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Abstract: It has been known for years that the phenolic compounds are able to exert harmful effects
toward living organisms including humans due to their high toxicity. Living organisms were exposed
to these phenolic compounds as they were released into the environment as waste products from
several fast-growing industries. In this regard, tremendous efforts have been made by researchers to
develop sensing methods for the detection of these phenolic compounds. Graphene and conducting
polymers-based materials have arisen as a high potential sensing layer to improve the performance
of the developed sensors. Henceforth, this paper reviews the existing investigations on graphene
and conducting polymer-based materials incorporated with various sensors that aimed to detect haz-
ardous phenolic compounds, i.e., phenol, 2-chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol,
pentachlorophenol, 2-nitrophenol, 4-nitrophenol, 2,4-dinitrophenol, and 2,4-dimethylphenol. The
whole picture and up-to-date information on the graphene and conducting polymers-based sensors
are arranged in systematic chronological order to provide a clearer insight in this research area.
The future perspectives of this study are also included, and the development of sensing methods
for hazardous phenolic compounds using graphene and conducting polymers-based materials is
expected to grow more in the future.

Keywords: conducting polymers; graphene-based materials; hazardous phenolic compounds; sen-
sors; surface plasmon resonance

1. Introduction

Phenolic compounds play an important role in the rapid development of the industrial
sector. It has been used as the raw materials in the production and manufacturing of resins,
plastics, germicides, pharmaceutical, textiles, dyes, and petrochemical products [1–5]. Then,
they are released into the environment as by-products contaminants. Any consumption of
liquids with a high concentration of phenolic compounds can lead to difficulty in walking.
In fact, excessive exposure to high levels of phenolic compounds can even cause damage
to the heart, kidneys, and liver [6–9].

Thus, the removal of the phenolic compounds from water and wastewater has become
a hot topic among scientists considering the high toxicity and persistency of the phenolic
compounds [10]. Thereby, many methods have been introduced to eliminate the phenolic
compounds from the contaminated places including distillation, adsorption, incineration,
solvent extraction, chemical oxidation, and membrane separation [11]. Consequently, a lot
of materials have been used during the removal of phenolic compounds to improve the
effectiveness of the processes.

Among them, graphene-based materials are one of the most remarkable materials due
to their outstanding properties of strong adsorption capacity, excellent electrical conduc-
tivity, and optical properties [12–14]. Graphene is a two-dimensional nanostructure that
consists of a single layer of sp2 hybridized carbon atoms arranged in a honeycomb-like lat-
tice [15–17]. A three-dimensional graphite will be formed through the stacking of graphene
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sheets by weak van der Waals forces [18]. Graphene oxide is a monolayer of graphite
oxide containing both sp2 and sp3 carbon atoms; meanwhile, reduced graphene oxide can
be obtained by the reduction process of graphene oxide via chemical or electrochemical
methods [19,20]. The electrochemical behavior of the reduced graphene oxide is way better
compared to graphene oxide with higher conductivity [21]. Lastly, graphene quantum
dots are the zero-dimensional monolayer graphene sheet with a size of nanometers [22].
Graphene quantum dots are unique, since they carry both the properties of graphene and
quantum dots. These graphene-based materials were able to remove phenolic compounds
with a high removal efficiency of more than 90% [23,24].

Alongside graphene-based materials, conducting polymers-based materials also have
appeared as a high-potential material in the removal of phenolic compounds [25,26].
Conducting polymers are well known for their excellent optical, electric, electrical, and
magnetic properties [27–30]. Conducting polymers also possess great electrocatalytic
properties and rapid electron transfer ability owing to their conducting nature [31,32]. Con-
ducting polymers also have been widely used in various applications such as batteries [33],
electrochromic devices [34], actuators [35,36], and supercapacitors [37].

Apart from being used in the removal of phenolic compounds, graphene and conduct-
ing polymers-based materials have shown a great potential as sensing materials [38–40].
They have been extensively fabricated in sensors for the detection of phenolic compounds
that able to detect the target analytes down to the range of femtomolars.

Graphene-based materials are highly known as an ideal material in sensing application as
they have a large surface area, exceptional electron mobility, great mechanical properties, and
excellent electrochemical activity [41,42]. Their easy availability, low cost, and light weight
are also reasons behind their popularity [43]. Unlike carbon nanotubes, graphene-based
materials do not contain metallic impurities and can be easily fabricated into complex sensors
through traditional microfabrication approaches [44]. Furthermore, the electrical conductivity
of graphene-based materials is about 60 times higher compared to carbon nanotubes [45].

As for conducting polymers, they have been widely utilized in the field of sensors due
to the ability to reversely change their electrical and optical properties through doping and
undoping processes [46–48]. These conducting polymers also possess several advantages
such as cost-effectiveness, excellent environmental stability, good biocompatibility, and
sensitive to small perturbations, which are advantages in designing sensors [49,50].

Electrochemical sensors are the most commonly developed sensor for the detection
of phenolic compounds that may be due to their advantages such as being easy to use,
cost-effectiveness, measuring in real time, good sensitivity, and easy miniaturization [51–57].
Next, sample preparation by extraction methods coupled with chromatographic analysis
have emerged due to its simplicity, rapidity, and ability to retain high recoveries [58]. The
main purposes of the extraction methods are for trace enrichment and sample clean-up from
co-existing species. In addition, optical sensors also have become a favorable sensor among
researchers for the detection of phenolic compounds. This is owing to their beneficial features
such as simple, rapid detection, high efficiency, and great sensitivity and selectivity [59,60].

Henceforth, this paper firstly reviews the studies of graphene-based materials incor-
porated with various sensors focusing on the detection of phenol (Ph), 2-chlorophenol
(2-CP), 2,4-dichlorophenol (2,4-DCP), 2,4,6-trichlorophenol (2,4,6-TCP), pentachlorophenol
(PCP), 2-nitrophenol (2-NP), 4-nitrophenol (4-NP), 2,4-dinitrophenol (2,4-DNP), and 2,4-
dimethylphenol (2,4-DMP) that are classified as the hazardous substances by the United
States Environmental Protection Agency [61,62]. It is followed by conducting polymers-
based sensors. The reviews are categorized according to the type of sensors (electrochemical
sensors, extraction methods with chromatographic analysis, and optical sensors) followed
by the materials used. Next, an overview of the graphene and conducting polymers-based
composite materials in the development of sensors for the hazardous phenolic compounds
is also discussed. The schematic representation of the materials and sensing methods
discussed in this paper is as illustrated in Figure 1.
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Figure 1. Schematic preparation of the materials and sensing methods discussed in this paper.

2. Graphene-Based Materials Incorporated with Various Sensors for the Detection of
Hazardous Phenolic Compounds
2.1. Electrochemical Sensors
2.1.1. Graphite

Graphite has been receiving a lot of attention from researchers in the field of electro-
chemical sensors especially as a working electrode due to some intrinsic properties including
excellent conductivity, low cost, and ease of modification [63]. In order to overcome several
problems such as the fouling of electrodes and the high risk of interferences when using the
naked graphite electrodes for the electrochemical detection of hazardous phenolic compounds,
several studies have reported the modification of the graphite electrode with enzymes that
also will be a benefit in improving the selectivity of the sensor [64].

Tyrosinase (Tyr), an enzyme that has a wide substrate specificity for phenolic com-
pounds, has been widely fabricated in the graphite electrode-based electrochemical sensors
for the detection of hazardous phenolic compounds [65,66]. A limit of detection (LOD)
value of 0.4 µM for amperometric (AMP) detection of Ph was obtained using the Tyr-
graphite electrode [67]. Tyr is able to catalyze the oxidation of Ph to quinones in the
presence of oxygen. Subsequently, the generated quinones will be reduced to catechol that
then will be measured as the electrochemical signal. Alongside Tyr, laccase (Lac) enzyme
with the ability to oxidize many substrates by the reduction of oxygen to water also has
been incorporated with graphite electrode. A wide linear range from 1000 to 10,000 µM has
been exhibited by the Lac-modified graphite electrode for the AMP detection of Ph [68,69].

When a mediated Tyr-graphite electrode was used, the lower LOD of 0.006 µM was
obtained [70]. As the graphite electrode was modified with tetracyanoquinodimethane
first before Tyr was immobilized onto it, a linearity up to 25 µM and an LOD of 0.23 µM
were obtained [71]. On the other hand, when 2-hexadecanol that worked as a solid binding
matrix was included for the detection of Ph, a linear response up to 2.5 µM and an LOD
of 0.2 µM were achieved [72]. In addition, a different approach of modifying the graphite
electrode with carbodiimide first before Tyr is cross-linked onto it in the presence of
glutaraldehyde (GA) has been used to improve the stability of the sensor [64].

In addition, some researchers have proposed the immobilization of the Tyr enzyme
within a graphite–epoxy composite that offers high tolerance toward organic solvents,
good mechanical stability, and fast response [73,74]. The graphite–epoxy composite also
has been incorporated with horseradish peroxidase (HRP) enzyme for the square wave
voltammetry (SWV) detection of Ph. When the SWV was coupled with the univariate
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calibration method, weighted least squares, the obtained linear response, and LOD were
1.95–5.5 µM and 0.65 µM, respectively [75].

A comparison between three different glucose oxidase (GOD)–mutarotase reactor-graphite
electrodes by immobilizing three different peroxidases, which are HRP, tobacco peroxidase, and
peroxidase from peanut cell culture for AMP detection of Ph also has been done. The lowest
LOD was exhibited by the HRP-modified graphite electrode with a value of 3.6 ± 0.5 µM [76].

Several works have reported the incorporation between graphite and Teflon to serve
as the immobilization matrix for enzymes including Tyr, HRP, and GOD as it offers sev-
eral benefits such as high compatibility with organic solvents and remarkable long-term
stability [77–79]. LOD values of 0.08 µM, 0.14 µM, and 7.6 µM were obtained using the
developed graphite–Teflon–GOD–HRP–Tyr composite electrode for AMP detection of Ph,
2,4,6-TCP, and PCP, respectively [80].

Then, a new matrix for the immobilization of Tyr using graphite–ethylene/propylene/
diene (EPD) was also introduced, and its performance was compared with the graphite–
Teflon matrix for AMP sensing of Ph and 2,4-DMP. The graphite–EPD–Tyr composite
electrode gave a better sensing performance toward both Ph and 2,4-DMP with LOD
values of 26.3 nM and 0.67 µM, respectively. This might be due to the excellent signal-to-
background ratios for analytes exhibited by the graphite–EPD–Tyr electrode [81].

As the presence of colloidal gold (Au) nanoparticles was able to enhance the kinetics
of the reactions in electrochemical transduction, the nanoparticles were included in the
fabrication of a Tyr–graphite–Teflon electrode for AMP sensing of Ph. This work resulted
in an LOD value of 0.02 µM [82].

Some researchers have proposed an idea of immobilizing the enzymes onto the
surface of a graphite-coated screen-printed four-channel Au electrode array and a screen-
printed graphite electrode as the electrochemical sensors for hazardous phenolic com-
pounds [83,84]. Researchers also have utilized the advantage of graphite pencil electrode
of being unexpensive in the fabrication of electrochemical sensors. As the graphite pencil
electrode has poor electrocatalytic properties toward 4-NP, it has been modified with cop-
per. As a result, the AMP detection of 4-NP using the copper-modified electrode gave a
lower LOD value of 1.9 µM compared to the bare electrode with a value of 1 mM [85].

Then, a new strategy for the detection of Ph was introduced by simply dipping a pre-
charged graphite pencil electrode in the Ph solution to facilitate the electropolymerization
of Ph without the need of any potential. The SVW response was increasing linearly to
the Ph concentration over 0.05–1 µM [86]. As Au nanoparticles were employed into the
pre-treated graphite pencil electrode, a broad linear response can be observed in the range
of 0.5–100 µM for the detection of 4-NP [87].

A modifier also has been introduced in graphite paste electrode by synthesizing
poly(dopamine-quinone chromium (III))-microspheres (PDQCM). A selective determination
of Ph and 4-NP was achieved using the sensor, as the differential pulse voltammetry (DPV)
of the simultaneous and individual determinations of the analytes showed no difference [88].

Graphite has been incorporated with dioctyl phthalate for the fabrication of a carbon
paste electrode (CPE) that obtained an LOD of 2.5 µM for the voltammetric detection of
Ph [89]. Furthermore, works based on the modification of glassy carbon electrode (GCE)
also have been reported. GCE has been successfully modified with graphitized ordered
mesoporous carbon that possesses several outstanding properties such as high specific
surface area and pore volume [90]. A modification of GCE with graphite nanoflakes for the
cyclic voltammetric (CV) detection of 4-NP gave an LOD of 0.18 µM [91].

On the other hand, an AMP sensor for Ph based on graphite-like carbon nitride (C3N4)
has been successfully fabricated. However, as the graphite-C3N4 with low toxicity and
excellent stability experienced poor conductivity, Au nanoparticles and cerium oxide have
been used to overcome the drawback. An LOD of 2.33 µM and a linear response over
10–90 µM were obtained [92].

Table 1 summarizes the findings of graphite-based materials incorporated with elec-
trochemical sensors for hazardous phenolic compounds detection.
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Table 1. Graphite-based materials incorporated with electrochemical sensors for hazardous phenolic compounds detection.

Sensing Materials Sensor Hazardous Phenolic Compounds Linear Range LOD 1 Ref.

Tyr–graphite electrode Amperometry Ph 0.02–0.14 mM 6 µM
[65]2,4-DMP 0.08–0.64 mM 29 µM

Tyr–graphite electrode Pulsed amperometry Ph Up to 2 mM 5.2 µM [66]

Tyr–graphite electrode Amperometry Ph Up to 600 µM 0.4 µM [67]

Trametes versicolor laccase–graphite electrode Amperometry Ph 1000–10,000 µM 557 µM [68]

Cerrena unicolor laccase–graphite electrode Amperometry Ph 1000–10,000 µM 296 ± 10 µM [69]

Tyr-mediated graphite electrode Amperometry Ph - 0.006 µM [70]

Entrapped Tyr–tetracyanoquinodimethane–graphite electrode Amperometry Ph
Up to 65 µM -

[71]Immobilized Tyr–tetracyanoquinodimethane–graphite electrode Up to 25 µM 0.23 µM

Tyr/graphite/2–hexadecanol Chronoamperometry Ph Up to 2.5 µM 0.2 µM [72]

Tyr–glutaraldehyde–carbodiimide-activated graphite electrode Amperometry Ph 0.01–5 µM 0.003 µM [64]

Tyr–graphite–epoxy electrode Amperometry Ph - 0.5 µM [73]

Tyr–graphite–epoxy electrode Amperometry Ph Up to 300 µM 1 µM [74]

HRP–graphite–epoxy composite electrode

Square wave
voltammetry/weighted

least-squares Ph
1.95–5.5 µM 0.65 µM

[75]

Square wave
voltammetry/partial

least-squares 1
1–62 µM 1.1 µM

HRP–GOD–mutarotase reactor–graphite electrode
Amperometry Ph -

3.6 ± 0.5 µM
[76]Tobacco peroxidase–GOD–mutarotase reactor–graphite electrode 10.1 ± 0.8 µM

Peroxidase from peanut cell culture–GOD–mutarotase
reactor–graphite electrode 7 ± 0.6 µM

Graphite–Teflon–Tyr composite electrodes Amperometry Ph 4–80 µM 1.1 µM
[77]2,4-DMP 0.05–3 mM 33.8 µM
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Table 1. Cont.

Sensing Materials Sensor Hazardous Phenolic Compounds Linear Range LOD 1 Ref.

Graphite–Teflon–HRP composite electrodes Amperometry
2-CP 0.2–20 µM 0.16 µM

[78]2,4-DCP 0.4–20 µM 0.45 µM
2,4-DMP 4.5–10 µM 0.45 µM

Graphite–Teflon–Tyr composite electrode
Flow injection with

amperometry
Ph 0.01–40 µM 0.01 µM

[79]

2-CP 10–750 µM 7.3 µM
Flow injection with dual

amperometry Ph 0.25–50 µM 0.12 µM

Graphite–Teflon–GOD–HRP composite electrode

Flow injection with
amperometry

Ph 1–100 µM 1.5 µM
2-CP 1–50 µM 2.2 µM

2,4,6-TCP 1–50 µM 1.3 µM
Flow injection with dual

amperometry
Ph 1–100 µM 2.3 µM

2,4,6-TCP 5–60 µM 3 µM

Sensing Materials Sensor Hazardous Phenolic Compounds Linear Range LOD 1 Ref.

Graphite–Teflon–GOD–HRP–Tyr composite electrodes

Amperometry

Ph 0.1–20 µM 0.08 µM

[80]

2,4,6-TCP 0.1–40 µM 0.14 µM
PCP 0.02–1000 µM 7.6 µM

Graphite–Teflon–GOD–HRP composite electrodes
Ph 0.5–60 µM 0.43 µM

2,4,6-TCP 0.1–60 µM 0.11 µM
PCP 0.01–1500 µM 4.7 µM

Graphite–ethylene–propylene–diene–Tyr composite electrode
Amperometry

Ph 0.05–6 µM 26.3 nM

[81]
2,4-DMP 1–50 µM 0.67 µM

Graphite–Teflon–Tyr composite electrode Ph 0.1–25 µM 99 nM
2,4-DMP 0.7–100 µM 0.71 µM

Tyr–colloidal gold nanoparticles–graphite–Teflon electrode Amperometry Ph 0.025–4 µM 0.02 µM [82]

HRP–graphite-coated screen-printed four-channel gold-array
Amperometry Ph

2–300 µM
- [83]Tyr–graphite-coated screen-printed four-channel gold-array 2–40 µM

HRP–graphite-coated screen-printed four-channel gold-array 2,4,6-TCP 2–140 µM
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Table 1. Cont.

Sensing Materials Sensor Hazardous Phenolic Compounds Linear Range LOD 1 Ref.

Tyr–screen-printed graphite electrode Amperometry Ph - 0.41 µM
[84]HRP/GOD–screen-printed graphite electrode 1.8 µM

Copper-modified graphite pencil electrode Amperometry 4-NP
50–850 µM 1.9 µM

[85]Bare graphite pencil electrode - 1 mM

Pre-charged disposable graphite pencil electrode Square wave voltammetry Ph 0.05–1 µM 4.17 nM [86]

Gold nanoparticles–pre-treated graphite pencil electrode Square wave voltammetry 4-NP
0.5–100 µM -

[87]Pre-treated graphite pencil electrode 0.01–0.8 µM 0.002 µM

Poly(dopamine–quinone chromium (III))–microspheres/graphite
paste electrode

Differential pulse voltammetry Ph 2.5–107.5 µM 0.6 µM
[88]4-NP 2.5–130 µM 0.8 µM

Graphite–dioctyl phthalate–CPE Voltammetry Ph 2.5 µM–60 mM 2.5 µM [89]

Graphitized-ordered mesoporous carbon–Tyr–cobaltosic oxide
nanorod–chitosan–GCE Amperometry Ph 0.05–11 µM 0.025 µM [90]

Graphite nanoflakes–GCE Cyclic voltammetry at peak c1
4-NP

0.5–6000 µM 0.18 µM
[91]Cyclic voltammetry at peak a2 1–6000 µM 0.7 µM

Gold–cerium oxide–graphite–carbon nitride modified carbon
paper Amperometry Ph 10–90 µM 2.33 µM [92]

1 where LOD is limit of detection. 2-CP: 2-chlorophenol, 2,4-DCP: 2,4-dichlorophenol, 2,4-DMP: 2,4-dimethylphenol, 2,4,6-TCP: 2,4,6-trichlorophenol, 4-NP: 4-nitrophenol, CPE: carbon paste electrode, GCE:
glassy carbon electrode, GOD: glucose oxidase, HRP: horseradish peroxidase, PCP: pentachlorophenol, Ph: phenol, Tyr: tyrosinase.
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2.1.2. Graphene

Graphene (Gr) has attracted a lot of attention due to its unique properties such as
high charge transport mobility, excellent electrocatalytic activities, and good mechanical
strength. A lot of researchers also have integrated Gr in the fabrication of electrochemical
sensors due to these properties.

When Gr was incorporated with Nafion polymer in the development of a DPV sensor
for 4-NP, an LOD of 0.6 µM was obtained [93]. A broad linearity from 4 to 800 µM with
an LOD of 1.5 µM was achieved when palladium and ion liquid were included in the
fabrication of a DPV sensor for 2-CP. The palladium was believed to be able to enhance the
electrocatalytic activity for the oxidation of phenolic compound; meanwhile, the ion liquid
acted as the linker [94].

Next, Gr nanosheets that possess remarkable electronic and mechanical properties
were successfully exfoliated from graphite in the presence of N-methyl-2-pyrrolidone.
When it was used to modify GCE as the DPV sensor for 4-NP, an LOD value of 0.04 µM
was obtained [95]. Gr nanosheets that have been coupled with sodium dodecyl sulfate,
a surfactant, have showed a great selectivity toward Ph in the presence of aminophenol
and nitrophenol [96]. Surfactants are amphiphilic molecules that can be adsorbed on
the interfaces of two phases with different polarities that thus will help to form a stable
film [97].

On the other hand, Gr nanosheets that were incorporated with another surfactant,
cetyltrimethylammonium bromide (CTAB), for DPV detection of 4-NP have achieved
an LOD of 3 µM [98]. A broad linear range over 0.53–1063 µM was obtained for Ph
when pure Gr was incorporated with CTAB [99]. In order to prevent the restacking of
Gr, a modification of Gr with poly(sodium 4-styrenesulfonate) has been done. When the
composite was incorporated with CTAB and Nafion on the surface of GCE, a low LOD
value of 2 nM was obtained for the detection of 2,4-DCP [100].

Next, Gr nanosheets also have been modified with iron phthalocyanine, which is an
electrocatalyst with a great electrocatalytic ability. As the iron phthalocyanine has a poor
conductivity, pairing it with the Gr nanosheets will be a help to deliver its electrochemical
properties. As a result, an LOD of 10 µM was exhibited using a CV sensor for the detection
of 4-NP [101].

Some works have reported the modification of Gr with Au nanoparticles in order to
combat the aggregation of Gr sheets that leads to the decrement of its surface area [102].
As a result, a low LOD value of 0.01 µM for the detection of 4-NP using the linear sweep
voltammetry (LSV) method was achieved [103].

With the aim of improving the dispersion of Gr in an aqueous solution, chitosan (Chit),
a natural and non-toxic biopolymer has been used [104]. When the Gr-Chit suspension
was dropped on top of GCE, LOD values of 0.1 µM and 0.09 µM were obtained for the
simultaneous LSV detection of 2-NP and 4-NP, respectively [105].

As Gr has a high surface area that is very beneficial for the immobilization of en-
zymes, some related works for the detection of hazardous phenolic compounds have been
reported [106]. An excellent LOD value of 5 nM was achieved for the AMP detection of
2,4-DCP that was based on Gr, HRP enzyme, and Chit [107]. In addition, an incorporation
between Gr, Tyr, Chit, and Au nanoparticles on a screen-printed carbon electrode was
able to give an excellent selectivity toward Ph [108]. The work on silk peptide that works
as a modifier to functionalize Gr also has been suggested. In the presence of Tyr, the
AMP detection of Ph revealed that the current response was linearly dependent to its
concentration over 0.0015–21.12 µM [109].

β-cyclodextrin (β-CD) is an oligosaccharide that is toroidal in shape with a hydropho-
bic inner cavity and a hydrophilic exterior. It has the ability to allow small guest molecules
inside its hydrophobic cavity. Hence, β-CD has been widely used to improve the solubility
and stability of Gr in the development of electrochemical sensors for hazardous phenolic
compounds [110,111]. As the β-CD functionalized Gr was immobilized onto the surface of
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CPE, an LOD of 0.2 µM for DPV detection of 2-CP was obtained. The schematic preparation
of the pure β-CD functionalized Gr is as shown in Figure 2 [112].

However, the presence of β-CD has caused a decrease in the accessible active sites
for the binding of target molecules. Carboxyl-multiwalled carbon nanotubes (MWCNTs)
were proposed as the solution for this problem, as they have the ability to increase the
electron transfer rate and contact area between the targets and the working electrode [113].
Furthermore, the adding of metal nanoparticles in the fabrication of electrochemical sensors
for 4-NP based on the β-CD functionalized Gr-modified GCE has resulted in an excellent
LOD value in the nanomolar range [114,115].

Figure 2. Schematic preparation of the pure β-CD functionalized Gr [112].

A low LOD of 0.008 µM has been achieved when Gr was incorporated with an
acetylene black paste hybridized electrode for the LSV detection of 4-NP. This might be due
to the high specific surface area and strong adsorption capacity of the acetylene black [116].
Next, hydroxyapatite with good adsorption capability has been integrated with Gr for
4-NP sensing that managed to give an LOD of 0.27 µM [117].

On the other side, two different regions of linear response in the range of 0.45–56 µM
and 156–556 µM of Ph concentration were observed when incorporating Gr with Fe3O4,
which is a low toxic nanomaterial [118]. An LOD of 36.6 µM was obtained when Gr was
immobilized onto the TiO2 anatase-modified electrode for CV detection of Ph [119]. As
nickel slag waste was included in the preparation of Gr-TiO2 electrode, a lower LOD
of 0.39 µM was achieved. This might be due to the great electrical conductivity and
mechanical resistance of the nickel slag waste [120].

Gr-like carbon nitride that possesses a unique electronic structure and peculiar thermal
stability has been successfully prepared through condensation reaction. Next, Na+ was
doped into the Gr-like carbon nitride to overcome the low conductivity experienced by
the Gr-like carbon nitride. A linear AMP response for Ph over 10–110 µM with an LOD of
0.23 µM was achieved [121].

The summaries of Gr-based materials used for sensing hazardous phenolic compounds
using electrochemical sensors are shown in Table 2.
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Table 2. Gr-based materials incorporated with electrochemical sensors for hazardous phenolic compounds detection.

Sensing Materials Sensor Hazardous Phenolic Compounds Linear Range LOD 1 Ref.

Gr–Nafion–screen-printed electrode Differential pulse voltammetry 4-NP 10 µM–0.62 mM 0.6 µM [93]

Ion liquid–palladium–Gr–Nafion–GCE Differential pulse voltammetry 2-CP 4–800 µM 1.5 µM [94]

N-methyl-2-pyrrolidone exfoliated Gr nanosheets–GCE Differential pulse voltammetry 4-NP - 0.04 µM [95]

Gr nanosheet paste electrode Differential pulse voltammetry Ph 0.08–80 µM 0.05 µM [96]

Gr nanosheets–CTAB Differential pulse voltammetry 4-NP 7.2–107.8 µM 3 µM [98]

Gr–CTAB–GCE Differential pulse voltammetry Ph 0.53–1063 µM 0.21 µM [99]

Nafion–poly(sodium 4–styrenesulfonate)–Gr–CTAB–GCE Linear sweep voltammetry 2,4-DCP 0.01–2 µM 2 nM [100]

Gr nanosheets–iron phthalocyanine–GCE Cyclic voltammetry 4-NP 0.1–0.7 mM 10 µM [101]

Gr–gold nanoparticles–GCE Amperometry 4-NP 0.47–10,750 µM 0.47 µM [102]

Gr–gold nanoparticles–GCE Linear sweep voltammetry 4-NP 0.036–90 µM 0.01 µM [103]

Gr–chitosan–acetylene black paste electrode Linear sweep voltammetry
2-NP 0.4–80 µM 0.2 µM

[104]
4-NP

0.1–20 µM
0.08 µM20–80 µM

Gr–chitosan–GCE Linear sweep voltammetry 2-NP 1–240 µM 0.1 µM
[105]4-NP 0.1–140 µM 0.09 µM

Three-dimensional Gr–tyrosinase Amperometry Ph 0.05–2 µM 0.05 µM [106]

Horseradish peroxidase–Gr–chitosan–GCE Amperometry 2,4-DCP 0.01–13 µM 5 nM [107]

Gr–gold nanoparticles–chitosan–tyrosinase–screen-printed
carbon electrode

Differential pulse voltammetry
Ph 0.05–15 µM 0.016 µM

[108]2,4-DCP 0.05–15 µM 0.041 µM
4-NP 0.05–19 µM 0.031 µM

Tyrosinase–Gr–silk peptide–GCE Amperometry Ph 0.0015–21.12 µM 0.35 nM [109]

β-cyclodextrin-functionalized Gr nanosheets–GCE Differential pulse voltammetry 2-NP 5–400 µM 0.3 µM [110]

2-hydroxypropyl–β-cyclodextrin–Gr nanoribbon–GCE Differential pulse voltammetry 2-CP 0.01–16 µM 0.004 µM [111]

β-cyclodextrin–Gr–carbon paste electrode Differential pulse voltammetry 2-CP 0.5–40 µM 0.2 µM [112]

Carboxyl–multiwalled carbon nanotubes–β-cyclodextrin
edge-functionalized Gr–GCE

Differential pulse voltammetry 4-NP
0.3–10 µM

0.027 µM [113]10–50 µM
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Table 2. Cont.

Sensing Materials Sensor Hazardous Phenolic Compounds Linear Range LOD 1 Ref.

β-cyclodextrin functionalized Gr–silver–GCE Amperometry 4-NP
0.01–0.1 µM

0.89 nM [114]0.1–1500 µM

β-cyclodextrin–gold@carboxylic Gr nanosheets–GCE Differential pulse voltammetry 4-NP
0.01–5 µM

3.8 nM [115]5–200 µM

Gr–acetylene black paste hybridized electrode Linear sweep voltammetry 4-NP
0.02–8 µM

0.008 µM [116]8–100 µM

Magnetite–hydroxyapatite dispersed edge–carboxylated
Gr–GCE

Cyclic voltammetry
4-NP

30–1455 µM -
[117]Differential pulse voltammetry 0.2–994 µM 0.27 µM

Fe3O4–amino functionalized Gr–GCE Linear sweep voltammetry Ph
0.45–56 µM

0.4 µM [118]156–456 µM

Gr–TiO2 anatase–carbon paste electrode Cyclic voltammetry Ph
0.01–1 nM

36.6 µM [119]1–1000 nM

Gr–nickel slag waste–TiO2 electrode Voltammetry Ph 1.06–10.63 µM 0.39 µM [120]

Na+-doped Gr-like carbon nitride electrode Amperometry Ph 10–110 µM 0.23 µM [121]
1 where LOD is limit of detection. 2-CP: 2-chlorophenol, 2-NP: 2-nitrophenol, 2,4-DCP: 2,4-dichlorophenol, 4-NP: 4-nitrophenol, CTAB: cetyltrimethylammonium bromide, GCE: glassy carbon electrode, Gr:
graphene, Ph: phenol.
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2.1.3. Graphene Oxide

Graphene oxide (GO) is an insulating material with excellent optical and electrical
properties that is soluble in water. Several groups that are present in GO including epoxy,
hydroxyl, and carboxyl help provide GO with several characteristics such as hydrophilicity,
high surface activity, and antifouling properties [122].

A simple work for the LSV detection of 4-NP based on GO-modified GCE was suc-
cessfully developed. The estimated LOD was 0.02 µM, and a linear response in the range
of 0.1–120 µM was observed [123]. A molecularly imprinted polymer (MIP) with high
affinity toward the target analyte has been incorporated with the GO-modified GCE for the
preparation of a DPV sensor for hazardous phenolic compounds. As a result, these sensors
showed a great selectivity toward its target in the presence of several interferents [124,125].

Poly(ethyleneimine), a dendritic polymer, is an ideal material to be modified with GO
as it consists of lots of amine groups that can interact with the epoxy groups of GO. The
developed sensor is able to detect 2-NP down to 0.1 µM and has a good stability even after
three months [126].

Nickel–curcumin that consists of phenolic active sites was chosen to be integrated
with GO as it was believed to be able to enhance the electrocatalytic activity toward 4-NP.
A linear increase in peak current with respect to an increase in the analyte concentration
from 0.49 to 760 µM can be observed, and an LOD of 0.016 µM was estimated [127].

A great compatibility between GO and MWCNTs can be observed as the formed
composite presents a larger surface area, faster electron transfer, and better stability. Then,
GO and MWCNTs with negative charges have been paired up with poly(Rhodamine B)
with positive charge and abundant active sites, which can be a help for the detection of
hazardous phenolic compounds. The sensor gave LOD values of 0.8 nM and 0.5 nM for
DPV detection of 2,4,6-TCP and PCP, respectively [128].

In order to enhance the electroanalytic properties of a DPV sensor for chlorophenols, a
modification of GO with colloid carbon microspheres that are well-known for their excellent
conductivity and monodispersity has been done. The presence of hydroxyl groups on
colloid carbon microspheres makes them perfect activate sites for a noble metallic shell.
LOD values in the nanomolar range were achieved [129].

Ionic liquid was used as a binder for a GO-Au nanoparticles hybrid to enhance the
sensing performance of a DPV sensor toward 2,4-DCP. As a result, the modified sensor
gave an LOD of 3 nM and exhibited good reproducibility, stability, and selectivity toward
2,4-DCP [130].

Some works have reported the incorporation of GO with several metal oxides such
as zinc oxide (ZnO) and cuprous oxide (Cu2O). The developed sensors presented high
selectivity toward their target phenolic compounds [131,132].

Table 3 shows the findings of GO-based materials used for the detection of hazardous
phenolic compounds using electrochemical sensors.
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Table 3. GO-based materials incorporated with electrochemical sensors for hazardous phenolic compounds detection.

Sensing Materials Sensor Hazardous Phenolic Compounds Linear Range LOD 1 Ref.

GO-GCE Linear sweep voltammetry 4-NP 0.1–120 µM 0.02 µM [123]

GO–molecularly imprinted polymer–GCE Differential pulse voltammetry 2,4-DNP 1–150 µM 0.4 µM [124]

Molecularly imprinted polymer–GO–GCE Differential pulse voltammetry 2,4-DCP 0.004–10 µM 0.5 nM [125]

GO–poly(ethyleneimine)–GCE Square wave voltammetry 2-NP 5–155 µM 0.1 µM [126]

GO/nickel–curcumin/GCE Linear sweep voltammetry 4-NP 0.49–760 µM 0.016 µM [127]

Poly(Rhodamine B)–GO–multiwalled carbon
nanotubes–GCE

Differential pulse voltammetry
2,4,6-TCP

0.004–0.1 µM
0.8 nM

[128]
0.1–100 µM

PCP
0.002–0.1 µM

0.5 nM0.1–90 µM

Core/shell structured carbon
sphere–silver–GO–GCE

Differential pulse voltammetry
2-CP 0.05–25 µM 13.9 nM

[129]2,4-DCP 0.05–35 µM 7.52 nM
2,4,6-TCP 0.03–35 µM 9.71 nM

Ionic liquid–GO–gold nanoparticles–GCE Differential pulse voltammetry 2,4-DCP 0.01–5 µM 3 nM [130]

GO–zinc oxide–GCE Square wave voltammetry Ph 5–155 µM 2.2 nM [131]

Octahedral cuprous oxide–GO–GCE Differential pulse voltammetry 4-NP 0.08–30 µM 8.5 nM [132]
1 where LOD is limit of detection. 2-CP: 2-chlorophenol, 2-NP: 2-nitrophenol, 2,4-DCP: 2,4-dichlorophenol, 2,4-DMP: 2,4-dimethylphenol, 2,4-DNP: 2,4-dinitrophenol, 2,4,6-TCP: 2,4,6-trichlorophenol, 4-NP:
4-nitrophenol, GCE: glassy carbon electrode, GO: graphene oxide, PCP: pentachlorophenol, Ph: phenol.
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2.1.4. Reduced Graphene Oxide

Reduced graphene oxide (RGO) has received so much attention from researchers as
it can be easily synthesized, is cost-effective, and has high conductivity. The availability
of carboxyl and alcohol groups on its surface can work as binding sites for the sensing of
hazardous phenolic compounds. Simple works by the reduction of GO to RGO directly
on the surface of a working electrode for the development of electrochemical sensors for
hazardous phenolic compounds have been reported [133,134]. When using GCE as the
working electrode, an LOD of 0.55 µM for 4-NP using a DPV sensor was achieved [135].

In order to improve the electrochemical properties of RGO, a lot of works have
reported the combination of RGO with β-CD in electrochemical sensors for the detection of
nitrophenols [136]. As a result, low LOD values of 0.14 µM and 0.36 µM for DPV sensing of
2-NP and 4-NP were achieved, respectively [137]. As Chit was included in the fabrication
of a DPV sensor for 2-NP and 4-NP, better sensing performance with lower LOD values
of 0.018 µM and 0.016 µM were estimated for the analytes [138]. Furthermore, as the
RGO/β-CD/GCE was further modified with Prussian blue nanocubes, the LOD obtained
for 4-NP can be lowered down to 2.34 nM. This might be owing to the ability of the Prussian
blue to act as the electron-transfer mediator [139].

Due to the special characteristics of silver (Ag) nanoparticles such as excellent conduc-
tivity, low cost, and large surface area, they have been chosen to be incorporated with RGO
on GCE for the detection of hazardous phenolic compounds [140,141]. Ag nanoparticles
can help to improve the electrocatalytic activity of the hybrid material as it is able to
facilitate more electron-transfer processes efficiently. A DPV sensor for the detection of
PCP based on this combination of materials is able to obtain an LOD of 0.001 µM [142].

However, as Ag is well known for its chemical instability, some researchers have
chosen to incorporate the RGO with Au nanoparticles. An LOD of 0.01 µM was obtained
using a DPV sensor for the detection of 4-NP using the fabricated RGO-Au nanoparticles-
modified GCE [143]. As Tyr was immobilized onto the RGO-Au nanoparticles-modified
electrode for the AMP and chronoamperometric detection of Ph, a rather high LOD of
0.1 µM and 0.072 µM were exhibited, respectively [144,145].

The RGO-modified GCE has been used as the immobilization matrix for HRP and
Lac enzymes for AMP detection of Ph. Three different linear slopes in the ranges of 0.05–
0.1 mM, 0.2–1 mM, and 2–10 mM can be observed using the HRP-modified sensor [146].
Meanwhile, when RGO was mixed with Chit first before the immobilization of Lac, an
LOD of 4.9 µM was determined [147].

As palladium nanoparticles possess superior catalytic activity toward the reduction of
4-NP, it has been incorporated with RGO that has resulted in a very low LOD of 9 fM [148].
In addition to metal nanoparticles, metal oxide nanoparticles also have been incorporated
with RGO for the detection of 4-NP. When RGO was exploited with manganese oxide
(MnO2) nanoparticles, the sensor was highly selective toward 4-NP in the presence of
several phenolic compounds with concentrations two times higher than 4-NP [149]. On the
other hand, an LOD of 0.012 µM was obtained for 4-NP using a SWV sensor as RGO was
incorporated with Fe3O4 nanoparticles. Fe3O4 nanoparticles played an important role in
the prevention of Gr sheets from forming irreversible agglomerates [150].

Apart from that, ZnO metal oxide presents several unique properties such as low
toxicity, a wide electrochemical potential window, and high chemical stability, and it also
has been integrated with RGO for the modification of GCE [151,152]. As ZnO has a high
band gap and RGO has a low band gap, nano-Schottky barriers will be formed at the
RGO–ZnO interface. The sensitive detection of phenolic compounds can be achieved with
the presence of the nano-Schottky barriers. By using the I-V method, an excellent LOD
value of 0.27 nM was obtained for 2-NP sensing [153].

Next, a metal chalcogenide, copper sulfide djurleite, Cu1.94S, was incorporated with
RGO as a CV sensor for Ph that obtained a linear response in the range of 0.2–1.4 µM.
The electronic mobility of the Cu1.94S was greatly enhanced when being modified with
RGO [154].
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An LSV sensor for 4-NP based on the doping of RGO with nitrogen gave an LOD of
0.007 µM [155]. A work based on the polymerization of 3,5-diamino-1,2,4-triazole on the
surface of RGO-modified GCE exhibited broad linear responses at three different regions
of 2–16 µM, 5–200 µM, and 300–1500 µM for the DPV sensing of 4-NP [156].

Next, polydopamine (PDA)–RGO-modified GCE has been successfully prepared
considering the advantage of PDA that is rich in functional groups that can act as a platform
for surface-mediated reactions. As MIP film was formed on the modified electrode surface,
this sensor offered a high selectivity toward 2,4-DCP with an LOD of 0.8 nM [157].

In addition, a work has reported an LOD of 0.005 µM for the DPV detection of 2-
NP. It was based on an urchin-like RGO-conjugated NiCo2O4 composite that was treated
with 3-aminopropyltriethoxysilane that possesses superior electrochemical stability, good
dispersibility, and a huge surface area [158].

The incorporations of RGO-based materials with electrochemical sensors for the
detection of hazardous phenolic compounds is summarized in Table 4.

2.1.5. Graphene Quantum Dots

A DPV sensor for the detection of Ph based on a Au electrode was reported. As the Au
electrode is easily disrupted by the surface-active compounds, it was then modified with
graphene quantum dots (GQDs) and Au nanoparticles. A lower LOD value was exhibited
by the GQDs–Au nanoparticles-modified Au electrode with a value of 0.44 µM compared to
the bare electrode with 0.515 µM. This is attributed by the increase in electroactive surface
area and charge transfer property. In addition, a broad linear response from 1 to 100 µM of
Ph concentration was observed [159].

2.2. Extraction Methods with Chromatographic Analysis
2.2.1. Graphene

Gr has been applied as an adsorbent for sensing chlorophenols due to its benefit of
having huge specific surface area that will be promising to increase the sorption capacity.
The solid-phase extraction (SPE) technique with high recovery, high enrichment factor, and
short extraction time has been used to extract the compounds first before it was detected
using high-performance liquid chromatography (HPLC) and ultraviolet (UV) detection.
The linear responses exhibited for 2-CP, 2,4-DCP, and 2,4,6-TCP were 7.78 nM to 1.56 µM,
6.13 nM to 1.23 µM, and 10.13 nM to 1.01 µM; meanwhile, the LOD values were 1.56 nM,
1.23 nM, and 2.03 nM, respectively [160].

2.2.2. Graphene Oxide

Some works have reported the detection of chlorophenols based on GO as the adsor-
bent using magnetic solid-phase extraction (MSPE) as the extraction technique followed by
HPLC-tandem mass spectrometry (MS). The first work has modified GO with a planar–
structure amine-functional magnetic polymer to improve the low selectivity encountered
by GO. The response was linear to the 2-CP, 2,4-DCP, 2,4,6-TCP, and PCP concentrations
in the range of 0.08–3.89 nM, 0.03–1.23 nM, 0.01–1 nM, and 3.75–750.9 pM, respectively.
The LOD values were evaluated to be 0.02 nM, 6.75 pM, 2.73 pM, and 0.6 pM for each of
the analytes [161]. In order to overcome the difficulties of rapid separation of the samples,
a planar GO-based magnetic ionic liquid nanomaterial was developed by modifying GO
with Fe3O4@SiO2-NH2 microspheres. The obtained LOD for 2-CP, 2,4-DCP, 2,4,6-TCP, and
PCP were 0.02 nM, 5.5 pM, 2 pM, and 0.5 pM, respectively. A linearity of 0.08–4 nM was
observed for 2-CP, 0.03–3 nM for 2,4-DCP, 0.01–2.5 nM for 2,4,6-TCP, and 0.004–1.9 nM for
PCP, respectively [162].
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Table 4. RGO-based materials incorporated with electrochemical sensors for hazardous phenolic compounds detection.

Sensing Materials Sensor Hazardous Phenolic Compounds Linear Range LOD 1 Ref.

RGO–screen-printed electrode Electrochemical impedance spectroscopy Ph 1–40 µM 0.2 µM [133]

RGO–GCE Differential pulse voltammetry 4-NP 50–800 µM 42 µM [134]

RGO–GCE
Differential pulse voltammetry by oxidation

reaction 4-NP
8.3–79.8 µM 2.13 µM

[135]
Differential pulse voltammetry by reduction

reaction 3.3–34.4 µM 0.55 µM

Hydroxypropyl–β-cyclodextrin–RGO–GCE Cyclic voltammetry 2-NP 0.05–100 µM 0.01 µM [136]

β-cyclodextrin–RGO–GCE Differential pulse voltammetry 2-NP 7.2–64.7 µM 0.14 µM
[137]4-NP 7.2–73 µM 0.36 µM

RGO/β-cyclodextrin/chitosan/GCE Differential pulse voltammetry
2-NP

0.16–0.28 µM
0.018 µM

[138]
5–40 µM

4-NP
0.06–0.16 µM

0.016 µM5–40 µM

β-cyclodextrin–Prussian blue
nanocubes–RGO–GCE Linear sweep voltammetry 4-NP 0.01–700 µM 2.34 nM [139]

RGO–silver nanoparticles–GCE Square wave voltammetry 4-NP 0.01–0.1 µM 1.2 nM [140]

RGO–silver nanoparticles–GCE Amperometry 4-NP
1–10 µM

0.32 µM [141]10–110 µM
110–1110 µM

Silver nanoparticles–RGO–GCE Differential pulse voltammetry PCP 0.008–10 µM 0.001 µM [142]

Au nanoparticles–RGO–GCE Differential pulse voltammetry
4-NP

0.05–2 µM
0.01 µM

[143]4–100 µM
Square wave voltammetry 0.05–2 µM 0.02 µM

Tyrosinase–RGO–Au
nanoparticles–Au/chromium electrode Amperometry Ph - 0.1 µM [144]

Au nanoparticles–RGO–tyrosinase–indium tin
oxide electrode Chronoamperometry Ph Up to 19.5 µM 0.072 µM [145]

Horseradish peroxidase–partially RGO–GCE Amperometry Ph
0.05–0.1 mM

4.4 µM [146]0.2–1 mM
2–10 mM
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Table 4. Cont.

Sensing Materials Sensor Hazardous Phenolic Compounds Linear Range LOD 1 Ref.

RGO–chitosan–laccase–GCE Amperometry Ph 5–30 µM 4.9 µM [147]

Palladium nanoparticles–RGO–gum arabic–GCE
Linear sweep voltammetry

4-NP
20–400 pM -

[148]Electrochemical impedance spectroscopy 5–300 pM 2 pM
Square wave voltammetry 2–80 pM 9 fM

Manganese dioxide nanoparticles–RGO–GCE Linear sweep voltammetry 4-NP
0.02–0.5 µM

0.01 µM [149]2–180 µM

RGO–Fe3O4 nanoparticles–GCE Differential pulse voltammetry
4-NP

0.2–10 µM
0.26 µM

[150]20–100 µM
Square wave voltammetry 0.2–10 µM 0.012 µM

RGO–zinc oxide–GCE Differential pulse voltammetry Ph
2–15 µM

1.94 µM [151]15–40 µM

RGO–zinc oxide nanoflowers–GCE Linear sweep voltammetry 4-NP 0.2–0.9 mM 0.93 µM
[152]2,4-DNP 0.1–0.9 mM 6.2 µM

RGO–zinc oxide–GCE I-V method 2-NP 0.01–10,000 µM 0.27 nM [153]

Copper sulfide djurleite–RGO–GCE Cyclic voltammetry Ph 0.2–1.4 µM - [154]

Nitrogen-doped–RGO–GCE Linear sweep voltammetry 4-NP 0.02–0.5 µM 0.007 µM [155]

Polymerized
3,5-diamino-1,2,4-triazole/RGO/GCE

Differential pulse voltammetry 4-NP
2–16 µM

0.037 µM [156]5–200 µM
300–1500 µM

Molecularly imprinted
polymer–polydopamine–RGO–GCE

Differential pulse voltammetry 2,4-DCP
2–10 nM

0.8 nM [157]10–100 nM

RGO/NiCo2O4/3-
aminopropyltriethoxysilane/GCE

Differential pulse voltammetry 2-NP
0.005–0.5 µM

5 nM [158]1–25 µM
1 where LOD is limit of detection. 2-NP: 2-nitrophenol, 2,4-DCP: 2,4-dichlorophenol, 2,4-DNP: 2,4-dinitrophenol, 4-NP: 4-nitrophenol, Au: gold, GCE: glassy carbon electrode, PCP: pentachlorophenol, Ph:
phenol, RGO: reduced graphene oxide.
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On the other hand, Chen et al. encountered the same problem and incorporated GO
with triethylenetetramine-functionalized magnetic particles as an adsorbent for the MSPE
of PCP and 4-NP that was then detected using liquid chromatography and tandem MS.
The linear response obtained for both analytes was 0.02–7.2 nM, and the LOD was in the
range of 1–11 pM [163].

Furthermore, some researchers have introduced GO-based magnetic nanosorbents for
the detection of hazardous phenolic compounds. In a work, GO has been modified with
Fe3O4-SiO2 magnetic nanoparticles to encourage a uniform energy transfer and accelerate
the reaction with Ph and 4-NP as the target analytes. The targets were firstly extracted using
dispersive SPE and detected using HPLC-UV detection. A linear response was exhibited
by Ph in the range of 0.01–1 µM; meanwhile, 4-NP showed a wider linearity from 7.16
to 716 nM. A slightly lower LOD was estimated for Ph with a value of 5.3 nM compared
to 4-NP with 5.75 nM [164]. Another work reported the preparation of GO/Fe3O4/di-(2-
ethylhexyl) phosphoric acid composite as the MSPE adsorbent for Ph. Then, the Ph was
detected using HPLC-UV detection where an LOD value of 5.3 nM and a dynamic linear
response from 0.5 to 53 nM were achieved [165].

Another magnetic nanosorbent was developed by modifying GO with Fe-Fe2O3
nanowires to increase the hydrophilicity and dispersibility of GO in aqueous solution. The
composite was used for the MSPE of 2,4-DCP coupled with HPLC-UV detection. This
developed sensor gave a good linearity over the 2,4-DCP concentration range between
3.07 and 613.5 nM with an LOD of 0.61 nM [166].

The solid-phase microextraction (SPME) method also has been introduced for the
extraction of the hazardous phenolic compounds. SPME is a simple, fast, and solvent-
free technique that combines sampling, isolation, and enrichment into a single step. A
modification of GO with polyethylene glycol to be used as the fiber coating of the SPME
process of 2,4-DMP has been reported. Using flame ionization detection (FID), a low LOD
of 0.08 nM with a linear response from 0.4 to 1640 nM were observed [167].

As GO experienced a drawback of low thermal stability, it has been modified with
polyoxyethylene, which is a highly cross-linked substrate for the preparation of another
fiber coating for headspace (HS)–SPME coupled with the GC-MS detection of chlorophenols.
The linearity obtained for 2-CP, 2,4-DCP, and 2,4,6-TCP were 0.03–7.8 nM, 0.03–6 nM, and
0.05–5 nM, respectively. LOD values of 1 pM, 1.9 pM, and 6.9 pM were estimated for each
of the analytes, respectively [168].

A GO-reinforced polymeric ionic liquids monolith also has been developed for the SPME
of 2,4,6-TCP and 2-NP followed by HPLC. It was prepared by the polymerization of GO-
doped amino- and benzyl-functionalized 1-(3-aminopropyl)-3-(4-vinylbenzyl)imidazolium 4-
styrenesulfonate monomer with the help of a cross-linking agent, 1,6-di-(3-vinylimidazolium)
hexane bihexafluorophosphate. The linear response and LOD obtained for 2,4,6-TCP were
5–2030 nM and 1 nM; meanwhile, the values were 0.04–3 µM and 4 nM for 2-NP, respec-
tively [169].

2.2.3. Reduced Graphene Oxide

Over the years, only one work has been reported for the SPE of hazardous phenolic
compounds using RGO. The extraction of the targets was followed by HPLC-UV detection.
To overcome several challenges such as the low sorption capacity and extraction efficiency
when directly using RGO as the sorbent, the RGO has been immobilized onto an encapsu-
lated silica, SiO2. The linear responses observed were in the range of 0.08–4 µM for 2-CP,
0.03–3 µM for 2,4-DCP, 0.03–2.5 µM for 2,4,6-TCP, and 0.02–2 µM for PCP, respectively. LOD
values of 0.03 µM, 0.009 µM, 0.006 µM, and 0.005 µM were estimated for 2,CP, 2,4-DCP,
2,4,6-TCP, and PCP, respectively [170].
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2.3. Optical Sensors
2.3.1. Graphene

A series of works for the detection of PCP using a Gr-based electrochemiluminescence
(ECL) sensor were reported by the researchers. The first one was based on the incorporation
of Gr with carbon quantum dots (CQDs). Owing to the superior electrical conductivity
and electrocatalytic activity of Gr, the low ECL intensity of CQDs was greatly improved,
and the PCP was detected as low as 1 pM with a broad linear response over the range
of 1–10,000 pM [171]. Gr has played an important role in combating the problem of non-
recyclable Au nanoclusters by acting as the signal amplifier. As the PCP concentration
increased from 0.01 to 100 pM, the ECL intensity also increased. A low LOD of 0.01 pM
was achieved [172]. Another work has reported the incorporation of ZnO nanocrystals
on nitrogen-doped Gr nanocomposites-modified GCE. The nitrogen-doped Gr played
an important role in enhancing the ECL intensity by 4.3-fold and moving the onset ECL
potential more positively. This have resulted in a low LOD value of 0.16 pM for PCP with a
broad linear response from 0.5 pM to 61.1 nM [173].

On the other hand, a colorimetric sensor for the detection of 4-NP based on a three-
dimensional Gr foam/mesoporous-Fe3O4 nanohybrid was successfully prepared via the
solvothermal method. The adding of Gr in the development of this sensor was to tackle
the drawback of Fe3O4 nanozymes that are easy to aggregate, leading to the loses of their
catalytic activity. Then, the sensor exhibited linear responses between 0.1–10 µM and
10–1000 µM and gave an LOD of 0.045 µM [174].

2.3.2. Graphene Oxide

The only reported work incorporating GO with an optical sensor was for the detection
of Ph using a surface plasmon resonance (SPR) sensor. A layer of GO modified Tyr enzyme
was coated on the top of the Au thin film to improve the sensitivity of the SPR sensor to
the low concentration of phenol. As the incident light from the He-Ne laser beam hits the
GO–Tyr–Au thin film, the free electrons at the interface will absorb the light, causing them
to resonate. The resonating electrons will form electromagnetic waves that are known
as surface plasmons, which propagate parallel to the metal surface. Hence, at a specific
incident angle, resonance will occur as the momentum of the surface plasmon is equivalent
to the momentum of incident photon [175,176]. Consequently, a sharp shadow called SPR
can be observed [177]. This fabricated sensor was able to detect Ph down to 1 µM, and a
linear response can be observed from 0 to 100 µM [178].

2.3.3. Reduced Graphene Oxide

An ECL sensor for the detection of PCP was fabricated by using RGO as the immobi-
lization substrate for cadmium sulfide nanowires to improve the stability and recyclability
of the luminophore. The ECL intensity was linearly dependent on the PCP concentration
in a wide range of 0.01–10,000 pM, and the LOD obtained was as low as 2 fM [179].

Next, a “turn-on” fluorescence sensor for Ph based on RGO/polystyrenesulfonate/de-
xtran–fluorescein was successfully developed. Due to the close proximity between the
surface of the RGO and dextran–fluorescein (fluorophore probe) that causes rapid energy
transfer from the fluorophore to RGO, a completely quenched fluorescence was achieved.
The sensor gave a linearity over a broad concentration of Ph from 0.01 to 1000 nM, and the
LOD value was 7.2 pM [180].

Au–nickel bimetallic nanoparticles loaded RGO has been developed as a design of a
colorimetric sensor for Ph sensing. In the presence of hydrogen peroxide, the colorimetric
assay based on the oxidative coupling of Ph and 4-aminoantipyrine turned from colorless
to pink color quickly. The response of the sensor was linearly dependent on the Ph con-
centration over 0–300 µM and gave an LOD of 1.68 µM. This sensor was highly selective
toward Ph in the presence of several interfering substances, which were 20 times higher in
concentration [181]. Another colorimetric sensor for Ph was established by introducing
a metal organic framework to the Fe3O4 nanoparticles–RGO composite. The absorbance



Chemosensors 2021, 9, 291 20 of 40

increased when the Ph concentration increased over 10–100 µM, and the LOD was calcu-
lated to be 3.33 µM. An excellent selectivity for Ph was exhibited by this sensor as it did
not interfere with any tested control solutions [182].

2.3.4. Graphene Quantum Dots

GQDs have been widely fabricated in optical sensors due to their unique properties
such as low toxicity, high fluorescent activity, excellent photoluminescence, and good
biocompatibility [183]. A GQDs-based resonance light scattering sensor for the detection of
Ph has been reported. In the presence of HRP and hydrogen peroxide, the developed sensor
gave a low LOD of 22 nM, and the linear response can be observed in two parts, from 0.06
to 2.16 µM and between 2.4 and 28.8 µM. In addition, no noticeable interference effect can
be observed when it was tested with some common anions and phenol homologues [184].

A colorimetric sensor for the detection of 4-NP has been prepared based on sulfur-
doped GQDs-modified Au nanoparticles. When the detection of 4-NP was run in deion-
ized water, the absorbance intensity was in a linear relationship to its concentration over
0.005–1 µM and 1–50 µM and gave an LOD of 3.5 nM. When the detection is examined in
wastewater, a higher LOD of 8.4 nM was exhibited with linear responses in the range of
0.01–1.8 µM and 1.8–50 µM [185].

Some researchers have chosen to incorporate GQDs with a fluorescent sensor for the
detection of 4-NP. In addition to having its own advantages of simple sample pre-treatment
and low amount of solvent required, this fluorescent method is also able to overcome the
problem encountered by the conventional fluorescent methods that require inducers or
derivatizations. Zhou et al. have modified the GQDs with imprinted silica film to improve
the selectivity of the sensor. As a result, this sensor was highly selective toward 4-NP even
when tested with 2-NP that has similar properties as 4-NP. The fluorescence intensity was
increasing linearly to the 4-NP concentration in the range of 0.14–21.57 µM and exhibited
an LOD of 64.7 nM [186]. Meanwhile, Anh et al. have doped the GQDs with sulfur atoms to
amplify the photoluminescence behavior of the GQDs that consequently will help improve
the selectivity of the sensor. A lower LOD was obtained in deionized water with a value of
0.7 nM compared to wastewater with 3.5 nM. Both detections of 4-NP gave two different
linear parts with values of 0.01–1 µM and 1–200 µM in deionized water, and 0.05–1 µM
and 1–200 µM in wastewater, respectively. Even when tested with interferents with a
concentration four times higher than the 4-NP, the F/F0 ratio remains the same, proving the
excellent selectivity of the sensor toward 4-NP [187].

3. Conducting Polymers-Based Materials Incorporated with Various Sensors for the
Detection of Hazardous Phenolic Compounds

To date, most of the works on the detection of hazardous phenolic compounds that
have been reported by the researchers were based on polypyrrole, polyaniline, and poly(3,4-
ethylenedioxythiophene) (a 3,4-disubstituted polythiophene) among the conducting poly-
mers. This is due to the high sensitivity offered by the conducting polymers in the field
of sensors [188]. Although poly(diaminonaphthalene) and polyterthiophene have been
widely used in the fabrication of sensors for the detection of glucose, dopamine, and
more [189–195], interestingly, there is no work reported on the sensing of hazardous phe-
nolic compounds. Hence, this section will be focusing on the incorporation of polypyrrole,
polyaniline, and poly(3,4-ethylenedioxythiophene)-based materials with various sensors
for hazardous phenolic compounds sensing.

3.1. Electrochemical Sensors
3.1.1. Polypyrrole

Polypyrrole (PPy) was widely used as the sensing layer in the development of sensors
thanks to its environmental stability, high electron affinity, and remarkable electronic
properties [196]. When PPy is used to modify the GCE for the HS–voltammetric detection
of Ph, a low LOD of 0.07 µM was obtained [197].
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The fabrication of biosensors has become a favorite thing among researchers around
the world as biosensors offer high selectivity toward the target analytes and simple use
for continuous on-site analysis. However, the direct use of the enzymes on working elec-
trodes for electrochemical sensing application experienced several drawbacks of enzyme
desorption and low stability. In order to overcome these problems, the enzymes must be
immobilized on a suitable support matrix.

Hence, a lot of studies have reported PPy as the immobilization matrix for the enzymes
in the development of electrochemical sensors for the detection of hazardous phenolic
compounds [198–201]. The first work that has been proposed on the Tyr-immobilized PPy-
modified GCE obtained a low LOD of 5 nM for the AMP detection of Ph [202]. On the other
hand, when CPE was used as the working electrode, a linear response up to 7 µM of Ph
concentration was observed [203]. A low LOD of 14.4 nM was obtained when polyphenol
oxidase (PPO) was incorporated with PPy nanotubes derived from methyl orange [204].

A combination of PPy and o-amino-benzenesulfonic acid, a derivative of polyaniline,
on the surface of a platinum (Pt) electrode also has been done. The response was increas-
ing linearly to Ph concentration up to 100 µM for both AMP and pulsed AMP mode of
detections [205].

Another AMP work for Ph sensing was conducted by comparing the performance of
the PPy-Tyr-modified electrode with and without the cross-linking with GA. In the end,
both of the electrodes that work in aqueous and chloroform showed a linearity up to 7 mM
and 2.5 mM, respectively [206]. As polyglutaraldehyde (PGA) and HRP enzyme were used
instead of GA and Tyr, a wider linear response over 16–112 µM was obtained [207].

Next, a series of works for the AMP sensing of Ph have been successfully reported. The
immobilization of Tyr on p-toluene sulfonate ion-doped PPy gave an LOD of 0.8 µM [208];
meanwhile, the incorporation between Tyr and poly(N-3-aminopropyl pyrrole-co-pyrrole)
on an indium tin oxide (ITO) electrode gave a lower LOD of 0.7 µM [209]. When N-
amino substituted PPy film is being used as the support matrix for Tyr, an LOD of 0.9 µM
was estimated [210]. As Tyr was entrapped on the Fe(CN)6

4−-doped PPy-modified ITO
electrode, a high LOD of 2.9 µM was achieved [211]. However, a lower LOD of 0.7 µM was
obtained when the pyrrole was polymerized in the presence of both Fe(CN)6

4− and Tyr on
the ITO electrode [212].

Au nanoparticles that showed great compatibility with PPy also have been reported
in the development of an AMP sensor for Ph. The electrochemical responses of the hybrid
materials can be enhanced owing to the large specific surface area and high conductivity of
Au nanoparticles. When the PPy–Au nanoparticles-modified GCE became an immobiliza-
tion matrix for Tyr and HRP enzymes, a lower LOD was obtained by the Tyr enzyme with
a value of 0.03 µM compared to the HRP with 15 µM [213,214]. This proved that the Tyr
had better sensitivity toward Ph detection compared to HRP.

In order to further improve the stability of enzymes in the PPy-based AMP biosensors,
researchers have included MWCNTs in the fabrication of the sensors as it is capable of
facilitating direct electrochemical analysis of enzymes. A slightly lower LOD was obtained
for Ph sensing when incorporating an Lac–PPy-modified electrode with MWCNTs compared
to the one without MWCNTs with values of 0.03 µM and 0.04 µM, respectively. When a
redox mediator was included, a broader linear response of 0.2–2.56 µM was observed [215].

On the other hand, as HRP was immobilized on the PPy–MWCNTs-modified Au
electrode, LOD values of 3.52 µM, 0.26 µM, and 27.9 µM were obtained for Ph, 2-CP, and 2,4-
DMP, respectively. As PPy encountered some instability at its cationic sites, sodium dodecyl
sulfate has been used as the supporting electrolyte during the electropolymerization of
pyrrole [216]. Lower LOD values of 0.732 µM, 0.249 µM, and 0.382 µM were obtained
for each of the analytes, as a poly(glycidyl methacrylate-co-3-methylthienyl methacrylate)
(poly(GMA-co-MTM)) copolymer was included in the fabrication of the AMP sensor. This
might be due to the presence of epoxy groups in the poly(GMA-co-MTM) that are able to
enhance the stability of the HRP enzyme on the working electrode. Figure 3 shows the
schematic preparation of the sensor [217].
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Figure 3. Schematic illustration of preparation of the poly(GMA-co-MTM)-MWCNTs-PPy-HRP-Au electrode [217].

A homopolymer, polyvinylferrocene, has been used to improve the electrical and
thermal stability of PPy. The conductivity of PPy also can be greatly enhanced through this
modification. Polyvinylferrocene also has high capability for minimizing the denaturation
of enzymes. Using the HRP enzyme as the enzyme model, an LOD of 0.23 µM was obtained
for AMP detection of Ph, and the developed sensor was able to retain 60% of its initial
enzyme activity after two months stored at 4 ◦C [218]. Next, a redox polymer based on
the copolymerization of vinylferrocene with glycidyl methacrylate has been successfully
designed. Then, Tyr was immobilized on the surface of the copolymer–PPy-based GCE in
the presence of PGA. An LOD of 0.781 µM was obtained [219].

An AMP sensor for Ph that was proposed based on the modification of PPy with
polyvinylsulfonate for the immobilization of Tyr has obtained an LOD of 10 nM. A good
stability was offered by the sensor after 45 days that might be owing to the presence of
polyvinylsulfonate that acts as stabilizer [220].

An incorporation between nano PPy and sodium dodecyl sulfate film for the SWV
detection of 4-NP also has been done. The film that possesses a hydrophobic nature has
interacted with the 4-NP, which is hydrophobic in nature through hydrophobic force. As a
result, a low LOD of 0.1 nM was achieved [221].

The findings of PPy-based materials used in the development of electrochemical
sensors for the detection of hazardous phenolic compounds are shown in Table 5.



Chemosensors 2021, 9, 291 23 of 40

Table 5. PPy-based materials incorporated with electrochemical sensors for hazardous phenolic compounds detection.

Sensing Materials Sensor Hazardous Phenolic Compounds Linear Range LOD 1 Ref.

PPy–GCE Headspace-voltammetry Ph 0.25–1.25 µM 0.07 µM [197]

PPy–PPO–GCE Amperometry

Ph 0.01–70 µM 0.1 µM

[198]
2-CP

-

0.2 µM
2,4-DCP 0.4 µM

2,4,6-TCP 0.2 µM
PCP 0.2 µM

PPy–Tyr–GCE Amperometry Ph
0.06–125 µM - [199]PPy–Tyr–HRP–GCE 0.24–125 µM

PPy–Tyr–GCE Amperometry Ph Up to 10 µM 10 nM [200]

PPy–Tyr–GCE Amperometry Ph - 5 nM [202]

PPy–Tyr–CPE Amperometry Ph Up to 7 µM - [203]

PPy nanotubes–PPO–GCE Amperometry Ph 0.5–40 µM 14.4 nM [204]

PPy–o-amino-benzenesulfonic acid–Pt electrode Amperometry
Ph Up to 100 µM 0.5 µM

[205]Pulsed amperometry 0.1 µM

PPy–Tyr–Pt electrode in aqueous

Amperometry Ph
Up to 7 mM 0.8 nM

[206]
PPy–Tyr–GA–Pt electrode in aqueous -
PPy–Tyr–Pt electrode in chloroform Up to 2.5 mM 50 nM

PPy–Tyr–GA–Pt electrode in chloroform -

Polyglutaraldehyde–PPy–HRP–gold electrode Amperometry Ph 16–112 µM 0.087 µM
[207]2-CP 4–128 µM 0.114 µM

Tyr/p-toluene sulfonate ion–PPy/GCE Amperometry Ph 3.3–220.3 µM 0.8 µM [208]

Tyr–poly(N-3-aminopropyl pyrrole–co-pyrrole)–ITO electrode Amperometry Ph 1.35–222.3 µM 0.7 µM [209]

Tyr–N-amino substituted PPy electrode Amperometry Ph 1.8–170.2 µM 0.9 µM [210]

Tyr/Fe(CN)6
4−–PPy/ITO electrode Amperometry Ph 9.9–84.7 µM 2.9 µM [211]

Tyr/Fe(CN)6
4−–PPy/ITO electrode Amperometry Ph 4.5–107.4 µM 0.7 µM [212]

PPy–Tyr–gold nanoparticles–GCE Amperometry Ph 0.25–70 µM 0.03 µM [213]

PPy–HRP–gold nanoparticles–GCE Amperometry Ph 0.01–0.2 mM 15 µM [214]
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Table 5. Cont.

Sensing Materials Sensor Hazardous Phenolic Compounds Linear Range LOD 1 Ref.

Lac–PPy–GCE
Amperometry Ph

0.2–1.4 µM 0.04 µM
[215]Lac–PPy–MWCNTs–GCE 0.39–1.4 µM 0.03 µM

Lac–PPy–MWCNTs–Prussian blue–GCE 0.2–2.56 µM 0.03 µM

MWCNTs–PPy–HRP–gold electrode Amperometry
Ph 16–44 µM 3.52 µM

[216]2-CP 1.6–8 µM 0.26 µM
2,4-DMP 64–240 µM 27.9 µM

Poly(glycidyl methacrylate–co-3-methylthienyl
methacrylate)–MWCNTs–PPy–HRP–gold electrode

Amperometry
Ph 1.6–72 µM 0.732 µM

[217]2-CP 1.6–68.8 µM 0.249 µM
2,4-DMP 1.6–40 µM 0.382 µM

HRP–PPy–polyvinylferrocene–GCE Amperometry Ph 0.5–10 µM 0.23 µM [218]

Tyr–poly(glycidyl methacrylate85–co-vinylferrocene15)–
polyglutaraldehyde–PPy–GCE Amperometry Ph 20–70 µM 0.781 µM [219]

PPy–polyvinylsulfonate–Tyr–Pt electrode Amperometry Ph 0.1–5 µM 10 nM [220]

Nano PPy–sodium dodecyl sulfate film modified GCE Square wave voltammetry 4-NP 0.1 nM–100 µM 0.1 nM [221]
1 where LOD is limit of detection. 2-CP: 2-chlorophenol, 2,4-DCP: 2,4-dichlorophenol, 2,4-DMP: 2,4-dimethylphenol, 2,4,6-TCP: 2,4,6-trichlorophenol, 4-NP: 4-nitrophenol, GA: glutaraldehyde, GCE: glassy
carbon electrode, HRP: horseradish peroxidase, ITO: indium tin oxide, Lac: laccase, MWCNTs: multiwalled carbon nanotubes, PCP: pentachlorophenol, Ph: phenol, PPO: polyphenol oxidase, PPy: polypyrrole,
Pt: platinum, Tyr: tyrosinase.
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3.1.2. Polyaniline and Its Derivative

Polyaniline (PANI) has high conductivity, good environmental stability, and also has
been actively fabricated in electrochemical sensors for hazardous phenolic compounds.
As PANI might be inactive or experiencing the decline of its activity at high pH value,
some researchers have chosen to do an optimization study for the effect of pH on the
sensing performance of the fabricated PANI-based sensors. The optimum pH might differ
according to the combination of materials that they used. All of the related works found
out that the optimum pH for the PANI-based sensors was below the neutral pH.

PANI nanosheets that received a lot of attention in the field of sensors have been
utilized in a cyclovoltammetric sensor for Ph sensing. The sensor gave an LOD of 4.43 µM,
and a considerable stability was exhibited, as it did not show any noticeable decrease in
the sensing properties when tested for three consecutive weeks [222].

Several studies have reported the use of PANI as the solid support for the immobiliza-
tion of enzymes mainly for the detection of Ph using an AMP sensor in order to improve
the selectivity of the sensors [223,224]. A good selectivity toward Ph was observed when
Tyr was immobilized onto a PANI-modified Pt electrode. The sensor also showed a great
sensitivity as a low LOD of 10 nM was obtained [225].

However, these AMP biosensors that incorporated PANI experienced a huge reduction
of background current that limits its sensing application. Hence, an initiative has been taken
by modifying the PANI with polyacrylonitrile to overcome the drawback that consequently
will lead to a more stable sensor. A sensitivity of 0.96 A M−1 cm−2 was obtained for Ph
sensing [226].

With the aim of enhancing the conductivity of the PANI-based AMP biosensor, PANI
has been integrated with ionic liquid and carbon nanofibers. As a result, an LOD of 0.1 nM
was achieved as the composite showed a fibrillar morphology, which is the main key to
improve the capacity of Tyr enzyme loading [227].

An AMP sensing of Ph by the modification of CPE using PANI and activated carbon
also has been reported. Using Tyr as the enzyme model, the sensor was highly selective
toward Ph in the presence of several cations such as Pb2+, Cr5+, and Ni2+ [228].

Next, an electrochemical–chemical–chemical redox cycling work with a sulfonated
PANI–Chit composite as the redox capacitor to transfer electron has been developed. A
low LOD of 0.8 nM was achieved using Tyr as the immobilized enzyme [229].

Some researchers have reported enzymeless PANI-based electrochemical sensors, as
enzymes have some disadvantages such as being expensive and difficulty storing. A CV
sensor for 4-NP was developed by doping PANI with polyvinyl sulfonic acid to improve
the stability of the sensor. MIP is also included to improve its selectivity through the
overoxidation process to remove the embedded 4-NP molecules from the composite. As a
result, the sensor had a shelf-life of 45 days and did not give any noticeable changes in the
presence of interferents [230].

Another CV sensor for 4-NP was fabricated by preparing nanostructured carbonized
PANI, which is an excellent catalyst, field emitter, and supercapacitor. NaX zeolite with
a superior ability of ion exchange and adsorption capacity was incorporated with the
carbonized PANI. The LOD obtained by the carbonized PANI–NaX zeolite electrode was
way better than the pure NaX zeolite and carbonized PANI electrodes with values of
1.27 µM, 135 µM, and 94.5 µM, respectively [231].

In addition to PANI, its derivative also has been applied as the sensing material
for the detection of hazardous phenolic compounds using an AMP sensor. Poly(2,5-
dimethoxyaniline) has been prepared through polymerization in the presence of phenan-
threne sulfonic acid. LOD values in the range of 0.07–3.71 mM were exhibited for the
targets [232].

Table 6 shows the summaries of PANI and its derivative-based materials incorporated
with electrochemical for hazardous phenolic compounds detection.
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Table 6. PANI and its derivatives-based materials incorporated with electrochemical sensors for hazardous phenolic compounds detection.

Sensing Materials Sensor Hazardous Phenolic Compounds Linear Range LOD 1 Ref.

PANI nanosheets electrode Cyclovoltammetry Ph 20–80 µM 4.43 µM [222]

Trametes versicolor–PANI thick film electrode
Amperometry Ph

0.4–6 µM
- [223]Aspergillus niger–PANI thick film electrode 0.4–4 µM

Agaricus bisporus–PANI thick film electrode 1–10 µM

PANI–laccase–indium tin oxide electrode Amperometry Ph 0.5–4.5 µM - [224]

PANI–tyrosinase–platinum electrode Amperometry Ph 0.04–25 µM 10 nM [225]

PANI–polyacrylonitrile–tyrosinase–platinum electrode Amperometry Ph 0.1–75 µM - [226]

PANI–ionic liquid–carbon nanofiber–tyrosinase–glassy carbon electrode Amperometry Ph 0.4 nM–1.9 µM 0.1 nM [227]

PANI-activated carbon–tyrosinase–carbon paste electrode Amperometry Ph 1–50 µM 0.5 µM [228]

Sulfonated PANI–chitosan–tyrosinase–glassy carbon electrode Voltammetry Ph
3.5–200 nM

0.8 nM [229]200–2000 nM

4-NP imprinted–PANI–polyvinyl sulfonic acid–indium tin oxide electrode Cyclic voltammetry 4-NP - 1 µM [230]

NaX/carbonized–PANI Cyclic voltammetry 4-NP 100 µM–1 mM 1.27 µM [231]

Poly(2,5-dimethoxyaniline)–phenanthrene sulfonic acid–platinum
electrode

Amperometry

Ph

-

2.09 mM

[232]

2,4-DCP 2.53 mM
2,4,6-TCP 0.07 mM

PCP 0.61 mM
2,4-NP 0.63 mM

2,4-DMP 3.71 mM
1 where LOD is limit of detection. 2,4-DCP: 2,4-dichlorophenol, 2,4-DMP: 2,4-dimethylphenol, 2,4-DNP: 2,4-dinitrophenol, 2,4,6-TCP: 2,4,6-trichlorophenol, 4-NP: 4-nitrophenol, PANI: polyaniline, PCP:
pentachlorophenol, Ph: phenol.



Chemosensors 2021, 9, 291 27 of 40

3.1.3. Poly(3,4-ethylenedioxythiophene)

Poly(3,4-ethylenedioxythiophene) (PEDOT) also has received a lot of attention in
the field of sensors as it has high environmental stability, excellent electrical conductivity,
and good film-forming properties. An AMP sensor for Ph has been reported based on
the immobilization of Tyr on the surface of PEDOT-modified GCE. The linear response
spanned the Ph concentration up to 25 µM and gave an LOD of 50 nM [233].

In order to improve the repeatability of sensors, some researchers have modified
the PEDOT with a surfactant, poly(sodium-4-styrenesulfonate) (PSS). An LOD of 10 µM
with a broad linear response from 10 to 531 µM was obtained for AMP sensing of Ph
using PEDOT-PSS-modified Pt electrode. The sensor also showed a good repeatability and
reproducibility [234].

PEDOT-PSS also has been used for the chronoamperometric detection of 2-NP and
4-NP. The current response was directly dependent on the concentration of 2-NP and 4-NP
up to 80 µM. A slightly lower LOD of 4.51 µM was obtained for 4-NP compared to 2-NP
with 4.55 µM. In addition, this sensor was highly selective toward 2-NP and 4-NP in the
presence of some ions and organic compounds [235].

Several works based on the incorporation of PEDOT with single-walled carbon nan-
otubes (SWCNTs) have been conducted, as the SWCNTs are able to facilitate the electron
transfer processes that consequently will enhance the mechanical and electrical properties
of PEDOT. As the PEDOT–SWCNTs were immobilized on GCE for the AMP detection of
Ph, 2,4-DCP, 2,4,6-TCP, and PCP, LOD, and linear responses of 0.094 µM and 0.1–260 µM,
0.39 µM and 0.4–120 µM, 0.3 µM and 1–90 µM, and 0.33 µM and 2–110 µM were obtained,
respectively [236].

On the other hand, the SWCNTs–PEDOT composite also has been deposited on
the surface of screen-printed carbon electrode. In order to prevent overoxidation of the
polymer film, the CV method was used to polymerize the 3,4-ethylenedioxythiophene
on the electrode. An LOD of 0.38 µM and two parts of linear response between 0.6–
100 µM and 200–600 µM were obtained for the voltammetric sensing of Ph using the
modified electrode. Furthermore, the detection of 2,4-DCP obtained linear responses over
0.5–60 µM and 50–300 µM; meanwhile, for 2,4,6-TCP, it was linear in the range of 0.4–
100 µM and 220–500 µM. Both the detection of 2,4-DCP and 2,4,6-TCP achieved an LOD of
0.16 µM [237].

Next, another voltammetric sensor was successfully fabricated for 2,4-DCP sensing. It
was based on the immobilization of PEDOT and MIP on the surface of a carbon fiber paper
electrode. The peak current increased as the 2,4-DCP concentration increased from 0.21
to 300 nM, and a low LOD was obtained with a value of 0.07 nM. An excellent selectivity
toward 2,4-DCP also can be observed [238].

3.2. Extraction Methods with Chromatographic Analysis
3.2.1. Polypyrrole

Due to some superiorities such as good environmental stability, easy to prepare, and
low volumes of solvent required for the removal of target analytes, PPy have received
considerable attention in the extraction of compounds. PPy has been used as a sorbent
for the SPE of pollutants followed by GC-FID and GC-MS detection. It was used for
the extraction of a real sample that revealed the LOD of 1.25 nM, 0.58 nM, 0.21 nM, and
75.97 pM for Ph, 2-CP, 2,4-DCP, and 2,4,6-TCP, respectively [239].

Another work also has reported PPy as a sorbent, but this time, the SPE system was
used with reversed-phase liquid chromatography-UV detection. The obtained LODs for Ph,
2-CP, 2,4-DCP, and 2,4,6-TCP in double-distilled water were 0.74 nM, 0.31 nM, 61.35 pM,
and 0.2 nM, respectively [240].

PPy and Fe2O3 nanoparticles have been incorporated as a magnetic sorbent for the
extraction of 2-NP, 4-NP, and 2,4-DNP using the MSPE method followed by HPLC-UV
detection. In the presence of the nanoparticles, greater extraction capacity can be achieved
as it has a high specific surface area-to-volume ratio. The sensor exhibited linearity ranges
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of 7.2–718.9 nM, 5.4–718.9 nM, and 5.4–543.2 nM, and LOD of 2.88 nM, 2.16 nM, and
2.17 nM for 2-NP, 4-NP, and 2,4-DNP, respectively [241].

On the other hand, PPy–montmorillonite clay was developed as the fiber coating of
the HS-SPME-GC-MS method. Both the conducting polymer and clay exhibited strong
interfacial interactions that consequently will lead to the improvement of thermal and
mechanical stability. This work gave a linear response from 0.1 to 1 µM for Ph and 0.01 to
1 µM for both 2,4-DCP and 2,4,6-TCP. LOD values of 0.014 µM, 1 nM, and 0.53 nM were
obtained for Ph, 2,4-DCP, and 2,4,6-TCP, respectively [242].

3.2.2. Polyaniline and Its Derivatives

In addition to PPy, PANI and its derivative have attracted remarkable attention among
researchers as extraction materials due to some reasons such as hydrophilic property, good
environmental stability, and a large benzene ring system that will be a huge benefit when
interacting with aromatic compounds. One work has utilized PANI as the sorbent for the
SPE of 2-CP, 2,4-DCP, 2,4,6-TCP, and PCP from aqueous samples followed by GC-electron-
capture (ECD) and FID. The LOD found for the chlorophenols were in the range of 11 to
855 pM [243]. On the other hand, as poly-N-methylaniline was used as the sorbent, lower
LOD values in the range of 3.75 to 311 pM were obtained for the chlorophenols. This might
be due to the presence of a methyl group on its nitrogen atom that helps to give better
recovery for the extraction of the analytes [244].

A fiber coating for Ph, 2-CP, 2,4-DCP, 2,4,6-TCP, and PCP extraction using SPME
was prepared based on the electrodeposition of PANI on the surface of Pt wire. Then, it
was detected using a GC-FID detector that revealed the linearity and LOD for Ph, 2-CP,
2,4-DCP, 2,4,6-TCP, and PCP were 2.66–53.13 µM and 0.44 µM, 0.39–38.89 µM and 18.67 nM,
0.31–30.67 µM and 22.7 nM, 0.25–25.32 µM and 6.58 nM, and 0.09–18.77 µM and 2.59 nM,
respectively [245].

PANI-coated Pt wire also has been used for the extraction of phenolic compounds
using HS-SPME coupled to GC-FID. Better performance was observed for 2,4-DMP with
an LOD of 10.64 nM and linearity within 0.08–40.93 µM; meanwhile, 0.14 µM LOD and
0.1–53.13 µM linear response were obtained for Ph [246].

Then, the previous work was improved by immobilizing the PANI together with
MWCNTs on the Pt wire. Using an HS-SPME-GC-FID detector, it exhibited low LOD values
of 14.7 pM, 6.44 pM, and 67 pM for 2-CP, 2,4-DCP, and 2-NP, respectively. A broad linear re-
sponse was also observed for each of the analytes between 0.39–777.85 nM, 0.15–214.72 nM,
and 0.36–251.6 nM, respectively. The good compatibility between PANI and MWCNTs
have led to excellent reusability of the fiber, as the extraction efficiency does not noticeably
decrease even after undergoing 216 adsorption/desorption process cycles [247].

Next, carbon-coated Fe3O4 magnetic microspheres (Fe3O4@C) and PANI were synthe-
sized using hydrothermal reactions that will be used as a magnetic adsorbent to extract
phenolic compounds using the MSPE-GC-MS procedure. The developed sensor produced a
linear range from 0.05 to 2.13 µM for Ph, 0.06 to 1.23 µM for 2,4-DCP, and 18.77 to 750.92 nM
for PCP, respectively. The LOD was found out to be at 23 nM, 34 nM, and 12 nM for Ph,
2,4-DCP, and PCP, respectively [248].

PANI has been added to a carbon nanotubes–magnetite nanoparticles composite as
the preparation of a fiber coating for HS-SPME of Ph and 2,4,6-TCP. A calibration linearity
in the range of 0.001 until 1 µM with an LOD of 0.74 nM was obtained for the extraction of
Ph coupled with GC-MS. 2,4,6-TCP, on the other hand, exhibited a wider linear response
between 0.05 nM and 2.53 µM and an LOD of 0.1 nM. These great results might be attributed
to the enhancement of sorption capability due to the successful interactions between PANI,
carbon nanotubes, and magnetite nanoparticles with the target compounds [249].
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4. Graphene and Conducting Polymers-Based Composite Materials Incorporated with
Various Sensors for Detection of Hazardous Phenolic Compounds
4.1. Electrochemical Sensors

Polycarbazole (PCZ) polymer, Gr, and nitrogen have been incorporated together on
GCE to be employed as a CV sensor for 4-NP. The comparison between the proposed
PCZ/nitrogen-doped Gr-GCE with other electrodes (bare GCE, RGO-GCE, PCZ-GCE, and
nitrogen-doped Gr-GCE) showed that the PCZ/nitrogen-doped Gr-GCE has the most
excellent electrochemical catalytic activity toward 4-NP. This is owing to the good catalytic
ability of nitrogen atoms that are able to improve the electric properties of Gr and the good
synergistic effect between PCZ and nitrogen-doped Gr. The peak current was directly
proportional to the concentration of 4-NP in the range of 0.8 to 20 µM, and an LOD of
0.062 µM was obtained [250].

Another CV sensor for the detection of 4-NP was prepared by the synthesis of PANI in
GO dispersion in the presence of 4-NP for the fabrication of MIP. The application of MIP in
the development of sensors is outstanding owing to its high specificity and great durability
against harsh chemical environments. The response was linear to the 4-NP from 0.06 to
1.4 mM, and an LOD of 20 µM was obtained [251].

In order to improve the sensitivity of a DPV sensor for 4-NP sensing, PANI has been
reinforced with interconnected and porous hybrid GO–iron tungsten nitride nanoflakes. As
a result, the electrocatalytic performance of the PANI–GO–iron tungsten nitride-modified
GCE was better compared to PANI-modified GCE. Both oxidation and reduction signals
increased when the 4-NP concentration increased from 0.03–3 µM and 0.01–4 µM, respec-
tively. Excellent LOD values were also exhibited in which the LOD for the oxidation peak
current and reduction peak current were 5.2 nM and 2.4 nM, respectively [252].

Another DPV sensor was developed by drop coating a mixture of partially RGO–
PANI on the surface of GCE, but this time for the detection of Ph. As both RGO and
PANI have good electrical conductivity and electrochemical activity, the combination of
them resulted in better electrochemical properties. The current response was linear to the
Ph concentration over 0.01–10 µM with a correlation coefficient of 0.9922. The LOD was
calculated to be 4.5 nM [253].

A work has reported a SWV sensor for 2,4-DCP based on the combination of Gr and
PANI that have outstanding electroanalytic activities toward an analyte with diamond,
which is an anti-passivating agent that has a high resistance to fouling, on the surface of
GCE. The oxidation peaks showed a linear relationship to the analyte concentration from 5
to 80 µM, and the calculated LOD was 0.25 µM [254].

On the other hand, Gr and PANI also have been used in the development of an AMP
sensor for 2-NP. The Gr and PANI were incorporated with cerium tungstate on the surface
of GCE. The sensor that possesses some excellent characteristics including non-toxic, huge
surface area, chemically stable, and good absorption capability gave a wide linearity
between 1 nM and 1 mM and an LOD as low as 0.87 nM. In addition, this sensor gave a
great selectivity toward 2-NP when tested with several interferents [255].

4.2. Extraction Methods with Chromatographic Analysis

PPy has been modified with Gr to develop a new fiber coating for the SPME of Ph and
2,4-DCP followed by a GC-FID detector. A wider linear response of 0.53–10.63 µM with an
LOD of 0.48 µM was obtained for Ph; meanwhile, a lower LOD of 0.025 µM with a linearity
between 0.061 and 6.13 µM was estimated for 2,4-DCP. In addition, the extraction efficiency
of the PPy-G fiber for 2,4-DCP was way higher compared to Ppy-GO fiber, as it has better
hydrophobicity [256].

4.3. Optical Sensors

A colorimetric sensor was successfully fabricated for the detection of Ph by enhancing
the enzyme-like catalytic activity of Cu8S5 nanoparticles with the modification of the
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nanoparticles with PPy and RGO. A broad linear response from 0 to 200 µM and an LOD
of 1.78 µM were obtained [257].

5. Future Perspectives of the Study

To date, overwhelming studies for the fabrication of sensors for the detection of
hazardous phenolic compounds have been carried out all around the globe due to the
potential health effects that they could bring. There has been a vigorous competition among
researchers to develop a high sensitivity sensor with the ability to detect the target analytes’
concentration as low as possible. The main key to improve the performance of the sensor is
by modifying the sensor with highly promising materials. Thus, graphene and conducting
polymers-based materials have risen in popularity for the fabrication of sensors due to
their superior properties.

As we can see, electrochemical sensors were widely utilized in the detection of the
hazardous phenolic compounds followed by the extraction methods with chromatographic
analysis and optical methods. As these sensors experienced several drawbacks such as
poor selectivity, low sensitivity, and low reusability, the incorporation of the graphene and
conducting polymers-based materials with these sensors can be a help to overcome the
disadvantages [258–260].

In addition, various combinations of materials with the graphene-based materials and
conducting polymers have been discussed in this article. Some of the support materials
play a huge role in further improving the sensing properties of the fabricated sensors,
and some might be decreasing the efficiency of the sensors for the detection of hazardous
phenolic compounds.

In conclusion, this review can be a great reference for researchers for the development
of new technology in sensing hazardous phenolic compounds. The new incorporation of
materials with sensors and new combinations of materials with graphene-based materials
and conducting polymers can be developed. A more sensitive and selective sensor with
good stability, reusability, and reproducibility can be invented as well.

6. Conclusions

The trends in the graphene and conducting polymers-based materials incorporated
into various sensors for the detection of hazardous phenolic compounds have been suc-
cessfully reviewed in this paper. Furthermore, this article also reviewed the graphene and
conducting polymers-based composite materials in sensors for the hazardous phenolic
compounds. To date, a lot of sensors that incorporated graphene and conducting polymers-
based materials have been introduced due to their promising and convincing properties,
and this trend is expected to continue to expand more in the future.
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