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Carbon-Based Electrochemical Detection of
Pharmaceuticals from Water

M. Ardelean, F. Manea, A. Pop, J. Schoonman

Abstract—The presence of pharmaceuticals in the environment
and especially in water has gained increasing attention. They are
included in emerging class of pollutants, and for most of them, legal
limits have not been set-up due to their impact on human health and
ecosystem was not determined and/or there is not the advanced
analytical method for their quantification. In this context, the
development of various advanced analytical methods for the
quantification of pharmaceuticals in water is required. The
electrochemical methods are known to exhibit the great potential for
high-performance analytical methods but their performance is in
direct relation to the electrode material and the operating techniques.
In this study, two types of carbon-based electrodes materials, i.e.,
boron-doped diamond (BDD) and carbon nanofiber (CNF)-epoxy
composite electrodes have been investigated through voltammetric
techniques for the detection of naproxen in water. The comparative
electrochemical behavior of naproxen (NPX) on both BDD and CNF
electrodes was studied by cyclic voltammetry, and the well-defined
peak corresponding to NPX oxidation was found for each electrode.
NPX oxidation occurred on BDD electrode at the potential value of
about +1.4 V/SCE (saturated calomel electrode) and at about +1.2
V/SCE for CNF electrode. The sensitivities for NPX detection were
similar for both carbon-based electrode and thus, CNF electrode
exhibited superiority in relation to the detection potential.
Differential-pulsed  voltammetry  (DPV) and  square-wave
voltammetry (SWV) techniques were exploited to improve the
electroanalytical performance for the NPX detection, and the best
results related to the sensitivity of 9.959 puA-uM! were achieved
using DPV. In addition, the simultaneous detection of NPX and
fluoxetine -a very common antidepressive drug, also present in water,
was studied using CNF electrode and very good results were
obtained. The detection potential values that allowed a good
separation of the detection signals together with the good sensitivities
were appropriate for the simultaneous detection of both tested
pharmaceuticals. These results reclaim CNF electrode as a valuable
tool for the individual/simultaneous detection of pharmaceuticals in
water.

Keywords—Boron-doped diamond electrode, carbon nanofiber-
epoxy composite electrode, emerging pollutants, pharmaceuticals.

[. INTRODUCTION

PX, (25)-2-(6-methilnaphthalen-2-yl)propanoic acid is a
non-steroidal  anti-inflammatory drug from the
phenylpropanoic acid class, used in the treatment of
osteoarthritis, rheumatoid arthritis, degenerative joint disease,
ankylosing spondylitis, acute gout and primary dysmenorrhea
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[1]-[4]. Due to the annual consumption of NPX, its traces with
the concentration ranging between 31 ng/L and 12.5 ng/L
were found in rivers, drinking waters, influent and effluent
sewage treatment plants in several states, e.g., Canada,
Sweden, Belgium, Germany, Slovenia, USA, China, Japan,
South Korea [5]-[8]. Among other pharmaceuticals, NPX
belongs to emerging pollutants class [9] that presents the
characteristics of lack of the environmental long-term effects
of continuous low-level exposure to NPX, as well as other
drugs. This compound was detected in sewage, river and
stream waters at concentration levels of the ng/L to pg/L. In
general, the detection of the emerging pollutants is particularly
challenging because of the low detection limits required [10].
Nevertheless, powerful and selective analytical methods, able
to detect trace levels of pharmaceuticals, were developed
based on chromatographic methods, e.g., gas chromatography
(GC) [11], high performance liquid chromatography (HPLC)
[7], [12], coupled with mass spectroscopy (MS) or tandem
mass spectroscopy (MS/MS) [13], [14].

Nowadays, the electroanalysis is a very promising method
for the detection of various pharmaceuticals at low
concentrations and the key for the good performance is given
by the electrode materials and the electrochemical technique.
Several carbon-based electrode materials have been reported
for NPX detection using batch injection amperometry (BIA),
pulsed amperometric detection (PAD), cyclic voltammetry
(CV), DPV, SWV [3], [4], [15]-[17].

In this work, CNF-epoxy composite electrode was tested in
comparison with BDD electrode for NPX detection. Even if
there is the report about NPX detection on BDD electrode
[17], BDD was tested also in our study for comparison using a
different supporting electrolyte that is more suitable for the
detection of the potential pollutants in water (0.1 M Na,SO,
solution). CNF electrode exhibited good detection
performance for sulfide and pentachlorophenol [18], [19],
constituting a premise for this study. Also, the potential of
CNF electrode to detect simultaneously NPX and fluoxetine
(FXT) was investigated. FXT, a very common antidepressant
was detected individually by our group on BDD electrode
[20].

II. MATERIAL AND METHODS

NPX with the structural formula presented in Fig. 1 was
provided by AC Helcor SRL, Romania. A stock solution of 1
mM was prepared by using 0.1 M NaOH solution (Merck,
Germany). FXT was provided by Lilly (Pantheon, France).
The stock solution was prepared using ethanol (PAM
Corporation, Romania) and 0.1 M NaOH solution in a volume
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ratio of 1:1 to obtain 0.1 mM FXT solution [20]. The
supporting electrolyte was 0.1 M Na,SO, solution, prepared
using Na,SOy4 of analytical purity (Merck, Germany) with
distilled water.

The electrochemical detection measurements were
performed using an Autolab potentiostat-galvanostat PGSTAT
302 (Eco Chemie, The Netherlands) using the GPES 4.9
software and a three-electrode cell. The electrodes consisted of
CNF-epoxy composite electrode as working electrode, a
platinum foil as counter electrode and the SCE, reference
electrode. For comparison, commercial BDD was used as
working electrode. The BDD electrode supplied by Windsor
Scientific Ltd. for electroanalytical use was a mirror polished
doped polycrystalline industrial diamond (microcrystalline;
doping degree about 0.1% boron). All measurements were
performed in 0.1 M Na,SO4 supporting electrolyte at room
temperature without further temperature control.

Details about the preparation of CNF electrode have been
already published [18], [19]. Before the electrochemical
applications, the working electrodes were cleaned
mechanically by polishing on 0.2 um AlLO; powder, washed
in water and then, in ethanol. CV, DPV and SWV were
employed for the electrochemical detection.

CH,
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o

Fig. 1 Structural formula of NPX

OH

III. RESULTS AND DISCUSSION

A. Individual Detection of NPX

CV was used for both electrochemical characterization of
the electrode in the presence of NPX and also, for the
detection applications. Figs. 2 (a) and 3 (a) show the CVs
recorded at various concentrations of NPX in 0.1 M Na,SO4
supporting electrolyte at BDD and respective, at CNF
electrode. On BDD electrode, a similar oxidation potential
value was found as it was reported by Suryanarayanan et al.
(1.425 V/SCE vs. 1.44 V/Ag/AgCl) [17]. In 0.1 M Na,SO4
supporting electrolyte, the oxidation process started at about
+0.95 V/SCE, and a well-defined oxidation peak was noticed
at about +1.425 V/SCE. The lack of cathodic peak suggests an
irreversible process. A good linearity anodic current vs. NPX
concentration was obtained with a sensitivity of 5.364 pA/uM
(Fig. 2 (b)) that is higher in comparison with the reported one
(0.4049 pA/uM) [17]. It should be mentioned that the
supporting electrolyte is different vs. supporting electrolyte
reported in the literature, taking into account the final
application in water source.

On CNF electrode, the oxidation process started at +0.4
V/SCE and the current slightly increased until +0.9 V/SCE
and after which, a more pronounced width peak was noticed.
The current peak was recorded at the potential value of 1.2
V/SCE. Since the stock solution was prepared by using

sodium hydroxide, the influence of the hydroxide was studied
and no relevant peaks were noticed. Also, the lack of the
cathodic peak was noticed suggesting the irreversibility of the
oxidation process. A good linearity anodic current vs. NPX
concentration was observed, and for an oxidation potential of
+1.20 V/SCE, a sensitivity of 4.028 pA/uM was achieved

(Fig. 3 (b)).
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Fig. 2 (a) Cyclic voltammograms recorded on BDD electrode in 0.1
M NaxSOs4 supporting electrolyte (curve 1) in the presence of 50 uL
0.1 M NaOH (curve 2) and 0.1-1 pM NPX (curves 3-12), at a
potential scan rate: 0.05 Vs in a potential range: 0 to +1.5 V/SCE;
(b) Calibration plot of the current vs. NPX concentration of the CVs
recorded at E1=+1.425V/SCE

In comparison with BDD electrode, the sensitivity reached
for CNF electrode is similar but the detection potential value
is lower that is desired for the detection application. The lower
potential value informs about an electrocatalytic effect of the
CNF electrode towards NPX oxidation and as consequence, its
detection.
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Fig. 3 (a) Cyclic voltammograms recorded on CNF electrode in 0.1
M Na>SOs4 supporting electrolyte (curve 1) in the presence of 50 uL
0.1 M NaOH (curve 2) and 1-10 pM NPX (curves 3-12), ata
potential scan rate: 0.05 Vs-1 in a potential range: 0 to +1.5 V/SCE;
(b) Calibration plot of the current vs. NPX concentration of the CVs
recorded at E=+1.21V/SCE

For an improvement in relation with the sensitivity and
oxidation potential, differential pulse voltammetry technique
was employed. It is well-known that the pulsed voltammetry
techniques are able to improve the electroanalaytical
parameters through the diminution of the background current
and increasing the Faradaic response. The optimal parameters
for this DPV were determined from the study of variation of
voltammogram peculiarities regarding the shape, the detection
potential and the accuracy with the modulation amplitude, the
step potential and the scan rate. Under the optimized
conditions of modulation amplitude of 0.2 V, step potential of
0.05 V and scan rate of 0.025 V/s, a good linearity and a better
sensitivity were obtained. In Fig. 4 (a) are presented the
voltammograms obtained under these conditions for NPX
detection on BDD electrode. In this case, the oxidation process
started at about +0.45 V/SCE and a well-defined peak was
noticed at +0.95 V/SCE. In comparison with CV, the
oxidation potential shifted to more negative values for DPV
(+0.95 V/SCE vs.#+1.21 V/SCE) and an improved sensitivity
was reached (9.959 pA/uM vs. 4.028 pA/uM) (Fig. 4 (b)).
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Fig. 4 (a) Differential-pulsed voltammograms recorded on CNF
electrode under optimized conditions: Modulation amplitude of 0.2
V, step potential of 0.05 V and potential scan rate of 0.025 Vs'!
between 0.35 and +1.35 V/ SCE in 0.1 M Na>SO4 supporting
electrolyte (curve 1) in the presence of 50 pL 0.1 M NaOH (curve 2)
and 1-6 pM NPX (curves 3-8); (b) Calibration plot of the current vs.
NPX concentration recorded at E= +0.95 V/SCE

Also, the SWV was employed for a better improvement of
the detection characteristics. Under the optimum conditions of
modulation amplitude of 0.05 V, a step potential of 0.005 V
and a frequency of 10 Hz, the sensitivity of 4.366 pA/uM was
reached (Figs. 5 (a), (b)). These optimum conditions were
found in relation with a stable response. No stable responses
were found under other operating working conditions.

It is obvious that no improvement was reached for SWV
technique in relation to DPV that was the best of the tested
techniques.

TABLEI
ELECTROANALYTICAL PARAMETERS OBTAINED ON CNF ELECTRODE FOR
NPX DETECTION

Sens. 2 RSD* LOD**  LOQ***
Teeh  Bo/V qanmy R e wm @My
(A% 1.21 4.028 0.988 52 0.133 0.444
DPV 0.95 9.959 0971 424  0.146  0.450
SWV 1.1 4.366 0.997 19.01 0.124 0.415

*-for three replicates

**_the lowest limit of detection determined in according with the literature
[17]

***_the lowest limit of quantification determined in according with the
literature [17]
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In Table I are gathered all the electroanalytical parameters
obtained for NPX detection in aqueous media on CNF
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Fig. 5 (a) Square-wave voltammograms recorded on CNF electrode under optimized conditions: Modulation amplitude of 0.05 V, step potential
0f 0.005 V and a frequency of 10 Hz between 0 and +1.45 V/SCE in 0.1 M Na2SOs4 supporting electrolyte (curve 1) in the presence of 50 pL
0.1 M NaOH (curve 2) and 1-6 uM NPX (curves 3-8); (b) Calibration plot of the current vs. NPX concentration recorded at E=+1.1 V/SCE

TABLE I
ELECTROANALYTICAL PERFORMANCE OF THE ELECTRODE MATERIALS IN NPX DETECTION

Electrochemical

Sensitivity

Electrode method Supporting electrolyte E(V) (WA/LM) LOD Linear range Ref.
GCE BIA, PAD 0.05M PBS, pH=7 0.95 0.036 0.3uM 10-100 pM [11]
DyNW/CPE CV, SWV 0.05M PBS, pH=7 0.88 0.387 0.5 uM 1-500nM [3]
ZnO/MWCNT/CPE CV, SWV 0.1M PBS, pH=7 0.9 0.356 0.23 uM 1-200 uM [12]
BDD CV, DPV 0.1MLiClO4+acetonitrile 1.41 0.4049 0.03 uM 0.5- 50mM [13]
Pt LSV, DPV 0.1MLiClO4+acetonitrile 1.44 0.114 1uM 1-25 uM [4]

CNF DPV 0.IM Na,SO4 0.95 9.959 0.146 1-10 uM This work

A comparison with the performance of the other electrodes
for NPX detection is given in Table II. It can be noticed that
CNF exhibited the best sensitivity and also, the lowest limit of
detection is good, which gives a great potential for practical
applications for NPX detection. In order to validate this
method using CNF electrode, the recovery studies were
carried out by spiking the water with known amount of NPX
(10 pg-L"). The analysis of NPX in water exhibited a mean
recovery of 99.5% and relative standard deviation of 2.8%
indicating adequate precision and accuracy of this electrode.
The reproducibility was tested by analyzing the five
independent concentrations of NPX containing 1 pM in five
different days, the peak variation was only about 1.5% after
the last day, which informed about a good reproducibility.

B. Simultaneous Detection of NPX and FXT

The simultaneous detection of NPX and FXT was studied
under similar conditions as the individual detection having the
operational detection parameters of each pharmaceutical
compound as reference points. The cyclic voltammograms
recorded on CNF electrode in the potential ranged from 0 to
+1.5 V/SCE are presented in Figs. 6 (a) and (b). The working
procedure for detection consisted in two steps: First, the NPX
was added into the solution until a concentration of 15 pM
NPX, and then FXT was added until a concentration of 15 uM
FXT was reached. As it can be noticed from Fig. 6 (a), well-

defined and good separated peaks were obtained for both
analytes. The results regarding the sensitivities are shown in
Table III.

TABLE IIT
ELECTROANALYTICAL PARAMETERS OF INDIVIDUAL/SIMULTANEOUS
DETECTION OF NPX AND FXT ON CNF ELECTRODE

E/Vvs. Sens. Conc. Range

Type Analyte SCE (WA/LM) (M)

. FXT 0.98 3.686 0-10
Indiv.

NPX 1.21 4.028 0-10

. FXT 0.785 1.439 0-15
Sim.

NPX 1.36 4.732 0-15

The differences between the values of FXT sensitivities
could be explained by a possible fouling effect due to its
previous applications for NPX detection without any cleaning
step between the measurements. A detailed investigation will
be further proposed for the simultaneous detection of NPX and
FXT to avoid the interference of each other.
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Fig. 6 (a) Cyclic voltammograms recorded on CNF electrode in 0.1
M Na>SOs4 supporting electrolyte (curve 1) in the presence of 50 uL
0.1 M NaOH (curve 2) and 3-15 uM NPX (curves 3-7), and 3-15 uM
FXT (curves 8-12) at a potential scan rate of 0.05 Vs'! in a potential
range: 0 to +1.5 V/SCE; (b) Calibration plot of the current vs. NPX,
respectively FXT concentration recorded at Exnpx=+1.36 V/SCE and
Erx1=+0.785 V/SCE

IV. CONCLUSION

NPX, a potential emerging pollutant in water can be
detected on CNF-epoxy composite electrode. In comparison
with BDD electrode, CNF exhibited better performance in
relation with detection potential due to a higher
electrocatalytic activity towards NPX oxidation. The best
performance in relation with the sensitivity was obtained by
employing DPV under optimized conditions: modulation
amplitude of 0.2 V, step potential of 0.05 V and a scan rate of
0.025 V. No better results regarding the detection performance
were reached by SWV because a few operating conditions
allowed reaching stable response. The accuracy, the validation
results and the reproducibility determined for NPX detection
on CNF electrode gave a great potential for this electrode to be
useful for low traces of NPX in water to monitories the water
quality. Also, a great potential of CNF electrode for
simultaneous detection of NPX and FXT was found, which
makes it a valuable tool for practical application in detection

of pharmaceuticals from water.
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