.D.a (g)

Δb (%) Δc (%) Δd (%)

± 0.01 0.78 ± 0.03 +1.3 +4.0 −2.6

± 0.02 0.75 ± 0.03 −1.3 – −1.3

± 0.02 0.70 ± 0.02 −9.3 −6.7 −2.8

± 0.03 0.45 ± 0.01 −6.0 −10 +4.4

± 0.03 0.46 ± 0.01 −4.0 −8.0 +4.3

tric method.
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olution was confirmed from the calibration plot shown in the
nset. The amperometric results obtained with the new sensor
ere compared with those from the spectrophotometric method,

ecommended in the Brazilian Pharmacopoeia [8].
The results of the analyses of all samples are summarized

n Table 1, where the data obtained for each commercial drug
re presented. The composition of each pharmaceutical tablet
s also included in order to show the components present in
ach unit as well as the amount of acetaminophen expected in
ach tablet. It can be seen from the results obtained utilizing the
mperometric and spectrophotometric methods, as well as from
he respective standard deviations, that the relative differences
etween the results obtained by the two methods and the labeled
alues are small. Therefore, the carbon film electrode used in a
IA provides values in good agreement with the concentration
f acetaminophen specified by the pharmaceutical company, as
ell as those found by the recommended spectrophotometric
ethod [8].

. Conclusion

The results obtained in this work demonstrated the poten-
iality for carbon film resistor electrodes combined with
IA-amperometric detection for acetaminophen determination

n pharmaceutical formulations. The high sensitivity provided
y amperometry associated with the low cost of the sensor,
akes this method very suitable for quality control applica-

ions. Moreover, carbon film electrodes provide good selectivity
nd excellent sensitivity for acetaminophen quantification in
elatively complex commercial drugs without any surface modi-
cation. Finally, the method proposed has a low, submicromolar
etection limit with excellent reproducibility and without any
ample pre-treatment, such as separation, filtration, extraction
r derivatization.

cknowledgements

The authors gratefully acknowledge the financial support
rom Brazilian Foundations (FAPESP, CNPq, CAPES) and
undação para a Ciência e Tecnologia (FCT) Portugal, ICEMS
Research Unit 103). This work was also partially supported
ith grants of IM2C project, RENAMI and SAMUTI projects.

eferences

[1] A. Wade (Ed.), Martindale, The Extra Pharmacopoeia, 27th ed., The Phar-
maceutical Press, London, 1979, pp. 32–34.

[2] F.L. Martin, A.E. McLean, Drug Chem. Toxicol. 21 (1998) 477–
494.
[3] C.A. Mugford, J.B. Tarloff, Toxicol. Lett. 93 (1997) 15–22.
[4] H.T. Nagasawa, D.W. Shoeman, J.F. Cohen, W.B. Rathbun, J. Biochem.

Toxicol. 11 (1996) 289–295.
[5] P.T. Kissinger, D.A. Roston, J.J. Van Benschoten, J.Y. Lewis, W.R. Heine-

man, J. Chem. Educ. 60 (1983) 772–776.

[

[
[

Biomedical Analysis 43 (2007) 1622–1627 1627

[6] D.J. Miner, J.R. Rice, R.M. Riggin, P.T. Kissinger, Anal. Chem. 53 (1981)
2258–2263.

[7] The United States Pharmacopoeia–The National Formulary–USP 23; NF-
18, Twinbrook Parkway, Rockville, 1995, pp. 16–21.
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