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Abstract The authors have performed a comparative study of
the performance of various carbonaceous material-based elec-
trochemical sensors in order to identify the most appropriate
sensor for determination of sulfonamides. The electro-
oxidative power of carbon paste electrodes prepared using
carbon black, graphite, carbon nanopowder, acetylene black,
multiwalled carbon nanotubes and glassy carbon powder was
investigated by square-wave voltammetry at pH 6.0 using
sulfamethoxazole (SMX) as the model analyte. It is found that
carbon paste electrodes prepared with graphite or carbon
nanopowder and operated at a voltage of 0.93 (vs. Ag/AgCl)
display the highest sensitivity and lowest detection limit.
Next, the sulfonamides sulfadiazine, sulfacetamide, sulfa-
dimethoxine, sulfathiazole, sulfamethiazole and sulfamera-
zine were also tested. The voltammetric response is linear in
the 1 to 75 μM concentrations range, with detection limits
range from 0.4 to 1.2 μM, and sensitivities were between 10
and 38 nA⋅μM−1. The carbon nanopowder paste electrode
(CNPE) showed the lowest detection limit (0.12 μM) for
SMX and was successfully applied to its determination in
(spiked) water samples and in pharmaceutical formulation.
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Introduction

A wide range of pharmaceuticals has been detected as
micropollutants in fresh and marine waters, which makes
the research of their fate and transport in natural aqueous
systems and their environmental impact needed [1, 2].
Among these emerging pollutants, the antibiotics have
gained more attention due to their biological activity and
the possibility to cause the development of resistance genes
in bacteria of the environment, reducing, in the long-term,
the effectiveness of these compounds [3, 4]. Sulfonamides,
commonly known as sulfa drugs, are the most antimicrobi-
al agents used to prevent and to treat the bacterial infective
disease, because of their inexpensiveness and wide-
spectrum antimicrobial activity. They are very active
against a broad spectrum of Gram-positive and many
Gram-negative bacteria [5, 6]. However, sulfonamides res-
idues have been detected at a significant concentration
levels in many animal products and environmental samples
which present a potential health risk due to their allergic
properties [7]. They also exhibit a potential toxicity to
aquatic organisms and are responsible for the emergence
of antibiotic resistant strains. The excessive use of sulfon-
amides in animal husbandry leads to their presence as a
potential hazard to human health [8]. Several methods for
sulfonamides detection were reported in literature including
high performance liquid chromatography (HPLC) [9, 10],
capillary electrophoresis coupled mass spectrometry [11],
liquid chromatography (LC) [12] gas chromatography
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[13], spectrophotometric methods [14, 15]. These tech-
niques are precise and robust but they have many incon-
venient such as are time-consuming, expensive, require
complicated sample preparation. However the electroanalyt-
ical methods offer many advantages for the detection of
sulfonamides such as they are simple to use, not need
sample preparation, require low cost instrumentation, ex-
hibit low detection limits, high dynamic range high sensi-
tivity and good selectivity in comparison with the other
analytical methods [16, 17]. Sulfonamides compounds can
be electrochemically oxidized at the –NH2 group and re-
duced at the –SO2NH– group [18]. Various reports on
electroanalytical determination of sulfonamides have been
reported in literature using several types of electrodes [6,
18–21]. The electrochemical sensors based on carbon ma-
terials are one of the categories of sensors which have
unique characteristics as analytical tools comparable to
the other kinds of electrodes. The CPEs offer many advan-
tages such as their facility to prepare, chemical inertness,
economic, renewability, robustness, low ohmic resistance,
stable response, suitability for a variety of sensing, and
large detection applications [22, 23]. In our recent work
[24] we have successfully reported a general study on the
analytical performances of solid-like carbon paste elec-
trodes (SCPEs) using different carbon materials namely car-
bon black, acetylene black, carbon nanopowder and carbon
mesoporous. In this study various carbon nanomaterials
namely Carbon Black (CB), Acetylene Black (AB),
Carbon Nanopowder (CN), Graphite, Multiwalled Carbon
Nanotubes (MWCNTs) and Glassy Carbon (GC) were
employed for preparation of paste electrodes and investigat-
ed for their responses toward sulfonamides determination.
The Carbon Nanopowder Paste Electrode (CNPE) and con-
ventional carbon paste electrode (CPE) showed a high sen-
sitivities and low detection limit for Sulfamethoxazole. The
analysis of real samples shows good recoveries for SMX
using the developed method.

Experimental

Chemicals

Sulfamethoxazole (SMX), Sulfadiazine (SDZ) ≥ 99.0 %,
Sulfamerazine (SMZ) ≥ 99.0 %, Sulfadimethoxine
(SDM) ≥ 98.5 %, Sulfathiazole (STZ) ≥ 98.0 %,
Sulfamethiazole (SMT) ≥ 99.0 %, Sulfacetamide
(SCT) ≥ 98.0 %,, Bisphenol A (BPA) ≥ 99.0 %, Liquid
and Solid paraffin, and solvents were of analytical grade
and purchased from Sigma-Aldrich. Different grades of
manufactured CB (N110, N220, N375 and N772) used in
our study were obtained from Cabot Corporation (Ravenna,
Italy). GC powder was purchased from HTW (Germany).

AB was purchased from Strem Chemicals. Graphite
<0.1 mm, CN <50 nm and MWCNTs ≥98 % carbon basis,
O.D × L 10 nm ± 1 nm × 4.5 nm × 3- ~6 μm, TEM were
purchased from Sigma-Aldrich. The characteristics of dif-
ferent carbon materials are indicated in Table. S1. K2HPO4

and KH2PO4, CH3COOH and H3PO4 were purchased from
ProLab. All the other reagents were of analytical grade. The
distilled water was used throughout the experiments.

Apparatus

Electrochemical measurements were performed with an elec-
troanalytical instrument PalmSens (Palmsens BV Houten,
The Netherlands) in connection with a PC controlled by soft-
ware PSTrace 3.0. A traditional three-electrode system was
used. Paste electrodes were prepared using several carbon
materials as the working electrode, Ag/AgCl (saturated with
KCl) as the reference electrode, and a bare of stainless steel as
the counter electrode were employed. All the electrochemical
experiments were performed at room temperature. The pH
values of the solutions were measured with HANNA instru-
ment (HI 8521) pH meter.

Preparation of carbon paste electrodes (CPEs)

The CPEs were prepared by hand mixing of a proportion of
carbon materials with the paraffin. The adequate amount of
carbon material (75 % of graphite powder, 70 % of CN, 80 %
GC and 50 % of CB, AB and MWCNTs) was hand mixed
with liquid paraffin using a pestle and mortar to form a homo-
geneous paste. However, in the case of solid CPEs, solid par-
affin was first liquefied by heating at around 45 °C before
mixing with carbon material. The resulting pastes were
packed into the well of the working electrode to a depth of
2 mm with 3 mm of diameter. The surface exposed to the
solution was polished on a print paper. The body of the work-
ing electrode was a Teflon tube.

Experimental methods

Linear sweep voltammetry (LSV), differential pulse voltamme-
try (DPV), square-wave voltammetry (SWV) and amperometry
were carried out with three electrodes in phosphate buffer.

LSV measurements were recorded by applying a sweep
potential from +0.3 V to +1.3 V with a potential step of
10mVat a scan rate of 0.05 V.s−1. DPVmeasurements w were
performed by applying a sweep potential from +0.7 V to
+1.3 Vat pulse amplitude of 30 mVand pulse width 0.1 s with
a scan rate of 10 mV.s−1 SWV measurements were performed
by scanning in the potential range from (+0.7 V) to (+1.3 V)
vs. Ag/AgCl reference electrode at the pulse amplitude,
10 mV with the frequency 10 Hz. Amperometric measure-
ments of SMX were carried out under stirring solution at the
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applied potentials +890 mV and +920 mV using CPE and
CNPE respectively.

Analysis in real samples

Drinking water samples were collected from a local market.
The analysis of their content on sulfonamides before and after
their fortification with a known amount of SMX was per-
formed using the developed method.

The developed method was used for the determination of
SMX in tablets (CO-TRIM®) purchased from a drugstore in
Casablanca city (Morocco). The sample solution was prepared
as follows: 5 tablets were weighed and powdered, then an ac-
curate weight of the powder equivalent to one tablet was mixed
with methanol in a 100 ml calibrated flask, stirred for about
10 min, then sonicated for 15 min, and filtered to separate any
insoluble matter. The filtrate was collected in a clean flask.
After dilution with water, an aliquot of sample solution was
measured in phosphate buffer pH 6.0. The amount of SMX
per tablet was calculated from standard calibration curve.

Results and discussion

Electrochemical behavior of SMX at different paste
electrodes

The Fig. 1 shows the LSV responses of paste electrodes based
on various carbon nanoparticles prepared using liquid or solid
paraffin in phosphate buffer solution pH 6.0, containing
100 μM of SMX. The results obtained by LSV showed that
the oxidation peak of SMX at different tested electrodes varies
between +890 mV and +980 mV and the intensity of the ox-
idation peak current values varies between 0.31 μA and

2.52 μA (Table 1). The results obtained using paste electrodes
based on MWCNTs in comparison with the conventional
CPEs, showed a slightly shifting in terms of oxidation peak
potential due to the oxidation of amino group-NH2 as reported
in literature for dopamine and epinephrine [25]. The oxidation
peak potential values obtained by CPEs prepared using solid
paraffin was generally higher than that obtained by the elec-
trodes prepared by the liquid paraffin. The choice of the opti-
mal ratio between carbon powder and the binder was based on
the best ratio that gives a high electrochemical response and
leads to a good mechanical aspects of the pastes. The amount
of the binder which covers all particles of carbon surface area
is highly dependent on the size of the nanoparticles. The op-
timal ratio has been adopted taking into account the results
published in literature [26–29]. Indeed, under the experimen-
tal conditions, 50 % was chosen for CB, AB and MWCNTs
nanoparticles. However, 70 %, 75 % and 80 % were chosen
for CN, Graphite and GC respectively, leads to a compact
paste which is mechanically stable under stirred solutions.
Both solid CPEs [28] and conventional CPEs [29] exhibit an
easy surface renewing. On the other hand, the CPEs prepared
with liquid paraffin were more sensitive to gradual surface
erosion phenomena in stirred solution and they have an unsta-
ble baseline which limits the analytical performances under
hydrodynamic conditions as reported in literature [30].

Optimization of the method

The following parameters were optimized:

Choice of voltammetric technique

The voltammetric study of conventional CPE (paste elec-
trodes based on graphite) was carried out by using DPV and
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Fig. 1 LSVat different paste electrodes recorded in phosphate buffer pH 6.0 containing 100 μM of SMX. Scan rate: 50 mV.s−1 a) CPE prepared using
solid paraffin b) CPE prepared using liquid paraffin
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SWV waveforms in 0.05 M of phosphate buffer solution con-
taining 10 μM of SMX. As shown in Figure. S1 (Electronic
Supplementary Material), the peak current intensity obtained
by mean of SWV was higher than the one obtained by DPV.
The SWV technique provided the good peak current and well
resolved narrow peak. Therefore, it was chosen for further
experiment work.

Effect of pH

The electrooxidation of SMX was studied over B-R buffer
at a pH range of 3.0 to 9.0. SWV of 10 μM of SMX at
different pH in this range was recorded at the surface of a
conventional CPE. The results confirm that the oxidation
peak is pH dependent. As shown in Figure S2, the peak
current has a maximum value at pH 6.0 decreasing for both
high and low pH values. Between pH 3.0 and 9.0, the oxi-
dation peak potential is shifted to less positive values with
increasing pH. This is a consequence of the deprotonation
in the oxidation process that is facilitated at higher pH. It
can be concluded that the catalytic oxidation of SMX is
more favored at pH 6.0, thus it was fixed as the optimal
pH. As shown in Figure S3 the B-R buffer and phosphate
buffer pH 6.0 were compared, and it was observed that the

peak current was highest, the peak shape was well defined,
and the intensity current signal was increased by 19 % at
phosphate buffer pH 6.0. Hence, phosphate buffer was cho-
sen for the further experiments.

Effect of scan rate

The effect of scan rate on the oxidation peak current (Ipox) was
studied by CV. As illustrated in Figure S4, the Ipox of 100 μM
SMX shows a linear relationship with scan rate within the
range of 10–250 mV/s. The Ipox varies linearly with square
root of scan rate indicating that the oxidation of SMX at var-
ious paste electrodes based on nanoparticles is controlled by
diffusion process.

Analytical performances

Determination of sulfonamides using square-wave
voltammetry

To apply the optimized method for the analysis of seven sul-
fonamide derivatives, the influence of sulfonamides concen-
tration on the peak current, over the potential range of +0.7 to
+1.3 V, was studied at conventional CPE.

Table 1 Summary of data
obtained for SMX oxidation with
various kinds of electrodes by
mean of LSV

Electrode Liquid paraffin Solid paraffin

Ip (μA) RSD % Ep (mV) Ip (μA) RSD % Ep (mV)

CB N110 50 % 1.55 5.7 940 1.63 2.9 950

CB N220 50 % 1.50 5.3 920 1.57 6.1 960

CB N375 50 % 1.86 12.3 960 1.34 10.1 950

CB N772 50 % 2.51 4.6 940 0.83 6.5 980

GPE 75 % 1.46 1.4 890 1.42 2.7 980

Carbon Nanopowder 70 % 1.63 2.2 920 1.43 11.3 940

AB 50 % 1.33 1.3 920 1.76 8.9 930

MWCNTs 50 % 1.79 3.6 912 1.50 1.8 910

GC 80 % 1.07 9.0 920 1.24 2.6 980

Table 2 Summary of data
obtained for sulfonamides
derivatives by mean of SWV

Sulfonamide Linear range
(μM)

LOD
(μM)

LOQ
(μM)

Sensitivity (Slope)
(nA.μM−1)

Intercept
(nA)

RSD
%

Sulfadiazine 1–10 0.4 1.3 19.2 14.2 4.8

Sulfamethoxazole 1–10 0.7 2.3 38.1 30.0 1.7

Sulfacetamide 1–10 0.4 1.6 28.6 5.2 4.6

Sulfamerazine 1–10 0.6 2.1 21.1 26.2 1.9

Sulfadimethoxine 1–10 0.6 1.9 9.8 11.9 9.9

Sulfathiazole 1–10 1.2 3.9 24.5 27.8 1.3

Sulfamethiazole 1–10 0.4 1.2 27.8 31.6 2.5
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The detection limits in the range of 0.4–1.2 μM and the
sensitivities between 10 and 38 nA.μM−1 were obtained

(Table 2). Indeed, a low detection limit of 0.4 μM for SMT,
SDZ and SCTsulfonamides derivatives, and a high sensitivity
of 38 nA.μM−1 for SMX were achieved.

Sulfamethoxazole, indicated in Figure S5, is one of the
most used sulfonamides in human and veterinary medicine
[6]. Hence it was selected during the comparative study of
the analytical performances of paste electrodes. The oxidation
peak current (Ipox) at about 936 mV increased linearly as a
function of SMX concentration (CSMX) over the range of 1–
75 μM at a CNPE (Fig. 2a). After plotting the corresponding
voltammetric Ipox versus CSMX, the calibration curve (Fig. 2b)
showed two linear regions. The first region demonstrated a
linearity over a concentration range of 1.0–10.0 μM with a
regression equation of I (nA) = 44.6 CSMX (μM) + 64.1 and
correlation coefficient of 0.991 (inset of Fig. 2b). The second
linear region with a correlation coefficient of 0.987 in the
concentration range of 10 to 75 μM showed a smaller slope
17.3 nA.μM−1.than the first region. Since the aim of this study
is the detection of sulfonamides at low concentrations level,
the sensitivity was tested in the range of 1–10 μM for all the
paste electrodes. From this plot, the calculated LOD and limit
of quantification (LOQ) at CNPE were 0.12 μM and 0.4 μM
according to the 3Sb/m and 10Sb/m criteria, respectively,
where Sb is the standard deviation of the blank and m is the
slope of the calibration curve. The results obtained for the
different kinds of electrodes are summarized in Table 3 and
showed the highest sensitivity (44.6 nA.μM−1) for CNPE.

The results of sensitivity obtained for the electrodes based
on various kinds of carbon materials were comprised between
7.6 and 44.6 nA.μM−1. In agreement with the work reported
[31] the electrodes based on carbon nanotubes paste electrodes
showed a high sensitivity due to the high surface area of the
nanoparticles. Furthermore the paste electrodes based on AB,
CN showed a high sensitivity towards SMX. Taking into ac-
count the high sensitivity and the low detection limit values,
CNPE and conventional CPE were selected as the best
electrodes.
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Fig. 2 SWV of varying concentrations of SMX obtained at the Carbon
Nanopowder Paste Electrode in phosphate buffer pH 6.0. (the letters a–j
correspond to blank, 1;2;3;4;6;8;10;20;50;75 μM SMX). Inset shows the
corresponding calibration curve of SMX in the concentration range of 1.0–
10.0 μM, Eampl = 10 mV, Estep = 8 mV, tcond = 10 s, Frequency = 10 Hz

Table 3 Summary of data
obtained for oxidation of SMX at
various kinds of electrodes by
SWV

Electrode Liquid paraffin Solid paraffin

LOD (μM) LOQ (μM) Sensitivity
(nA/μM)

LOD (μM) LOQ (μM) Sensitivity
(nA/μM)

CBPE N110 0.5 1.7 19.1 ± 1.1 0.7 2.4 23.5 ± 0.7

CBPE N220 1.0 3.6 30.1 ± 1.6 0.8 2.6 25.9 ± 1.6

CBPE N375 0.3 2.7 20.3 ± 2.5 0.9 2.9 24.7 ± 2.5

CBPE N772 0.6 1.9 15.1 ± 0.7 0.7 2.4 7.6 ± 0.5

ABPE 0.6 2.0 37.6 ± 0.5 0.6 2.0 22.03 ± 0.6

CNPE 0.12 0.4 44.6 ± 1.0 0.6 1.9 26.4 ± 3.6

CPE 0.6 2.1 34.5 ± 0.5 0.7 1.8 35.6 ± 3.2

MWCNTs 0.6 1.9 38.7 ± 1.4 0.5 1.7 27.5 ± 0.5

Glassy carbon 0.3 0.9 23.2 ± 2.1 0.4 1.4 18.9 ± 0.5
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Comparison of the applied method with others reported
in literature

CNPE and CPE showed the lowest LOD compared to the
other reported in literature (Table 4). Furthermore they are
economic, easy to prepare and do not require any surface
modification.

Amperometric detection of SMX

The amperometric measurement of SMX using CPE and
CNPE was tested in the presence of consecutive increasing
concentration. The Fig. 3 illustrates the amperograms re-
sponses towards SMX at low concentration with the surface
of CPE and CNPE at a constant applied potential 890 mVand
920 mV respectively (Table 1). It can be seen that the CNPE
has a better analytical performance for the detection of SMX
in term of signal/noise ratio and LOD (0.5 μM) compared to
CPE. Amperometric measurements were in correlation with

the results obtained by SWV. However, SWV technique is
very fast and sensitive for the detection of SMX which makes
it the method of choice.

Interference study

The probably interferents species in the environmental sam-
ples were phenols. Indeed the electrochemical method showed
a good separation between the oxidation peaks of Bisphenol
(BPA) and SMX at the surface of CNPE. Furthermore the
presence of 10 μM of BPA has no matrix effect toward
SMX oxidation as shown in figure S6. Since Trimethoprime
(TMP) is often used as a part of synergistic combination with
SMX in tablets, its influence on the Ipox of SMX was studied.
As indicated in figure S7 the TMP has no matrix effect on
SMX oxidation.

Repeatability and reproducibility of measurements

The precision estimated in terms of the relative standard de-
viation (RSD) for three consecutive calibration curves was
equal to 2.2 % which revealed an acceptable repeatability of
the electrode. Reproducibility of the method was evaluated by
successive determinations (n = 5) of SMX with five different
electrodes. The RSD value of less than 3.2 % was obtained for
4 μM of SMX indicating a good reproducibility.

Analytical applications

A commercial pharmaceutical product containing SMX (in
the presence of trimethoprime) was analyzed by SWV using
the CNPE following the above described electroanalytical de-
termination. The values obtained for SMX 810 ± 33 mg was
almost equal to the label value (800 mg). The relative differ-
ence between the labeled and obtained value is 1 %. The RSD
value of five determinations was lower than 4 %.

Table 4 Comparison of
analytical characteristics of
different unmodified electrodes
for sulfonamides detection

Unmodified electrodes Sulfonamides
tested

Technique
used

Linear
range
(μM)

LOD
(μM)

Ref

CPE SMT DPV 4–100 1.3 [20]

BDDE(c) SMX, SDZ SWV 6–60 1.15 [6]

GCE(e) SDZ SWV 62.7–340 10.9 [19]

Bismuth-film
electrode

SDZ DPV 3.2–97 2.1 [31]

GCE SDZ DPV 15–60 5.4 [32]

CNPE SMX SWV 1.0–10.0 0.12 This work

CPE SMX, SDZ, SMZ,
SMT, SDX, SCT,
STZ

SWV 1.0–10.0 0.4–1.2 This work

Abbreviations (a) Multiwall carbon nanotubes modified glassy carbon electrode; (b) Molecularly imprinted
Polymer modified CPE (c) Boron-doped diamond electrode (d) Glassy carbon electrode
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The analysis of four drinking water samples before and after
their fortification with a known amount of SMXwas performed
in order to determine the recovery as the ratio of the amounts
found/added. The calculated recoveries were between 95.5–
100.2 % (Table 5). The results showed that CNPE is effective
and sensitive for real water sample analysis. Ongoing work
involves the use of solid phase extraction columns for
preconcentration of sulfonamides trace in environmental matrix
before their quantification using developed sensors.

Conclusions

In this study, paste electrodes based on various carbon
nanomaterials were tested for the detection of sulfonamides.
A submicromolar concentration of sulfonamides was detected
successfully using SWV at unmodified paste electrodes. The
carbon nanopowder paste electrode (CNPE) showed the
highest sensitivity and the lowest detection limit 0.12 μM
towards SMX. The CNPE showed good recoveries for the
determination of sulfonamides in water samples and in phar-
maceutical formulations. Taking into account the good elec-
troanalytical performances of this electrode, it can be consid-
ered as good choice for the electrochemical detection of
sulfonamides.
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