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a b s t r a c t

In this study, thermally reduced graphene oxide (TRGO) was synthesized via thermal reduction of gra-
phene oxide in air and used to construct a thermally reduced graphene oxide paste electrode (TRGOPE).
The TRGO was characterized under a structural and morphological point of view. A wide range of
complementary instrumental techniques, such as Fourier transform infrared (FTIR) spectroscopy, Xeray
diffraction (XRD) spectroscopy, transmission electron microscopy (TEM), selected area electron diffrac-
tion (SAED), and atomic force microscopy (AFM), were applied. A novel electrochemical sensor based on
TRGO in air was constructed, and an electrochemical characteristics of the TRGOPE were investigated
using electrochemical techniques, such as electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV). Compared to a conventional carbon paste electrode (CPE), a significantly improved
electrochemical response of TRGOPE toward a ferrocyanide/ferricyanide redox couple was found due to
the excellent conductivity of graphene. The TRGOPE was further successfully applied for the determi-
nation of an antiseptic and disinfectant agent, 4echloroe3,5edimethylphenol (PCMX). TRGOPE showed
an excellent electrocatalytic oxidation activity toward PCMX with higher current response, improved
sensitivity toward determination of PCMX as well as much lower limits of detection (LOD) than a CPE
allowing highly sensitive voltammetric determination of PCMX. Under optimized experimental condi-
tions, the squareewave voltammetric (SWV) signal of PCMX at a potential of ca. þ0.7 V increased linearly
with the increase of the PCMX concentration in the linear dynamic range (LDR) from 0.1 to 4.5 mmol L�1

with an LOD of 20.8 nmol L�1, a sensitivity of 5.0 mA L mmol�1, and a precision expressed as an intraeday
and intereday precision (n¼ 10) of 1.4% and 2.0%, respectively, with 0.1 mmol L�1 of PCMX. Furthermore,
the applicability of the TRGOPE for PCMX analysis in water samples (river and tap waters) was suc-
cessfully demonstrated with satisfactory results.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Voltammetry is a useful, simple and straightforward analytical
technique commonly used to determine electrochemical properties

and perform quantitative analyses of electrochemically active
compounds. The advantages of the voltammetry over other
analytical techniques, such as chromatography, spectroscopy, and
spectrometry, include short analysis time, lower apparatus cost,
simplicity of use, relatively high sensitivity with a very large useful
linear concentration range, the ability of miniaturization, applica-
bility for real-time detection, and less sensitivity to matrix effects
[1]. Above-mentioned assets make voltammetric techniques
convenient and promising tools in the analysis of electrochemically
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active compounds, and one of them, namely square-wave voltam-
metry (SWV), is considered as a very fast (seconds), highly sensitive
technique in which discrimination and elimination against
charging background current can be obtained [2,3]. Extremely
important in many electrochemical techniques is the type of elec-
trodes used in them. Therefore, in recent times, great efforts have
been taken in order to develop improved and cutting-edge elec-
trodes. Presently, carbon-based paste electrodes are promising
electrochemical sensors and they represent one of the most
frequently used types of working electrodes in voltammetry [4e6].
The conventional carbon paste electrodes (CPEs) as a mixture of an
electrically conducting graphite powder and an insulating liquid [4]
are nowadays classified as bare or unmodified CPEs [5]. CPEs pro-
vide many advantages, such as fairly inert electrochemistry, quick
and very effective renewability, wide applicable potential window,
low residual background current, very simple fabrication, and high
stability [6]. In addition, CPEs can be simply modified with various
types of modifiers [4,7] in order to obtain novel sensors which are
characterized by lower detection limit, higher sensitivity and lower
overpotential than unmodified conventional CPEs. The most often
used CPEs modification type is carried out by means of a partial
substitution of graphite powder with other materials, however,
complete replacement of graphite with other carbonaceous mate-
rials, such as for example glassy carbon, carbon nanotubes or gra-
phene, can also be made.

Nowadays, themost extensively investigated allotrope of carbon
is a two-dimensional honeycomb lattice of sp2-bonded carbon
atoms, graphene [8]. Significant attention of the scientific com-
munity has been paid to this material in recent years due to its
unique properties, such as exceptionally high electrical and thermal
conductivities, large specific surface area, chemical inertness, and
considerable mechanical strength [8,9]. These extraordinary prop-
erties make graphene a suitable nanomaterial for electrochemical
applications, especially in sensing and biosensing [10].

Hitherto, various ways and techniques have been introduced to
synthesize reduced graphene oxide (RGO), and the use of different
reduction methods has a major impact on the final structural,
morphological, electrical, and physical properties of synthesized
RGO [11]. However, among all reduction methods, chemical [12,13]
and thermal [13] reductions of graphene oxide (GO) are the most
commonly used methods. Although, the synthesis of RGO using
chemical reduction of GO allows to smoothly remove the functional
groups from GO [14], unfortunately, this method have also some
disadvantages. Due to the removal of oxygen atoms, the chemically
reduced graphene oxide (CRGO) shows strongly agglomerated,
hydrophobic and crumpled structure [15]. In addition, the use of
strongly reducing agents, which are usually carcinogenic, in-
troduces several impurities within CRGO, which can strongly in-
fluence the properties of RGO (its conductivity and electrochemical
activity). In comparison to the chemical reduction, the thermal
reduction of GO shows many advantages [15]. First, there is no
necessity for the separation of RGO from the chemical reduction by-
products. Second, thermally reduced graphene oxide (TRGO) shows
awrinkled structure with high reduction level and higher electrical
conductivity of RGO. Last but not least, the degree of thermal
reduction can be regulated by temperature, duration of heating, as
well as gaseous environment (argon, nitrogen, ultrahigh vacuum,
air) [15,16].

It is well-known that phenol and its derivatives are chemical
compounds regarded as major environmental and water pollutants
[17]. Among all phenolic compounds, the most widespread and the
largest group of phenols are chlorophenols, commonly used in
large quantities in wood preservatives, leather impregnating
agents, dyestuffs, pesticides, detergents, personal care formula-
tions, stabilizers, antiseptics, disinfectants, and many other

products [18e20]. In addition, chlorinated phenols are considered
as very toxic and carcinogenic. Due to their widespread use, the
environmental contamination of wastewater, groundwater, and
consequently, drinking water supplies with these chemicals is
noted [21,22]. One of the phenolic compounds is
4echloroe3,5edimethylphenol, also known as chloroxylenol
(PCMX, Fig. 1) which is widely used as an antibacterial agent in
many antiseptic and disinfectant formulations [23]. PCMX is also
used as a biocide [23,24] and as a preservative in cosmetics (creams,
deodorants, antibacterial soaps, hair care products), pharmaceu-
tical products (wound cleanser), air deodorants, and in ECG paste
[24]. Although, PCMX has lowmammalian toxicity [25], it is toxic to
freshwater fish and aquatic invertebrates [26]. In addition, PCMX
has both mutagenic and teratogenic effects, might have adverse
reproductive effects, may cause skin and eye irritation or produce
allergic reactions [25]. Up to now, by far the most frequently used
methods for the determination of PCMX have been
higheperformance liquid chromatography (HPLC) with fluores-
cence detection (HPLCeFL) [27] and HPLC with electrochemical
detection (HPLCeEC) [28], liquid chromatography with UV detec-
tion (LCeUV) [29], ultraeperformance liquid chromatography with
multiewavelength photoelectric diodeearray detection
(UPLCePDA) [30], and gas chromatography with tandem mass
spectrometric detection (GCeMS/MS) [31]. PCMX has been also
determined using micellar electrokinetic chromatography (MEKC)
[32] and capillary electrophoresis with amperometric detection
(CEeAD) [33]. So far, there is no report in the scientific literature
concerning the electrochemical investigations of PCMX.

In this study, 4echloroe3,5edimethylphenol was chosen as a
model analyte, and the TRGOPE was applied to investigate the
electrochemical behavior of PCMX using CV and SWV for the first
time in this paper.

2. Experimental

2.1. Chemicals

The chemicals used in this workwere of analytical reagent grade
and used without further purification. Potassium ferricyanide
(K3[Fe(CN)6], 5.0mmol L�1) and potassium ferrocyanide
(K4[Fe(CN)6]� 3H2O, 5.0mmol L�1) were dissolved in 0.1mol L�1

potassium chloride (KCl) (all from Witko, Poland). A stock solution
of 1.0mmol L�1 PCMX (99% purity, SigmaeAldrich, Poland) was
prepared by dissolving an appropriate amount of PCMX in acetone,
and stored in a glass flask in a refrigerator when not used.
BrittoneRobinson buffer solution (BRBS, 0.04mol L�1) was used as
supporting electrolyte and was prepared using 0.04mol L�1 phos-
phoric acid, 0.04mol L�1 acetic acid, and 0.04mol L�1 boric acid.
The required pH values in the pH range of 2.0e11.0 were adjusted
with 0.2mol L�1 sodium hydroxide. The solutions were prepared
using triply distilled water. Graphite powder (Lonza KS 5e75),
potassium bromide (KBr, spectrometry grade, SigmaeAldrich,

Fig. 1. Chemical structure of 4echloroe3,5edimethylphenol.
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