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Tetracyclines are extensively used to treat human and animal infectious diseases due to its effective antimicrobial
activities. About 70–90% of its parent materials are released into the environment through urine and feces,
implying they are the most frequently detected antibiotics in the environment with high ecological risks.
Adsorption and photocatalysis have been promising techniques for the removal of tetracyclines due to effec
tiveness and efficiency. Graphene-based materials provide promising platforms for adsorptive and photocatalytic
removal of tetracyclines from aqueous environment owning to distinctive remarkable physicochemical, optical,
and electrical characteristics. Herein, we intensively reviewed the available literatures in order to provide
comprehensive insight about the applications and mechanisms of graphene-based materials for removal of tet
racyclines via adsorption and phototocatalysis. The synthesis methods of graphene-based materials, the tetra
cycline adsorption and photocatalytic-degradation conditions, and removal mechanisms have been extensively
discussed. Finally concluding remarks and future perspectives have been deduced and recommended to stimulate
further researches in the subject. The review study can be used as theoretical guideline for further researchers to
improve the current approaches of material synthesis and application towards tetracyclines removal.

1. Introduction
In the faces of global industrial development and urbanization, the
aquatic environment has been increasingly polluted (Wang et al.,
2020a). Due to their persistent undesirable impacts on the health of
human beings and aquatic biota, antibiotics have been considered as
emerging environmental contaminants (Xu et al., 2019a). Tetracyclines
(TCs) are one of the most frequently prescribed antibiotics to treat
human and animal infectious diseases due to broad-spectrum anti-mi
crobial effects (Yan et al., 2020). In some cases, TCs are applied as feed
additives in the livestock and aquaculture industries (Song et al.,
2019b). TCs have stable chemical structure and low biodegradability in

which 70–90% of the parent material is discharged into the natural
environment through urine and feces (Xiong et al., 2018; Yan et al.,
2020). As shown in Fig.S1, the chemical structures of antibiotics TCs can
be classified as tetracycline (TC) oxytetracycline (OTC), doxycycline
(DC), and chlorotetracyclilne (CTC) (Wang et al., 2020c). The structures
of TCs contain four connected ring system (viz. A, B, C, and D rings) with
ionizable hydroxyl, phenolic, and dimethylamino functional groups
(Ghadim et al., 2013a,b). The residues of TCs have been frequently
detected in various ecosystems from terrestrial to the aquatic environ
ment, affecting human health through bioaccumulation in the food
chain (Shao et al., 2012). Long-term discharges of TCs into the envi
ronment can also stimulate emergence of antibiotics resistant bacteria
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(Lu et al., 2019; Yahiaoui et al., 2013) and disturb the structure of
essential microbial community (Tian et al., 2020). The genetic forma
tions of TCs exposed bacteria could eventually become resistant against
the functioning of antibiotics, which makes treatments costly and
impossible (Jiang et al., 2018; Lu et al., 2019). Therefore, removal of TCs
from the contaminated environment has become an unavoidable inter
vention to decrease the undesirable effects on the ecosystem and public
health. However, it is difficult to remove TCs using conventional
municipal wastewater treatment techniques due to a stable chemical
structure and non-biodegradability nature of the compounds.
Various treatment technologies, such as adsorption (Chang et al.,
2020a; Zhou et al., 2020b), advanced oxidation processes (Han et al.,
2020; Shi et al., 2020), electrochemistry (Liu et al., 2015; Yahiaoui et al.,
2013), and photocalytic-degradation (Shi et al., 2020; Wang et al.,
2020c) have been proposed to treat TCs from the aquatic environment
(Xiong et al., 2018). Among these, adsorption and photocatalysis are the
best alternatives considered by various researchers. Adsorption exhibi
ted exhibit excellent performances for TCs removal in contaminated
aqueous medium owning to simplicity, cost effectiveness, and low en
ergy requirements (Turk Sekulic et al., 2019; Zhang et al., 2019b).
Photocatalytic-degradation is a promising technique which has been
broadly applied for TCs degradation, using sunlight and ambient reac
tion conditions (Chen et al., 2017; Wang et al., 2020c).
Photocatalytic-degradation approach exhibits excellent oxidization
performance to change the risk bearing behavior of TCs in the envi
ronment to less biotoxicity, and even to nontoxic (He et al., 2019).
Recently, various porous materials have been reported as promising
adsorbents and photocatalysts to remove TCs from aqueous solution.
Among these, carbon-based materials have been widely applied on ac
count of environmental-friendliness, high surface area, low cost, and
better accessibility (Qin et al., 2018; Yang et al., 2020).
Graphene is one of the carbon-based nanomaterial which is exten
sively used for adsorption and photocatalytic-degradation, due to its
high surface area and tunable structure (Gao et al., 2012; Kaur et al.,
2019). It is also a promising nanomaterial in a wide range of applications
including but not limited to energy storage (Kabtamu et al., 2016; Tiwari
et al., 2020), electrical sensor (Sangeetha and Madhan, 2020), photo
catalysis (Zhang et al., 2019d) and antimicrobial activities (Zheng et al.,
2020). The unique properties of graphene such as high electron
mobility, excellent electrical conductivity, optical transparency, and
good chemical stability allow demonstrating excellent performance in
adsorption and photocatalysis activities (Xue et al., 2015). Graphene is a
two-dimensional (2D) honeycomb lattice structure formed by the hy
bridization of a single layer pattern of the sp2 carbon atoms (Avouris and
Dimitrakopoulos, 2012). Graphene oxide (GO) and reduced graphene
oxide (rGO) are widely used derivatives of graphene, both in their
pristine and composite form, in the fields of adsorption and photo
catalysis (Ai et al., 2019; Wu et al., 2020). Well-designed structural
modifications of 2D graphene with three-dimensional (3D) substrates,
such as metal ions and their oxides, bio-molecules, and hydrogels, offers
outstanding platform for photocatalysis and adsorption (Yan et al.,
2020c). The resulting graphene-based nanocomposites exhibits better
adsorption and photocatalytic capacities than the pristine components
due to abundant reactive surface sites and high electron conductivity
(Mandeep et al., 2020). During graphene-based nanocomposite syn
thesis, abundant oxygen containing functional groups on the basal plane
(hydroxyl and epoxides) and on edges (carboxyl and carbonyl) are used
as the nucleation sites (Divyapriya and Nidheesh, 2020).
To the best of our knowledge, an exclusive review study on the
application of graphene-based materials for photocatalytic and adsorp
tive removals of TCs has scantly reported in the literatures. In light of
this, we have intensively reviewed the available literatures in order to
provide comprehensive insight about the applications and mechanisms
of graphene-based materials for TCs removal via adsorption and photodegradation. The review emphasized on the following aspects: first,
overview and synthesis methods of graphene-based materials are

discussed. Second, the adsorptive and photocatalytic removal of TCs are
thoroughly reviewed. Third, the possible adsorption and photocatalyticdegradation removal mechanisms are elaborated to explore the complex
interactions between TCs and graphene-based materials. Fourth, a va
riety of factors that affect the adsorption and photo-degradation of TCs
are summarized in tables. Finally, possible challenges and outlook are
discussed to appreciate more prospective improvements in similar
future efforts. This review study can be used as theoretical guideline for
future researchers to improve the current approaches of graphene-based
material synthesis and subsequent applications, for effective and effi
cient adsorptive and photocatalytic removal of TCs.
2. General overview and synthesis of graphene-based materials
Graphene is a carbon-based nanomaterial with 2D honeycomb lattice
structure widely applied in the field of biomedical application (Banerjee,
2018), photonics and telecom (Romagnoli et al., 2018), electronics op
toelectronics (Mondal et al., 2018), energy generation and storage
(Tiwari et al., 2020), sensors (Dong and Zheng, 2020; Sangeetha and
Madhan, 2020), and environmental remediation (Kerkez-Kuyumcu
et al., 2016; Shen et al., 2015). It is a single layer sp2 hybridized carbon
attaining considerable interests among various researchers owning to
extra ordinary characteristics (Fig. 1) such as high thermal conductivity,
excellent electron mobility and optical transparency, high mechanical
strength and good chemical stability (Priya et al., 2016; Song et al.,
2019b). It’s polarized surface allows graphene to interact with organic
compounds, such as TCs, through π–π electron donor-acceptor or van der
Waals interactions (Zhuang et al., 2015). Pristine graphene is hydro
phobic and the distances between the sheets are minimum, making
poorly dispersive in aqueous solutions (Kuila et al., 2012; Saleh and
Fadillah, 2019).
The common approaches for graphene synthesis can be divided into
top-down and bottom-up methods (Lavin-Lopez et al., 2017). The
top-down approach involves the structural breakdown of high dimen
sional carbon materials via different methods, such as lithographic
cutting of graphite sheets, unzipping of carbon nanotubes, or sono
chemical extraction of graphene layers (Natarajan et al., 2018). In
contrast, the bottom-up technique builds graphene sheets starting from
simple carbon sources, such as methane and ethanol gas or other liquid
precursors (Yun et al., 2020). The top-down approach is widely used due
to its high yield and low cost, even though bottom-up approach has a
better chance of producing thin film nano-structured graphene with less
defects (Chua and Pumera, 2014a; Tang et al., 2012).
Pristine graphene is an inert material which cannot readily react
with various pollutants and exhibits minimum dissolution in water and
other organic solvents. Thus, it should be chemically modified in order

Fig. 1. Key benefits of graphene-based materials in the environmental appli
cation via adsorption and photocatalysis.
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to be used for different practical applications (Hegab and Zou, 2015).
GO is oxidative derivative of graphene and a starting precursor during
the production of other GO-based materials. Synthesizing GO from
graphene enables to increase interlayer distance and modify its surface
functionalities, which allows pollutants to penetrate between the flat
graphene layers during adsorption (Dideikin and Vul, 2019). The
basal-plane of GO is extensively occupied with epoxides and hydroxyls
while carboxylic, ketone, and aldehyde groups are mainly located at the
edge-plane of GO (Lee et al., 2019). The electronic, mechanical, and
electrochemical properties of GO is highly affected by these oxygenated
functional groups. Thus, the oxygen containing functional groups
introduced during oxidation of graphene enables the resulting GO to
readily disperse both in water and organic solvents and interact with
various inorganic and organic contaminants during adsorption (Gandhi
et al., 2016; Lawal, 2019). However, the high dispersibility of GO poses
challenges during solute-solvent separation process after treatment
(Liao et al., 2011).
The presence of abundant oxygen containing functional groups in GO
reduces its electrical conductivity, which is undesirable for photocalytic
reactions (Ciesielski and Samori, 2014). To overcome this, rGO is pro
duced by reducing the oxygen to carbon ratio of GO via different tech
niques (Gholami et al., 2019). The reduction of GO is important to
restore the hexagonal honeycomb lattice structure and disrupted sp2
bonding that was diminished during the oxidation process (Gupta et al.,
2019). The resulting rGO usually has high similarity to pure graphene,
except with some degree of variations (Lee et al., 2019). Following the
removal of the oxygen containing functional groups, the rGO structure is
dominated by π-conjugated bonds (Yan et al., 2020b). The electrical
conductivity of rGO is enhanced as the result of recovered sp2 conju
gated structure of graphene (Huang et al., 2014). However, removal of
oxygen containing functional groups in the rGO reduces the distance
between interlayer sheets due to less repulsive forces between the sheets
(Park et al., 2019). The number of potential adsorption sites could be
reduced as the rGO nano-sheets are prone to aggregation owning to the
strong van der Waals and π–π interactions between the rGO layers (J
Feng et al., 2017). In this case, the development of hydrophilic and
biocompatible 3D rGO hybrid functional platforms can efficiently pre
vent the agglomeration and restacking of rGO sheets (J. Feng et al.,
2017; Yu et al., 2017). To optimize the surface properties of GO,
modification can be carried out via weak van der Waals forces, π elec
trons stacking, and electrostatic interactions. As shown in Fig. S1, the
presence of excessive oxygenated functional groups allow easier func
tionalization of GO for better adsorption and photocatalysis perfor
mances (Bei et al., 2019).
The most commonly known oxidation methods of GO include Brodie,
Staudenmaier, Hofmann and Hummers preparation methods (Dideikin
and Vul, 2019). The possible GO and rGO synthesis techniques are
summarized in Table 1. The discovery of graphite oxide goes back to
1859 by professor Brodie, a British professor at Oxford University, who
tried to prepare graphite oxide by mixing HNO3 and KClO3, and then
heating at 60 ◦ C up to four days (Chua and Pumera, 2014b). As shown in
Table 1, Staudenmaier improved the Brodie’s approach, in the year
1898, by increasing the acidity of the solution using H2SO4 and reducing
the amount of KClO3 in the mixture. In 1937, Hofmann replaced fuming
HNO3 with concentrated HNO3, along with KClO3. Offeman and Hum
mers (in 1958) designed more vigorous technique by using KMnO4 as an
oxidation agent in a solution of concentrated H2SO4 and NaNO3, by
which HNO3 is formed in situ and as such the use of corrosive HNO3 was
avoided. Hummer’s synthesis method is the most popular GO synthesis
method providing relatively better yield and requires less time than the
other methods (Hong et al., 2019; Muniyalakshmi et al., 2020; Tan et al.,
2015). The synthesis routes of GO and rGO can be schematically illus
trated by Fig. 2.
As shown in Table 1, the widely used strategies to synthesize rGO
include chemical reduction, thermal reduction, microwave photo
reduction, electrochemical reduction, microwave reduction, and

Table 1
Summary of synthesis methods of graphene and reduced graphene oxides.
Synthesis methods
Graphene oxide
Brodie
Staudenmaire
Hofmann
Hummer
Reduced graphene oxide
Chemical reduction
Reduction using natural
antioxidants
Thermal annealing
Microwave and photoreduction
Electrochemical reduction
Solvothermal reduction

Major requirements
Graphite, fuming HNO3, and KClO3
Graphite, fuming HNO3, concentrated H2SO4, and
KClO3
Graphite, concentrated HNO3, concentrated H2SO4,
and KClO3
Graphite, concentrated H2SO4, KMnO4, NaNO3
GO, hydrazine hydrate, dimethyl hydrazine,
hydroquinone, sodium borohydride, metal hydrides
GO, vitamins, amino acids, organic acids
GO, high temperature
GO, microwave oven and sunlight irradiation
GO, electrochemical cell
GO, high pressure in the presence of solvent and
critical heating conditions

solvothermal reduction techniques (Gupta et al., 2019; Lavin-Lopez
et al., 2017). The commonly applied during chemicals reduction od GO
include hydrazine hydrate, dimethyl hydrazine, hydroquinone, sodium
borohydride, and metal hydrides (Gupta et al., 2019; Mindivan and
Göktaş, 2019). However, these chemicals are toxic and explosive,
potentially posing high risks during synthesis and eventually increases
waste treatment cost (Shang et al., 2020). Natural antioxidants such as
vitamins, amino acids, and organic acids are commonly used to over
come such problems (Thakur and Karak, 2015; Yu et al., 2016). Thermal
annealing (Luo and Lin, 2019) is simple and environment-friendly
method which is operated at rapid heating under relatively high tem
perature to reduce oxygen containing functional groups. It is the only
methods that can remove almost all oxygen-containing functional
groups while restoring defects in GO (Kanishka et al., 2019; Lavin-Lopez
et al., 2017). Microwave and photo-reduction methods (Sreedhar et al.,
2018) are techniques to reduce the GO powders under microwave oven
and sunlight irradiation respectively. These are technique that can
concurrently perform reduction and doping of GO during the prepara
tion of hybrid materials (Mubiayi et al., 2020). Electrochemical reduc
tion (Li et al., 2020) is performed in an electrochemical cell where
reduction of GO occurs by the electron exchange between GO and
electrodes. Solvothermal reduction (Yu et al., 2017) is carried out in a
sealed vessel under high pressure in the presence of solvent and critical
heating conditions. Reduction of GO by the use of water under this
method is known as hydrothermal reduction (Jia et al., 2020; Shaikh
et al., 2017).
Based on morphological characteristics, graphene-based materials
can be classified into 2D, 3D, and graphene quantum dots (GQDs) (Pan
et al., 2020). The common graphene materials, such as GO and rGO are
characterized by 2D morphology. Due to aggregation and restacking of
2D graphene nano-sheets, the accessible surface areas of these materials
are not well optimized during adsorption. To overcome this constraint,
3D graphene-based materials such as self assembled hydrogels and
aerogels have been developed and commonly used in environmental
applications (Shan et al., 2018). The 3D structure of graphene-based
materials reduces self aggregation and demonstrates high specific sur
face area with pore sizes of several micrometers, allowing rapid
adsorption (Li et al., 2016). The unique mesoporosity of the 3D
graphene-based materials exhibits large adsorption performance by
providing multidimensional mass transmission channel. These materials
can also be easily separated from the reaction solution for repeated
recycling (Zhuang et al., 2015). Graphene quantum dots (GQDs) are
very small in size attracting significant interest in the area of photo
catalysis owning to their exceptional photoluminescence, high surface to
volume ratio, excellent optical-electrical properties, and high photo
stability (Li et al., 2020a). The GQDs with lateral sizes <100 nm exhibit
3
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Fig. 2. Synthetic routes of GO and rGO using graphite as a starting material, modified and adapted from ref. (Wong et al., 2014).

excellent electron carrier and acceptor, enabling optimal candidate for
photocatalytic removal of contaminants. GQDs are commonly decorated
with other photocatalytic semiconductors to effectively hinder recom
bination of photo-generated electron hole pairs (Li et al., 2019).

(MnO2) nanocomposite (graphene/MnO2) via in situ hydrothermal
method to remove TC from pharmaceutical wastewater. During the
synthesis process, excessive stacking of the graphene was inhibited by
the introduction of MnO2 nanorods. In this research the pharmaceutical
wastewater was flocculated before experiment to avoid interferences by
different impurities in the wastewater so that the concentration of TC
would be more stable. The graphene/MnO2 nanocomposite demon
strated excellent adsorption performance, showing 99.4% removal rate
at 200 mg L− 1 initial TC concentration. The authors calcined the used
adsorbent at 400 ◦ C temperature to regenerate the graphane/MnO2 for
subsequent recycling, which could not be realistic in practical waste
water treatment interventions due to high energy requirement.

3. Applications of graphene-based materials for TCs adsorption
High theoretical surface area (2630 m2 g-1) and abundant surface
oxygen-containing functional groups allow graphene-based materials to
be a potential candidate for TCs adsorption (Li et al., 2017b; Lin et al.,
2013). The shallow thickness of graphene-based nanomaterials en
hances mass transfer rate between the adsorbent and adsorbate, leading
to fast equilibrium adsorption time (Ghorbani et al., 2020).
Graphene-based composites can be classified based on the type of ma
terials employed in the material synthesis process. Derivatives of gra
phene composite with sulfides, metal oxides, nitrides, nano-metal
particles, and carbon-containing nanoparticles are termed as inorganic
composites.
On
the
other
hand,
alkylated
graphene,
amine-functionalized graphene, ionic liquid-functionalized graphene
and surfactant-functionalized can be grouped under organic composites
(Sun and Du, 2019). Numerous research articles have been published on
the adsorptive applications of graphene and graphene-based materials
for TCs removal. Thus, this section thoroughly discusses the previously
studied literatures regarding the application of graphene and
graphene-based materials for TCs removal via adsorption in aqueous
solution. The surface characteristics of the adsorbent, adsorption con
ditions, isotherm and kinetic descriptions, and reaction mechanisms
have been extensively probed. The trends of TCs adsorptions on gra
phene, GO, and rGO are exclusively investigated in this section.

3.2. GO-based adsorbents
GO is a potential candidate for the removal of organic aromatic
compounds from aqueous solutions, on account of its exceptional sur
face structure and hydrophilicity (Li et al., 2017a). The GO has large
delocalized π-electron system and much polar functional groups such as,
epoxy (C–O–C), hydroxyl (OH), and carboxyl (COOH) groups, on the
edges and basal planes (Xu et al., 2016; Zhao et al., 2015). The intro
duction of 3D network structures in the GO has been widely applied due
to their suitable morphologies to regenerate the spent material after
adsorption (He et al., 2020). The 3D network structure adsorbents can
also promote adsorption performances and prevent aggregation of GO
during synthesis (He et al., 2018). Many studies have also focused on
functionalizing the surface of graphene sheets with metallic nano
particles to prevent its aggregation and obtain individual sheets in sus
pension (Wang et al., 2012). Introducing nanoparticles with abundant
oxide lattice into GO sheet enhances structural rigidity of the composite
(Kaur et al., 2019; Wang et al., 2017a). Combining GO with compounds
having magnetic property has also allowed separating the adsorbent
from solutions using external magnetic field (Chang et al., 2020b; Zhou
et al., 2019b). In the following sub-sections, the adsorption perfor
mances of GO-based materials have been reviewed based on modifica
tion approach.

3.1. Pristine graphene and its composites
Pristine graphene and its composites are rarely used for TCs
adsorption probably due to lack of functional groups and aggregation of
graphene sheets. It is chemically inert and its hydrophobic surface has
less solubility in polar solvents, preventing the adsorption of molecules
by forming irreversible aggregates in water (Alkathiri et al., 2019).
Meanwhile, Song et al. (2019b) produced graphene-manganese dioxide
4
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3.2.1. Pristine GO
Pristine GO has high surface area and excessive functional groups,
which allows it to interact with TCs molecules via non covalent forces
such as cation− π and π− π interactions (Alkathiri et al., 2019). However,
only limited studies have been identified in the literature regarding TCs
adsorption onto GO which might be attributed to its undesirable side
effects, such as agglomeration and over stacking during preparation and
less reusability after application. Nevertheless, Ghadim and coworkers
(2013) studied the adsorption properties of virgin GO towards TC
decontamination from aqueous solution. The result revealed that GO
exhibited high adsorption capacity (322.43 mg g− 1) towards TC removal
and the reaction kinetics was minimum (15 min). No regeneration and
reusability strategy was explained in this study. Due to its fine particles,
the GO powder faces difficulties during solid-liquid separation after
adsorption, which might lead to secondary environmental pollution.
These constraints might limit its wider application and scalability.
Similarly, Gao et al. (2012) investigated the adsorption performance
of GO on the three families of TC molecules (TC, OTC, and DC). The
study confirmed that the prepared GO exhibited outstanding adsorption
performance for all TCs. Meanwhile, relative performance of the three
classes of TCs was in the order of DC > TC > OTC. The variation in the
adsorption performance were attributed to differences in the pKa values,
where pKa value of DC (3.5) > TC (3.3)>OTC (3.2). Due to its high
dispersibilty, it is hard to separate and recover GO from the solution
after adsorption and use it for subsequent operation. Strong Van der
Waals interaction might also induce the GO to stack and agglomerate. To
overcome these bottlenecks, various researchers functionalized GO for
TCs adsorption in the subsequent sections.

added onto GO to enhance the solid-liquid separation, mesoporous silica
was included to prevent aggregation and promote dispersion, and –NH+
2
functional groups were included for the purpose of surface modification.
Even though the composite A-mGO-Si adsorbent performed best towards
OTC adsorption compared to its components (GO, mGO, or Fe3O4), its
maximum adsorption capacity was limited to 59.01 mg g− 1.
The adsorption of TC onto GO-supported bimetallic nanocomposite
(Fe/Cu-GO) was investigated by Tabrizian et al. (2019). First, Fe/Cu
bimetallic-nanoparticles were synthesized and reduced using sodium
borohydride (NaBH4) with Fe/Cu ratio of 1:1. Then, Fe/Cu-GO was
produced by ex-situ immobilization of Fe/Cu bimetallic nanoparticles
onto GO via electrostatic interaction. The ex-situ synthesis method was
employed to control the particle size of the material and offer suitable
regeneration and recycling of the composite. The presence of Cu in the
composite was expected to facilitate chelation interactions between Cu
and functional groups of TC molecules. Meanwhile, the nano zero valent
iron (nZVI) was expected to enhance adsorption and degradation of TC.
Synthesis of Cu/Fe via ex-situ method was imperative to reduce the
aggregation of the GO sheets and rendered convenient regeneration and
recycling of Fe/Cu-GO. The nZVI, and Fe/Cu were produced for com
parison and it was confirmed that Fe/Cu-GO nanocomposite revealed
highest stability with complete removal of TCs, at 100 mg L− 1 initial
concentration. The introduction of GO enhanced the stability and sur
face area (by 64%) of the Fe/Cu-GO nanocomposite. Moreover, the
dissolution of the bimetallic nanoparticles was reduced owning to their
attachment to the GO surface. The experiment in this study reported that
the only role of GO was providing structural support to bimetallic
nanoparticles. The regeneration and recycling experiment explained the
removal efficiency of the adsorbent was decreased by 50% after the
second adsorption run, suggesting the production of thick metal oxide
layer likely blocked TC adsorption.

3.2.2. GO-based inorganic nanocomposites
Li et al. (2017b) prepared GO/Titania (TiO2) composite to decon
taminate TC from aqueous solution. This GO-based nanocomposite
(GO/TiO2) was synthesized via in situ hydrolysis. TiO2 was added to
reduce agglomeration and stacking properties of the pristine GO. Ac
cording to this study, the TC adsorption efficiency of GO/TiO2 composite
was optimized at pH 4.0. The adsorption isotherm study indicated that
TC was taken up on the monolayer and homogeneous active surfaces of
GO/TiO2 composite. The adsorption mechanism was largely driven by
electron donor-acceptor interaction between TC and benzene rings on
the graphene oxide surface. Nevertheless, recycling experiment indi
cated that regeneration of TC from the GO/TiO2 was not successful. This
was attributed to the blockage of active sites of the adsorbent during the
regeneration process and/or strong the adsorbent-adsorbate
interactions.
Magnetite (Fe3O4) is a magnetic compound commonly integrated to
different materials for the sake of its separation and recycling capabil
ities during adsorption (Lv et al., 2020; Yang et al., 2019; Zhou et al.,
2019b). Hu et al. (2017) prepared magnetic graphene oxide material by
immobilizing Fe3O4 onto GO nanosheets for adsorptive removal of TC.
The result indicated that Fe3O4-GO had properties of super para
magnetism and revealed high affinity for TC adsorption at acidic envi
ronment. An increase in ionic strength of the solution had no effects on
the performance of the adsorbent, revealing the adsorption process was
inner sphere and electrostatic interaction mechanism between
Fe3O4-GO and TC was negligible. The regeneration and recyclable ca
pacities Fe3O4-GO was considerably high due to the presence of Fe3O4.
Some researchers fixed other functionalized materials onto Fe3O4GO composite to regulate the surface properties of GO by preventing its
aggregation characteristics (Pourjavadi et al., 2019; Zhang et al.,
2019a). In view of this, Prarat et al. (2020) systematically studied the
adsorption of OTC onto amino-functionalized mesoporous
silica-magnetic graphene oxide nanocomposites (A-mGO-Si). The hybrid
material, composed of GO, Fe3O4, and mesoporous silica, was synthe
sized via sol-gel method. The major functional groups, such as carboxyl
(COOH), amino (-NH+
2 ), silanol, and hydroxyl (OH), in the A-mGO-Si
enhanced its adsorption performance towards OTC. The Fe3O4 was

3.2.3. GO- based organic nanocomposites
Grafting magnetic nanoparticles to GO surface takes-up its functional
surfaces even though solid-liquid separation is promoted. In this case,
substances with high hydrophilic functional groups, such as nitrogencontaining functional groups, are compounded (Wang et al., 2019a).
Accordingly,
Li
et
al.
(2017a)
prepared
nitrilotriacetic
acid-functionalized magnetic graphene oxide (NDMGO) by grafting
nitrilotriacetic acid to magnetic GO, for removal of TC in aqueous so
lution. Natural graphite powder was oxidized to synthesize GO via
Hummers’s preparation method. Then, co-precipitation method was
applied to synthesize magnetic graphene oxide (MGO). Finally, NDMGO
was obtained from the reaction between MGO and nitrilotriacetic acid
(NTA) via diethylenetriamine. The TC adsorption performance onto GO,
MGO, and NDMGO were evaluated separately. NDMGO exhibited su
perior performance with the adsorption capacity of 222 mgg− 1, which
was twice more than that of GO (109 mg g− 1) and three times higher
than the adsorption capacity of MGO (72 mg g− 1). The synergetic effects
due to the introduction of GO significantly promoted adsorption per
formance of the composite.
Proteins are a kind of bio-macromolecules receiving significant
considerations in the field of environmental remediation. However,
separation and purification have been major bottlenecks related to their
application and scalability as they are sensitive to extreme conditions
(Xu et al., 2016). In light of this, Zhuang et al. (2015) produced GO
assisted 3D porous soy protein aerogel (GOS) via simple thermal
reduction method, for TC removal from aqueous solutions. The
biopolymer mediated GO gel was identified as porous material and
exhibited outstanding adsorption performance. The result suggested
that the presence of GO in the composite facilitated the production of
nanopores in the resulting GOS. The GOS exhibited high adsorption
capacity (500 mg g− 1) towards TC removal. The preparation process of
this material was simple and the synthesized GOS was identified as cost
effective and environmental-friendly.
Yu et al. (2019) produced a polyglycerol (PG)-mediated super
5
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paramagnetic GO nanocomposite (MGON) for TC decontamination from
aqueous solution. The theoretical adsorption capacity of MGOM was
calculated to be 684.93 mgg− 1. However, the adsorption efficiency was
only limited to 66.62% at 60 mg L− 1 initial concentration and 24 h re
action time. Despite high surface area of MGON, its adsorption efficiency
towards TC removal was low which might be attributed to poorly
optimized adsorption conditions. Painstaking processes and too much
chemicals were involved to obtain the final MGON adsorbent, indicating
the as-prepared material might not be cost effective. In another research,
magnetic
GO/diethylenetriaminepentaaceticacid
nanocomposite
(DDMGO) was prepared by Li et al. (2018a) for TC and ciprofloxacin
(CIP) adsorption. The DDMGO was prepared by grafting diethylene
triaminepentaacetic acid (DTPA) onto the magnetic graphene oxide
(MGO) surface through diethylenetriamine. As the result of grafting of
DPTA onto MGO the average surface areas and the pore diameter of the
resulting composite was improved from 115 m2 g-1 to 176 m2 g-1 and
from 1.4 to 3.8 nm, respectively. The pore structure of DDMGO was
mesoporous with average volume of 0.24 m3g− 1. The DDMGO com
posite exhibited extraordinary adsorption performance for TC removal
(1292.45 mg g− 1) which might be due to the presence of oxygen and
nitrogen-containing functional groups.
GO–chitosan aerogel (GO-CS) was prepared by Zhao et al. (2013) to
remove TC from wastewater. Chitosan was introduced to increase the
recyclability of the material after treatment. To keep the structure of the
composite, GO-CS aerogel was prepared by lyophilization method. The
result indicated that the GO-CS composite demonstrated superior
adsorption performance towards TC. The adsorption isotherm model of
TC adsorption onto GO-CS best fitted to Temkin model, indicating the
adsorption of TC on GO-CS involved both physisorption and chemi
sorptions processes. He et al. (2020) synthesized novel
yttrium-immobilized-GO sodium alginate 3D hydrogel (Y-GO-SA) for
adsorption and co-adsorption of TC and arsenic. Instead of using the
universal cross linkers, Y3+ was applied in this study owning to its su
perior adsorption capacity. The calculated maximum adsorption ca
pacity of Y-GO-SA towards TC removal was 477.9 mg g− 1.
Metal-organic framework/GO have recently attracted considerable
research interest owning to their well-defined framework structures,
tunable functional sites, and their synergetic effects in improving
adsorption capacity (Zhou et al., 2014). Regeneration of this kind ad
sorbents can be improved by shaping of the composite during material
synthesis through extrusion or a press method (Montazerolghaem et al.,
2017). Aluminum-based metal organic framework/GO nanocomposite
(MIL-68(Al)/GO) pellets were prepared by Yu et al. (2018b) for TC
removal in aqueous solution. To get a distinctive shape, the MIL-68
(Al)/GO pellet was produced by adding a natural cross-linking agent
(sodium alginate-SA) and then mixing it with calcium chloride (CaCl2)
solution. The prepared pellet composite exhibited excellent performance
for removing TC from aqueous solution. However, the pore volume and
specific surface area of the pelleted MIL-68(Al)/GO were decreased after
SA addition. Hence, the adsorption performance of the pellet MIL-68
(Al)/GO was less than powder composite and longer time was also
required for the pelleted composite to reach equilibrium, which might
be due to the loss of surface areas and pore volumes after pelletization.
The pellet MIL-68(Al)/GO demonstrated good performance, even after
three adsorption-regeneration cycles.
Alginate has capability to cross-link with multivalent cations and
form an insoluble “egg-box” structure that will help to produce 3D
porous gel network on target compounds. Alginate has desirable char
acteristics such as high cross-linking capacity, non-toxicity, high
biocompatibility, and low cost (Lee et al., 2016; Zhuang et al., 2016).
Kong et al. (2020) produced alginate-GO-zeolitic imidazolate frame
work (AG-ZIF) aerogel to remove TC from aqueous solution. To syn
thesize the AG-ZIF composite: first, alginate-GO-Co hydrogel was
prepared through cobalt ion (Co2+) coordination and then the prepared
hydrogel was dispersed in the 2-methylimidazole. The 2-methylimida
zole chelated with Co2+ ions on the alginate and GO matrix was used

to support in situ growth of the ZIF particles uniformly. To trace the
effect of GO for the adsorption performance, alginate-Co (A-Co) and
alginate-ZIF (A-ZIF) hydrogels were prepared without GO. The result
demonstrated the introduction of GO increased the surface area of
AG-ZIF to 138.62 m2 g-1, compared to 26.52 m2g− 1of A-Co and 106.09
m2 g-1 of A-ZIF. The TC adsorption capacities of A-Co, A-ZIF, and AG-ZIF
were 79.94, 105.49, and 456.62 mgg− 1, respectively. The large specific
surface area and rich pore structure of the synthesized AG-ZIF aerogel
was enhanced by in situ growth of the ZIF crystals in the alginate and
graphene frameworks. This ultrahigh specific surface area and pore
structure promoted adsorption of TC molecules onto AG-ZIF. Thus, the
AG-ZIF aerogel had maximum adsorption capacity and shortest
adsorption equilibrium time (120 min) compared to the non-GO based
adsorbents. The reusability of AG-ZIF was excellent up to six regenera
tion cycles, showing sustainability of the composite adsorbent for TC
removal.
3.3. The rGO and its nanocomposites
As discussed in the previous sections, excessive amounts of oxygen
functional groups in the surfaces of GO-based adsorbents increased hy
drophilicity of GO, making solid-liquid separation difficult. To overcome
this and restore sp2 network structure, GO should be reduced using
different techniques. Thiourea dioxide (TDO) is cheap and commercially
available reducing agent, commonly known as green industrial reduc
tant, which is safe for storage and easy for handling (Mendonça et al.,
2019). Yang et al. (2017) employed cheap and safe thiourea-dioxide as a
reducing agent to prepare thiourea-dioxide–reduced magnetic GO
(TDMGO) for TC adsorption. The –NH2 group on TDO facilitated the
reduction of GO under high alkaline condition which further offers
suitable condition to produce ammoniated MGO composite. The large
surface area provided by rGO and the abundant functional groups
offered by –NH+
2 groups synergistically enhanced the adsorption ca
pacity of TDMGO (1233 mg g− 1) towards removing TC. The adsorption
efficiency of TDMO was reduced only to 62.58% after five
adsorption-desorption cycle, demonstrating the adsorbent was sustain
able and economically viable. The regeneration capacity was promoted
by the introduction of magnetic properties in the composite.
Modified alginate/graphene double network porous hydrogel (GAD)
was produced by Zhuang and coworkers (2017), through freeze-drying,
particulate leaching and gas-foaming methods, to remove TC from
aqueous solution. Alginate/GO single network bead (GAS) was prepared
by mixing specified amounts of sodium alginate, polyvinylalcohol, GO
and CaCl2. GAD hydrogel was synthesized by adding ascorbic acid in to
GAS solution. While adding ascorbic acid in to GAS solution, the GO was
reduced to rGO. The reduction of GO to rGO promoted the adsorption
capacity of GAD from 247.52 mgg− 1 to 290.70 mgg− 1. The GAD
exhibited high specific surface area and large pore structure compared
to GAS.
Shan et al. (2018) hybridized reduced GO hydrogel with Fe3O4
nanoparticles to produce 3D rGO/Fe3O4(3D-rGO/Fe3O4) composite
hydrogel for TC removal from aqueous solution. The synthesized
3D-rGO/Fe3O4 composite was hydrophilic, porous and mechanically
strong with respective surface area and pore volume of 66.8 m2g-1 and
0.285cm3g− 1. The 3D rGO/Fe3O4 exhibited best adsorption perfor
mance (2044.38 mgg− 1) towards TC removal compared with the 3D rGO
adsorbents synthesized via chemical reducing agents. Due to the pres
ence of Fe3O4 nanoparticles in the adsorbent, Fenton-like oxidation re
action was applied during regeneration of the adsorbent, wherein H2O2
was added following every adsorption experiment. The adsorbed
amount of TC was reduced only by 9.4% after nine cyclic adsorption and
regeneration experiments which, illustrating the technique was effective
and ecologically benign.
Yuan et al. (2016) prepared Ethylenediamine-N,N-disuccinic acid
(EDDS) rGO (ERG) composite via microwave-assisted ethyl
enediamine–N,N′ –disuccinic acid initiation method. EDDS is commonly
6

M. Minale et al.

Journal of Environmental Management 276 (2020) 111310

employed in the environmental remediation as a green reducing agent
(Tao et al., 2019). For comparison, the same material was prepared by
reducing GO with hydrazine hydrate, and it was reported that ERG
exhibited better performance for TC adsorption than the composite
prepared by hydrazine hydrate. The adsorption experiment confirmed
that the maximum TC adsorption capacity of ERG was 558.66 mgg− 1,
while the respective adsorption capacities of pure GO and GO reduced
with hydrazine hydrate were 458.66 and 220.27mgg− 1. The equilibrium
adsorption time was realized within 10 min. Besides enhanced perfor
mance, the GO reduction technique in this study minimized the possible
secondary pollution from the use of chemical reducing agents.
3D rGO/MnO2 (3DG/MnO2) composite was prepared by Song et al.
(2019a) for TC adsorption and degradation. GO was reduced by sodium
ascorbate and added to manganese acetate to prepare 3DG/MnO2. The
MnO2 was added to the rGO to enhance both adsorption and degrada
tion capacity of the composite. The performance report exhibited
3DG/MnO2 removed 91% of TC molecules through adsorption and
degradation. The adsorption and degradation capacity of the
3DG/MnO2 hydrogel allowed the release of chemically degraded TC
molecules after adsorption without any potential environmental risks.
TC oxidation was facilitated by the accelerated electron transfer due to
high conductivity of 3D rGO/MnO2 hydrogel. It was easy separate the
3DG/MnO2 adsorbent from the solution as its size is large (centimeter
level). At the same adsorption conditions, the decontamination effi
ciencies of MnO2, 3DG, and the combined 3DG and MnO2were limited to
43%, 70%, and 78%, respectively. The synergetic effects of rGO and
MnO2 assisted 3DG/MnO2 to exhibit excellent performance. Moreover,
TC was degraded into different intermediate products by MnO2. Bao
et al. (2018) prepared manganese ferrite-rGO (MnFe2O4/rGO) com
posite for TC removal. GO was synthesized based on Hummer’s synthesis
technique and MnFe2O4/rGO composite was fabricated via one-pot
method. The agglomeration and stacking of rGO was inhibited by the
growth of MnFe2O4 between the sheets of rGO. The nanocomposite
adsorbent showed outstanding performance (1131.00 mgg− 1) towards
TC removal and the major contribution of rGO was by allowing the
growth of MnFe2O4. The regeneration experiment confirmed
MnFe2O4/rGO nanocomposite demonstrated good performance even
after five cycles.
Huízar-Félix and coworkers (2019) combined rGO with ferromag
netic (α-Fe2O3) nanoparticles to prepared α-Fe2O3/rGO nanocomposite
via in-situ thermal treatment method. The thermal treatment during
α-Fe2O3/rGO composite production technique induced electrostatic

interaction between the oxygen containing functional groups on the
surface of GO and Fe3+, which facilitated the nucleation and growth of
nanoparticles on the rGO surface. The α-Fe2O3/rGO nanocomposite and
pristine rGO were evaluated for their respective performance towards
TC removal and the report showed the pristine rGO excelled the com
posite one. Adsorption reduction after hybridization of the material was
attributed to the resulting loss of oxygen functional groups during
thermal treatment and some of the pore spaces were taken up by α-Fe2O3
nanoparticles. The specific surface area of rGO (327 m2 g-1) was much
greater than α-Fe2O3/rGO composite (35 m2 g-1). However, the α-Fe2O3/
rGO nanocomposite exhibited excellent ferromagnetic behavior with
negligible coercivity. This permitted better regeneration of the adsor
bent after being exposed to the external magnetic field following
repeated adsorption treatment.
All the adsorption conditions, capacities, kinetics, and isotherm data
associated to the removal of TCs onto graphene-based materials are
summarized in Table 2.
3.4. Common adsorption mechanisms of graphene-based materials
The structure of GO contains excessive oxygen-containing negatively
charged functional groups, allowing electrostatic interaction with
positively charged pollutants (Ghadim et al., 2013a,b). π-π electron
donor–accepter interaction (EDA) interactions are commonly exhibited
between aromatic rings of TCs and sp2 hybrid carbon structures of
graphene (Gao et al., 2012). Hydrophobic interactions can be driven by
the forces applied to exclude the ordered water molecules from nonpolar
surfaces of graphene-based materials. The van der Waals interaction is
demonstrated when the interface between atoms of TCs and
graphene-based materials are closer (Yu et al., 2018b). When
graphene-based materials are involved in the adsorption process, their
–COOH and –OH functional groups provide H atoms to form H-bond
with TCs polar atoms (O and N) (Prarat et al., 2020).
Ghadim et al. (2013) suggested the adsorption mechanisms of TC on
GO were mainly governed by non-electrostatic forces such as hydro
phobic, π–π EDA, and cation–π bonding interactions. Li et al. (2017b)
advocated the conjugated enone structures of the TC molecules and the
OH groups on the GO surface facilitated π-π EDA interaction between TC
and GO/TiO2. H-bonding between functional groups of TC and proton
ated amino and oxygen containing functional groups on GO was also the
suggested mechanism reported in the study. It was also pointed out that
the protonated amino group on the TC carbon ring and the π-electrons in

Table 2
Adsorption summary of graphene-based materials (graphene, GO, and rGO) for TCs removal.
Type of adsorbent

MnO2/graphene
GO
GO/TiO2
Fe3O4-GO
A-mGO-Si
Fe/Cu-GO
NDMGO
GOS
MGON
DDMGO
GO-CS
Y-GO-SA
MIL-68(Al)/GO
AG-ZIF
TDMGO
GAD
3D-rGO/Fe3O
ERG
MnFe2O4/rGO
α-Fe2O3/rGO

Adsorption condition

Capacity (mg/g)

Dose (g/L)

pH

Time (min)

Temp (◦ C)

Agitation (rpm)

1.0
0.02
0.2
70.0
0.6
0.3
9.6
0.5
0.3
0.1
0.6
0.5
0.2
1.0
3.5
1.0
0.3
0.2
0.5
0.6

5.0
3.6
4.0
4.0
5.2
6.5
4.0
6.0
7.0
3.0
9.0
7.0
4.0
6.0
4.0
8.0
6.0
3.0
3.3
4.0

1500
15
1200
1440
1440
15
1440
1440
1440
1440
1440
2400
540
120
1440
1440
4320
360
480
60

25
25
25
30
25
22
25
25
25
30
30
20
25
25
30
25
25
25
25
25

120
NA
180
150
250
150
150
150
150
150
100
NA
150
150
150
150
150
NA
180
NA

1798.00
322.43
261.10
713.88
59.01
302.50
222.00
500.00
649.35
1292.45
1474.00
477.90
228.00
456.62
1233.00
290.70
2044.38
558.66
1131.00
18.48

NA=Not available, PFO= Psedo-first order, PSO= Pseudo-second order.
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Model fitting

Ref

Kinetics

Isotherm

PSO
PSO
PSO
PSO
PSO
PSO
PSO
NA
PSO
PSO
PFO
PSO
PSO
PSO
PSO
PSO
PSO
PSO
PSO
PSO

Langmuir
Langmuir
Langmuir
Langmuir
Freundlich
Freundlich
NA
Langmuir
Langmuir
Freundlich
Temkin
Freundlich
Freundlich
Freundlich
Langmuir
Langmuir
Langmuir
Freundlich
Freundlich
Langmuir

Song et al. (2019b)
Ghadim et al. (2013)
Li et al. (2017b)
Hu et al. (2017)
Prarat et al. (2020)
Tabrizian et al. (2019)
Li et al. (2017a)
Zhuang et al. (2015)
Yu et al. (2019)
Li et al. (2018a)
Zhao et al. (2013)
He et al. (2020)
Yu et al. (2018b)
Kong et al. (2020)
Yang et al. (2017)
Zhuang et al. (2017)
Shan et al. (2018)
Yuan et al. (2016)
Song et al. (2019a)
Huizar-Felix et al. (2019)

M. Minale et al.

Journal of Environmental Management 276 (2020) 111310

GO could form cation-π bonding interactions. Prarat et al. (2020) sug
gested that the adsorption mechanisms of OTC onto A-mGO-Si were
driven by H-bonding and π–π EDA interactions. Besides, the cation–π
interactions between π electron of GO and –NH+
2 of OTC was the other
possible mechanism, as elaborated by the author. Li et al. (2017a)
emphasized that H-bonding between OH and COOH groups, π-π inter
action, cation-π bonding between protonated amino groups in TC
molecule and π -electron-rich structures of the NDMGO, and amidation
reactions were suggested as the leading mechanism of TC adsorption.
Yang et al. (2017) discussed the leading adsorption mechanisms of TC
onto TDMGO and figured out the cation–π bonding and π–π EDA in
teractions as the dominant mechanisms. Shan et al. (2018) reported
about adsorption mechanisms of TC onto 3D-rGO/Fe3O4 and explained
that the main driving forces were synergetic effects between H-bonding,
π–π EDA, and electrostatic interactions. The adsorption mechanisms of
all the reviewed studies are summarized Table 3 and schematically
represented in Fig.S3.

Carbon based materials are broadly used to form composites with
semiconductors for photocatalytic degradations due to their high visible
light coverage and e− /h+ recombination suppressing abilities. Among
carbon-based materials, graphene has excellent abilities to suppress e− /
h+ pair recombination (Li et al., 2013). Recent advances on graphene
and its derivative opened up new opportunities in the field of photo
catalysis (Zhou et al., 2018). Graphene has high electron extraction
ability from semiconductors and it provides a good platform for
photoelectron transfer owning to its appropriate energy level (Kheir
abadi et al., 2019). Photocatalytic degradation procedures of TCs basi
cally includes: i) the transfer of organic molecules in the solution to the
surface of photocatalysts; ii) the adsorption of organic molecules on the
photocatalysts; iii) the redox reaction between the adsorbed contami
nants and reactive species; iv) the desorption of the reaction products
from the photocatalyst surface; and v) the removal of the products from
the interface region (Li et al., 2018b). These photocatalytic degradation
routes of TCs using graphene-based semiconductors can be schemati
cally illustrated in Fig. 3.
Many researchers have explored photocatalytic degradation of TCs
using graphene-based photocatalytic semiconductors. In this section, the
current development and application of graphene-based materials, for
photocatalytic degradation of TCs, have been systematically discussed
from the recently studied literatures. Photodegradation efficiencies, the
degradation kinetics, surface area, charge transfer capability, stability,
and recyclability of the photocatalysts were carefully evaluated. The
driving forces for photocatalytic degradation of TCs by graphene-based
materials are also discussed and highlighted. In this section, available
literatures are discussed based on the type of semiconductor involved as
a supporting substrate for graphene.

4. Application of graphene-based materials for photocatalytic
removal of TCs
Photocatalysis is a type of advanced oxidation process (AOPs)
frequently used to remove organic and inorganic pollutants using visible
light and ambient conditions (Sharma et al., 2019). It is a clean, sus
tainable and environmentally-friendly approach for pollutant degrada
tion (Gao et al., 2019; Kheirabadi et al., 2019). Metal-oxide
semiconductors are frequently been reported as a green and effective
photocatalysts to decontaminate environmental pollutants (Cai et al.,
2020). However, these materials have large band gap and can only be
involved in photocatalytic activity via UV-light, which accounts for 4%
of the solar spectrum (Li et al., 2019). Recombination of the
photo-excited electron (e− )/hole (h+) pairs also limits their sole appli
cation (Sharma et al., 2018). Thus, the semiconductors involved in
photocatalysis degradation of organic pollutants should have smaller
band gap, lower charge recombination rates, and positive valance band
and negative conduction band for effective visible light induced pho
tocatalysis (Natarajan et al., 2018).

4.1. Graphene-based metal-oxides
TiO2 is one of metal-oxides commonly applied in the photocatalytic
degradation of organic pollutants owning to its non-toxicity, excellent
electronic property, low-cost, and good chemical and thermal stability
(Lu et al., 2014). However, it is selectively sensitive to particular light
wavelengths, most likely in the ranges of narrow UV spectrum due to
large electronic band gap energy (~3.2eV) (Faraldos and Bahamonde,
2017). Thus, the practical application of TiO2 is limited by low quantum
efficiency and poor visible light absorption (Zhang et al., 2019c).
Graphene-based materials have been employed to extend the light ab
sorption of TiO2 under visible light during photocatalytic degradation
(Giovannetti et al., 2017). In light of this, Wang et al. (2019b) prepared
ball-like TiO2/GO (TiO2@GO) composites, via solvothermal treatment,
for OTC degradation under visible light irradiation. During the material
synthesis process, the oxygen containing functional groups of GO were
reduced and the chemical characteristics of GO was altered to give a
chemical properties of rGO. The as-prepared material exhibited excel
lent photocatlytic removal efficiency of OTC (98.7%) under visible light.
The study indicated that the removal efficiency of OTC onto TiO2@GO
was improved by 37% compared to the value attained using bare TiO2.
The introduction of rGO enhanced the photodegradation performance of
TiO2@GO by expanding the photo absorption of TiO2 (440 nm) to the
range between 400 and 800 nm. The involvement of rGO induced a band
gap reduction from ~3.2 to 2.8 eV, suggesting the TiO2@GO composite
was photocalytically effective for OTC degradation.
Redmud (RM) is a solid waste discharged from the alumina smelting
industry potentially posing environmental problems owning to massive
production. Thus, recycling RM for another possible use is an efficient
approach to minimize the associated undesirable impact on the envi
ronment (Shi et al., 2020). Ren et al. (2019) fabricated RM and GO
composite (RM-GO) for photocatalytic degradation of TC under visible
light irradiation. The result showed that RM-GO composite demon
strated higher photocatalytic activity (79.8%) for TC degradation
compared to the raw RM (47.1%). The involvement of GO in the RM-GO
composite offered high specific surface area for adsorption and

Table 3
Adsorption mechanisms of TCs onto graphene-based materials.
Adsorbent

Adsorption mechanism

Ref

Graphene
oxide
Graphene
oxide
GO/TiO2

Hydrophobic, π–π electron donor–accepter, and
the cation–π bonding interactions
π–π interactions and cation–π bonding

Ghadim et al.
(2013)
Gao et al.
(2012)
Li et al.
(2017b)
Hu et al.
(2017)
Prarat et al.
(2020)
Li et al.
(2017a)
Zhuang et al.
(2015)
Yu et al.
(2019)
Li et al.
(2018a)
Zhao et al.
(2013)
Yu et al.
(2018b)
Kong et al.
(2020)
Yang et al.
(2017)
Shan et al.
(2018)

Fe3O4-GO
A-mGO-Si
NDMGO
GOS
MGON
DDMGO
GO-CS
MIL-68(Al)/
GO
AG-ZIF

The π-π EDA, H-bonding, and cation-π bonding
interactions
H- bonding, π–π electron EDA, and cation-π
bonding interactions
H-bonding, π–π EDA, and cation–π bonding
interactions
H-bonding, π-π EDA, cation-π bonding, and
amidation interactions
NA
Amidation, π-π stacking, H- bonding, and cation-π
interactions.
H-bonding, π-π interaction, and amidation
reaction
Electrostatic interaction

TDMGO

H-bonding, π-π interaction, and covalent bond
between Al and NH2
π-π interactions, cation-π between, H-bonding,
and electrostatic interactions.
Cation–π bonding and π–π EDA

3D-rGO/
Fe3O4

H-bonding, π–π EDA, and electrostatic
interactions
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Fig. 3. Photocatalytic-degradation routes of TCs using graphene-based materials.

promoted e− /h+ separation capacity. The specific surface area of
RM-GO composite increased from 11.46 to 15.57 m2 g-1 resulting from
the introduction of GO.
Bismuth vanadate (BiVO4: BVO) is one of the prominent n-type
visible-light driven photocatalysts with a direct band gap of 2.3eV.
BiVO4 is bright in color, non-toxic, with high chemical stability against
photo-corrosion and has appropriate valance band position (Soltani
et al., 2018). However, low absorption behavior, low conductivity, and
the high recombination rate of charge carriers limits its application for
photocatalysis (Soltani et al., 2019). In this regard, Soltani et al. (2019)
produced rGO based sonochemically heterojunctioned BiVO4 for

photocatalysis of TC under visible-light irradiation. The SEM photo of
the prepared BVO/rGO composite and its constituents are shown in
Fig. 4. The nanocomposite was prepared through simple
visible-light-assisted photocatalytic reduction. Parallel experiment was
also conducted for the photolysis of TC using pristine BVO. The result
indicated that the nanocomposite BVO/rGO displayed better perfor
mance for TC degradation than the pristine BVO. The BVO/rGO offered
more adsorption sites for TC due to its relatively bigger surface area (1.4
m2 g-1) than BVO (0.8 m2 g-1). The photocatalytic activity of BVO/rGO
was also enhanced in the presence of rGO as the band gap energy
decreased from 2.30 to 2.21 eV.

Fig. 4. Scanning electron microscopy (SEM) photo of GO (a), BVO (b), and BVO/rGO (c). Reprinted from ref (Soltani et al., 2019). with permission from Elsevier,
copyright 2018.
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4.2. Graphene-based metal-organic frameworks

pollutant degradation (Xu et al., 2019b). In view of this, Zou et al.
(2020)decorated rGO onto hydroxyapatite microspheres via hydro
thermal method for photocatalytic degradation of TC, under visible
light. The SEM and energy dispersive spectroscopy (EDS) photo of GO,
Hap, and rGO/Hap is shown in Fig. 5. The study demonstrated the
presence of rGO enhanced photoctatlytic efficiency of the rGO/Hap
composite from 68.1 to 92.1%, as the band gap reduced from 5.00 eV (of
HAp) to 4.90 (of rGO/HAp). Before light irradiation, adsorption exper
iment was conducted for 30 min in a dark place and the adsorption ef
ficiency was found to be 7.9%, making the cumulative adsorptive and
photocatalytic removal efficiency of rGO/HAp 100%. After three suc
cessive photocatalytic reactions runs, the performance of rGO/HAp
composite remained constant without significant reduction. Hence, the
rGO/HAp composite was reusable and chemically stable for photo
catalytic degradation of TC.
Heterojunctions between organic semiconductors, such as carbon
nitride, and metallic semiconductors have attracted significant interest
attributed to their excellent performance in the environmental remedi
ation of organic pollutants via photocatalytic application (Zhou et al.,
2019a, 2020a). In light of this, Wang et al.(2017b) fabricated ternary
composite of graphitic carbon nitride (g-C3N4), rGO, and manganese
ferrite (C3N4@MnFe2O4-G) photocatalyst for the removal of antibiotics
under visible light. Persulfate (S2O2−
8 ) was used as oxidant during visible
light irradiation to form heterogeneous phto-Fenton-like system. The
prepared C3N4@MnFe2O4-G composite demonstrated excellent photo
catalytic performance (91.5%) as compared to any of the individual
components. The improved photodegradation activity was largely due
to the introduction of carbon based materials (rGO and g-C3N4). The
photocatalytic performances of the S2O2−
8 assisted composite material
was investigated towards the removal of metronidazole, amoxicillin, TC,
and CIP, and the result confirmed that the C3N4@MnFe2O4-G had better
affinity towards TC removal.
Cobalt-doped TiO2 nanosheets were grown on rGO (Co-TNs/rGO) by
Jamali Alyani et al. (2019) for photocatalytic removal of TC. One-pot
hydrothermal synthesis method was adopted during material synthesis
by doping TiO2 nanosheets (TNs) with cobalt to form Co-TNs on
multilayered rGO. The result showed that the composite Co-TNs/rGO
exhibited higher photocatalytic activity due to the presence of rGO
and cobalt. The photodegradation performance of composite
Co-TNs/rGO was more than TNs as the former had much more OH
group. Only 7% performance reduction was observed after five succes
sive phtocatalytiv cycles, suggesting high recyclability and stability of
the Co-TNs/rGO composite. In another study, TiO2–rGO–activated car
bon(TiO2–rGO–AC) ternary nanocomposite was fabricated by Qu et al.
(2017) via hydrothermal synthesis method for TC photocatalytic
degradation. The introduction of rGO to the TiO2 semiconductor
significantly enhanced the specific surface from 56.90 to 147.76 m2 g-1.
The surface area of TiO2–rGO–AC nanocomoposite further increased to
234.97 m2 g-1 once AC was involved in the hybridization system. The
increased specific area boosted the potential contact area between the
nanocomposite and TC molecules, leading to better photo-degradation
activity.
Hassandoost et al. (2019) produced cerium oxide (Ce3+/Ce4+)
modified Fe3O4 nanoparticles and hybridized with GO sheets for pho
tocatalysis decontamination of OTC under visible light irradiation. Hi
erarchically structured ternary heterojunctions of Fe3-xCexO4/GO
(Fe2.8Ce0.2O4/GO; x = 0.2) nanocomposites was prepared through ul
trasonic method. The result showed that the introduction of GO to the
nanocomposite enhanced the surface area of Fe2.8Ce0.2O4 from 41.5 to
55.6 m2 g-1. The photo-degradation efficiency of the composite was
improved from 42 to 88% after the involvement of GO. The GO anchored
the Fe2.8Ce0.2O4 nanoparticle and prevent it from aggregation. As shown
in Fig. 6, GO was used to capture photo-generated electrons and prevent
the recombination of e− /h+ pairs. It also offers active site over large
surface area for more photo-degradation reactions. The valence band
(VB) and conduction band (CB) of Ce enclosed the VB and CB of Fe3O4,

Metal-organic frameworks (MOFs) are emerging composites gener
ating convenient nano-structured materials for environmental remedi
ation, with well-defined pore composition and morphology (Wang et al.,
2020b). Zirconium-based semiconductor MOF, UiO-66(Zr) is a prom
ising candidate for photocatalysis performance with outstanding ther
mal, chemical, and structural stabilities (Ding et al., 2017). Fakhri and
Bagheri (2020) synthesized Zr-MOF@ tungsten tri-oxide (WO3)/GO
(WG) photocatalyst for TC degradation. The result indicated
UiO-66@WG composite showed excellent photocatalytic performance
for TC degradation. The degradation efficiency of the composite was
significantly higher (84%) than the pristine UiO-66 (53%). The syner
getic effect between rGO and WO3 was the suggested underlying causes
for the superior performance. However, the specific surface area
reduced from 856.61 to 379.51 m2 g-1 following the introduction of WG
onto UiO-66, which might be attributed to clogging of the pore space by
the WG particles.
4.3. Graphene-based doped and hetero-structured photocatalysts
Hybridized and magnetically separable GO/magnetite/ceriumdoped TiO2 (MGO–Ce–TiO2) nanocomposite was prepared by Cao
et al. (2016) to explore photocatalytic degradation of TC via visible
light. The introduction of MGO onto Ce–TiO2 reduced the band gap of
Ce–TiO2 owning to the chemical bonds created between Ce–TiO2 and
GO. The author reported that the adsorption and photocatalytic degra
dation of TC molecules onto the MGO–Ce–TiO2 composites were pro
moted by the introduction of MGO. The involvement of GO enhanced
the surface area of the MGO–Ce–TiO2 composite from 50.39 to 189.6 m2
g-1. The photocatalytic degradation efficiency was also improved from
29.3 to 82.9%. The electrical properties of Ce–TiO2 and MGO–Ce–TiO2
were investigated and the result showed the MGO–Ce–TiO2 composites
exhibited much higher photocurrent densities than the pristine Ce–TiO2.
Ghoreishian et al. (2019) prepared flower-like hierarchical
hetero-structure by immobilizing cadmium tungstate (CdWO4) on rGO
to remove TC under solar-light-responsive photocatalysis. The
rGO/CdWO4 composite photocatalyst was synthesized using a facile
wet-chemical method followed by photocatalytic reduction. The
as-prepared rGO/CdWO4 composite exhibited spectacular photo
catalytic performance towards TC degradation. At 13.5 mgL− 1 initial
concentration, TC was completely degraded (100%). The CdWO4 was
prepared without rGO for comparison and the corresponding photo
catalytic efficiency was found to be 13.46%, revealing the presence of
rGO significantly improved the TC removal efficiency of the
rGO/CdWO4 composite. This was attributed to the large specific surface
area provided by rGO to allow more adsorption sites, providing dynamic
catalytic reaction centers for TC adsorption and degradation. The sur
face area had increased from 20.38 to 40.06 m2 g-1 owning to the
involvement of the rGO.
Graphene quantum dots (GQDs) usually exhibit excellent photo
catalytic performance due to superior optical-electrical behavior, high
surface to-volume ratio, and strong quantum confinement. Nevertheless,
the photocatalytic activity of GQDs is restricted by the self-aggregation
and high recombination rate of the photo-generated e− /h+ pairs (Li
et al., 2020b). Li and coworkers (2019) produced GQD decorated zinc
oxide and zinc ferrite (GQD/ZnO–ZnFe2O4) nanocages for photo
degradation of TC. The GQD/ZnO–ZnFe2O4 nanocages were prepared
using charge assembly method. The as-prepared nanocages displayed
outstanding photocatalytic performance for TC degradation. The pris
tine ZnO–ZnFe2O4 was synthesized for comparison and the result
demonstrated that the degradation efficiency of GQD/ZnO–ZnFe2O4 was
four times higher than that of ZnO–ZnFe2O4.
In the recent years, hydroxyapatite (Ca10(PO4)6(OH)2, HAp) is a
promising, cheap, and green, photocatalyst for organic pollutant
degradation. However, low chemical stability limits its performance for
10
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Fig. 5. SEM/Energy dispersive spectroscopy (EDS) photo of GO (a), Hap (b), rGO/Hap (c), and elemental distribution of rGO/Hap (d). Reproduced from ref(Zou
et al., 2020). with permission from Elsevier, copy right 2018.

leading to easy production and separation of charge carriers.
Tang et al. (2018) hybridized reduced rGO with nitrogen-doped TiO2
(N–TiO2/rGO) for photodegradation of TC. The N–TiO2, rGO, and
N–TiO2/rGO nanocomposite were prepared using sol-gel, Hummer’s,
and photo-reduction synthesis methods, respectively. The result indi
cated the as-prepared N–TiO2/rGO nanocomposite exhibited superior
photo-degradation performance for TC than either of its components,
under visible light irradiation. The TC molecule was adsorbed (51%) on
the surface of N–TiO2/rGO nanocomposite during 30 min of
adsorption-desorption equilibrium, while only 8% and 15% of TC was
removed by TiO2 and N–TiO2, respectively. After 60 min irradiation, the
photo-degradation efficiencies of N–TiO2/rGO and N–TiO2 were 98%
and 79%, respectively, implying that the involvement of rGO signifi
cantly promoted the adsorptive and phototcatalytic removal of TC.

which the recycled AgI/BiOBr/rGO patterns were the same to its orig
inal phase. The possible photocatalytic degradation mechanism of TC on
the AgI/BiOBr/rGO composite is illustrated in Fig. 7.
Silver orthophosphate (Ag3PO4) based semiconductor photocatalysis
have been attracted considerable interests in photocatalysis degradation
of environmental pollutants due to its strong oxidation ability and high
quantum efficiency. The quantum efficiency of Ag3PO4 was recorded
very high (~90%) at wavelengths longer than 420 nm, suggesting
higher than most of the semi-conductors reported so far (Liu et al.,
2019). Nevertheless, its wide application is restricted by the underlying
poor photo stability and low photo-activity (Cai et al., 2020). To over
come this limitation, Zhang et al. (2019c) prepared ternary Z-scheme
photocatalyst of Ag3PO4 with nitrogen-doped rGO and g-C3N4 for TC
degradation. The Ag3PO4/NG/g-C3N4 was prepared via in-situ deposi
tion method. The substrate Ag3PO4 was synthesized using chemical
precipitation method and g-C3N4 was synthesized through thermal
method. The rGO was prepared first using Hammer’s method and then
reduced with 80% hydrazine hydrate. Accordingly, the fabricated
Ag3PO4/rGO/g-C3N4 displayed outstanding photocatalytic performance
for TC degradation, attaining 93.6% degradation rate within 90 min.
The report demonstrated that the involvement of carbon based materials
(g-C3N4 and rGO) in the composite increased photocatalytic perfor
mance by decreasing the band gap and depressing the recombination of
photo-generated charge carriers. The degradation rate of TC in the
Ag3PO4/rGO/g-C3N4 system remained at 70% after four recycling ex
periments, while the rate of pristine Ag3PO4 decreased to 18% in the
same condition. This phenomenon describes the composite had higher
photo-stability and reusability for TC photodegradation. As shown in
Fig. 8, rGO acted as a bridge between g-C3N4 and Ag3PO4 to facilitate the
recombination of the h+ in the valence band of g-C3N4 and the e− in the
conduction band of Ag3PO4.
Chen et al. (2017) incorporated Ag/Ag3PO4 nanoparticles and BiVO4
onto rGO to obtain rGO modified (Ag/Ag3PO4/BiVO4/rGO) nano
composite through combined in-situ precipitation and photo-reduction
synthesis methods for TC degradation, under visible light irradiation.
Parallel photocatalytic activity experiments were conducted for the
separate components of the composite, such as Ag3PO4/BiVO4/rGO,
Ag3PO4/BiVO4, rGO/BiVO4, Ag/BiVO4, and BiVO4. The result indicated

4.4. Graphene-based Z-scheme photocatalysts
Silver iodide (AgI) is a photosensitive material, commonly known for
its superior photocatalystic performance due to strong visible light ab
sorption ability. Bismuth oxybromide (BiOBr), a ternary oxy-halogenide
semiconductor, has attracted enormous attention in photocatalyticdegradation of different pollutants due to its layered structure and
suitable band gap (around 2.7 eV) (Yu et al., 2018a). In view of this,
Chen et al. (2019) produced AgI/BiOBr/rGO for TC degradation under
visible light. The AgI/BiOBr/rGO composite was synthesized via sol
vothermal method followed by an in-situ precipitation procedure. For
comparison, pristine AgI/BiOBr was produced without rGO under the
same synthesis process. The result pointed out that the AgI/BiOBr/rGO
ternary composite demonstrated excellent photocatalytic performance
for TC degradation compared to the AgI/BiOBr binary composite. The
surface area of the ternary composite increased from 8.25 to 15.02 m2
g-1, following introduction of rGO. Thus, rGO enhanced the
photo-degradation performance of the AgI/BiOBr/rGO composite by
accelerating electron transfer between BiOBr and AgI, and acting as
electron mediator and acceptor. The TC degradation performance of
AgI/BiOBr/rGO composite was not altered even after four runs of
reusability test, revealing high photocatalytic stability of the composite.
This was also further confirmed by X-ray diffraction (XRD) pattern in
11

M. Minale et al.

Journal of Environmental Management 276 (2020) 111310

Fig. 6. Production process of Fe3-xCexO4/GO (a) and its possible OTC photo-degradation mechanisms (b). Reproduced fromref (Hassandoost et al., 2019). with
permission from Elsevier, copy right 2019.

the Ag/Ag3PO4/BiVO4/rGO nanocomposites demonstrated superior
photocatalytic performance for TC degradation than all the other com
ponents, with removal efficiency of 94.6%. The highest photocatalytic
performance attained by Ag/Ag3PO4/BiVO4/rGO was attributed to the
restrained e− /h+ recombination in the photocatalysis system. The
combined
effect
of
Ag/Ag3PO4
and
rGO
enhanced
photocatalytic-degradation stability of the pristine BiVO4. Thus, the rGO
played significant role in the TC catalytic degradation process by
Ag/Ag3PO4/BiVO4/rGO by providing high surface area for adsorption
and limiting the possible recombination of e− /h+ pairs.
Hou et al. (2019) prepared GO based ternary composite
(Ag/TiO2/rGO) as a green catalyst for TC reduction via ultrasonic
impregnation assisted in-situ photo-reduction method. The study
revealed that the ternary Ag/TiO2/rGO composite demonstrated excel
lent photo-reduction performance for TC removal. The synergetic per
formance between rGO and Ag nanoparticles provided favorable
platform for the storage and transport of photo-generated e− /h+ pairs
and reduced the possibilities of their recombination, which further

promoted photocatalytic efficiency. It was indicated that the binary
compound containing rGO (TiO2/rGO) had better activity than Ag
containing compound (Ag/TiO2), elucidating rGO played significant
role during degradation process. This was attributed to the high surface
area of rGO and its unreduced functional groups of on the surface, which
offered a good ground for photocatalysis. Generally, photocatalytic
conditions and TCs degradation efficiencies of the discussed
graphene-based materials are summarized in Table 4.
4.5. Common photocatalytic degradation mechanisms of TCs
The photo-degradation process of TCs is instigated when the pho
tocatalyst surface is irradiated by photons with suitable wavelength. The
photo-excited electrons transfer from the valance band to conduction
band of the photocatalyst, leaving a positive hole at the valance band.
Electrons at the conduction band and holes at valance band facilitate the
formation of reactive oxygen species (ROS) such as •O−2 , •OH, and H2O2.
The ROS attack TCs molecules and convert it into less-toxic
12

M. Minale et al.

Journal of Environmental Management 276 (2020) 111310

TiO2@GO was enhanced by the synergetic effects of rGO and TiO2. The
major contribution of rGO was depressing photo-generated e− /h+ pair
recombination, promoting the charge transfer rate and facilitating the
adsorption of OTC molecules on its surface. According to radical trap
ping experiment, demonstrated h+ played leading role in the OTC
degradation process. Ren et al. (2019) reported high surface area of GO
coupled with its engagement in electron trapping and storing activities
allowed high photocatalytic performance of RM-GO towards TC degra
dation. The result indicated •O−2 and h+ active species were largely
involved in the TC degradation reaction process. Soltani et al. (2019)
suggested the •O−2 and h+ were the main active species for TC degra
dation onto BVO/rGO. Fakhri and Bagheri (2020) indicated •O−2 was the
dominant species in this photacatalytic system of UiO-66@WG, in which
the •O−2 attacks TC molecules adsorbed on the surface and eventually
degrade it into H2O and CO2.
According to Cao et al. (2016), the semiconductor in the
MGO–Ce–TiO2 composite was excited by visible light irradiation to
generate e− /h+ pairs, and the photo-generated electrons travel to GO
and eventually participated in the degradation reaction. Once the
degradation process is started, more TC molecules transfer from the
solution to the adsorbent and the redox reaction proceeds until equi
librium is attained. Wang et al. (2017b) investigated reactive species on
C3N4@MnFe2O4-G in the process of TC degradation and reported •OH,
+
−
SO•−
4 , •O2 and h were responsible for the photo-degradation of TC in
the presence of S2O2−
8 . In this system, the rGO was used as a high-speed
charge channel for photo-generated charge carriers in the system.
Qu et al. (2017) elaborated as to the photo-excited electrons in the
VB initiated to move to CB when TiO2 was involved in the TiO2–rGO–AC
system. The degradation mechanism was dominated by the reaction
between H2O molecules and the photo excited h+, generating •OH
radical which potentially degrade TC into smaller molecules through
chain reaction. The rGO sheets in the system receive electrons from the
combined TiO2, leading to elimination of e− /h+ recombination. The
remaining oxygen functional sites on the structure of rGO after the
reduction of GO accepts electrons to facilitate the reaction with free
oxygen to produce •O−2 for further degradation of TC via •OH radical.
Hassandoost et al. (2019) suggested OTC photocatalytic-degradation
mechanisms by Fe3-xCexO4/GO system. According to this report, OTC
molecules could either be directly oxidized by h+ at the surface of
Fe2.8Ce0.2O4, or oxidized by •OH radicals generated via the oxidation
reaction between h+ and H2O molecules in the solution. The other
degradation route could be facilitated via the transfer of e− to GO sur
face. The transferred electron reacts with adsorbed O2 molecules at the
surface of GO to generate •O−2 , which further produces HO2• in acidic

Fig. 7. Photocatalytic degradation mechanisms of AgI/BiOBr/rGO. Repro
duced from (Chen et al., 2019) with Copy right from Elsevier 2019.

Fig. 8. Photocatalytic degradation mechanism of TC over Ag3PO4/rGO/gC3N4 composites. Reprinted from ref (Zhang et al., 2019c). with permission
from Elsevier, copy right 2019.

intermediates or completely degrade into the CO2 and H2O (Li et al.,
2018b; Sharma et al., 2019).
Wang et al. (2019b) suggested the photo-degradation of OTC by
Table 4
Conditions and performances of graphene-based photocatalysts for TCs degradation.
Type of adsorbent
MGO–Ce–TiO2
TiO2@GO
Ag3PO4/rGO/g-C3N4
GQD/ZnO–ZnFe2O4
rGO/CdWO4
BVO/rGO
C3N4@MnFe2O4-rGO
Co-TNs/rGO
AgI/BiOBr/rGO
Ag/Ag3PO4/BiVO4/RGO
HAp/rGO
UiO-66@WG
Ag/TiO2/rGO
RM-GO
TiO2–rGO–AC
Fe2.8Ce0.2O4/GO
N–TiO2/rGO

Conditions

Removal (%)

Surface area (m2/g)

Catdose (g/L)

InitConc (mg/L)

Irrad time (min)

Light

WO-DG

With DG

WO-DG

With DG

0.5
0.6
1.0
0.4
0.2
0.9
1.0
1.0
0.5
0.5
1.0
1.7
0.5
1.0
2.0
0.8
1.0

25
20
20
20
14
25
20
30
20
10
60
20
20
10
22
30
10

60
240
90
240
60
50
60
180
80
60
30
70
60
80
60
120
60

Vis
Vis
Vis
Vis
Vis
Vis
Vis
Vis
Vis
Vis
Vis
Vis
Vis
Vis
Vis
Vis
Vis

29
42
73
24
14
85
NA
NA
78
56
68
53
NA
47
48
NA
79

93
90
94
94
100
99
92
60
945
95
92
84
97
80
91
88
98

50
57
NA
60
20
1.0
NA
NA
8
30
17
856.6
NA
12
57
42
NA

189.6
78.12
NA
60.00
40.06
1.40
NA
NA
15.62
57.58
44.20
379.50
NA
15.75
234.97
55.55
NA

Ref
Cao et al. (2016)
(Wang et al., 2019b)
Zhang et al. (2019c)
Li et al. (2019)
Ghoreishian et al. (2019)
Soltani et al. (2019)
Wang et al. (2017b)
Jamali Alyani et al. (2019)
Chen et al. (2019)
Chen et al. (2017)
Zou et al. (2020)
(Fakhri and Bagheri, 2020)
Hou et al. (2019)
Ren et al. (2019)
Qu et al. (2017)
Hassandoost et al. (2019)
Tang et al. (2018)

Catdose= Catalyst dose, InitConc=Initial concentration, Irrad= Irradiation, Vis= Visible, DG= derivatives of graphene, WO-DG=Without derivatives of graphene.
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medium and then eventually end-up with the production of H2O2 mol
ecules. According the active species trapping experiment, •OH was
largely accountable for photocatalytic reaction during OTC degradation.
The plausible TC photo-degradation mechanisms of TCs are represented
in Fig. 9 and the main reactive species involved during the photo
catalytic removal of TCs on the graphene-based photocatalysts are
shown in Table 5.

intermediate products of TC with corresponding m/z value of 475,400,
274, 238, 433, 301, 149, 438 and 210 were identified by HPLC-MS. The
authors revealed that the loss of functional group(s) and the open-ring
reactions were the two possible routes of the intermediate generation.
According to this analysis, removing the hydroxyl groups and loss of
N-methyl groups at C3 generated an intermediate product with m/z =
400. The breakage of naphthalene ring A led to the loss of amino groups
which then facilitated further degradation of the previous intermediate
product (m/z = 400) into smaller products with m/z value of 274. The
substitution of C–C single bond by hydroxyl group via the breakage of
ring B represented the other intermediate product (m/z = 238). This
product (m/z = 238) further degraded to generate intermediate product
with m/z = 149 via the formation of carboxyl and dislodging of hydroxyl
groups. All the above routes were designated by path way I. Degradation
path way II started by generating intermediate products with m/z value
of 433 due to loss of one N-methyl group on account of the low energy of
N–C bond. The opening of ring A and dehydroxylation reaction at C6 by
oxidation of •OH radicals further generated products with m/z = 301. In
the path way III, a product with m/z = 475 was generated as the result of
oxidation of N-methyl to N-aldehyde, rearrangement with the OH rad
icals at C12, and 1, 3-dipolar cyclic addition towards C–C double-bond.
The above product was transformed to intermediates with m/z = 438
via hydroxyl-substitution reaction and N–C bond breakage through the

4.6. Possible degradation pathways of TCs
The degradation process of TCs by rGO bridged Cu2O and Bi2WO6
photocatalyst was systematically investigated by Shen et al. (2020)
using high performance liquid chromatography-mass spectrometry
(HPLC-MS). According to this investigation, the TC molecule was
orderly decomposed into many small intermediate products. The m/z
value of intact TC molecule was 445, which was the same to m/z value of
TC before illumination. During the degradation process several inter
mediate m/z values such as 387, 274, and 246 were observed owning to
chemical bond destruction, illustrating TC was effectively degraded by
h+, •OH and •O− 2 under visible light irradiation.
Cao et al. (2016) identified various intermediate products of TC
degradation in the presence of MGO–Ce–TiO2 composites and revealed
the possible degradation pathways. According this analysis,

Fig. 9. The generic photocatalytic removal mechanism of organic contaminants, including TCs (a) and Ag/Ag3PO4/BiVO4/rGO (b). Reprinted from ref (Zou et al.,
2020) (Sharma et al., 2019).and (Chen et al., 2017) with permission from Elsevier, copy right 2019.
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Table 5
Synthesis methods of photocatalysts and their leading reactive species during TCs degradations.
Photocatalysts

Synthesis techniques

Leading reactive
species

Quenchers used for scavenging O− , •OH, and h+, respectively

Ref

TiO2@GO
RM-GO

Solvothermal
Ultrasonic mixing

•O−2 , •OH, and h+
•O−2 and h+

(Wang et al., 2019b)
Ren et al. (2019)

BVO/rGO

•O−2 and h+

UiO-66@WG

Ultrasonic and visible-light-assisted
photocatalytic reduction
Hydrothermal

Ethanol, isopropyl alcohol (IPA), and triethanolamine
Ascorbic acid (AA), IPA, and disodium ethylenediaminetetraacetic acid (EDTA-2Na)
NA

rGO/CdWO4

Wet-chemical and photo-catalytic reduction

•O−2

and h

Benzoquinone (BQ), trietha-nolamine (TEA), and formic acid
(FA)
AA, terta-butyl alcohol (TBA), EDTA-2Na

GQD/
ZnO–ZnFe2O4
rGO/HAp
C3N4@MnFe2O4-G

Charge assembly method

•O−2

and •OH

NA

(Fakhri and Bagheri,
2020)
Ghoreishian et al.
(2019)
Li et al. (2019)

•O−2 and h+
−
•OH, SO•−
4 , •O2 ,
and h+
•OH and h+

BQ, IPA, and EDTA-2Na
BQ, Methanol, and ammoniumoxalate(AO)

Zou et al. (2020)
Wang et al. (2017b)

Co-TNs/rGO

Hydrothermal method
Calcinations, solvothermal, and
Impregnation
One-pot hydrothermal

BQ, IPA, and Triethanolamine (TEOA)

TiO2–rGO–AC
Fe3-xCexO4/GO

Hydrothermal method
Ultrasonic method

•OH and
h+ and •OH

NA
2−
SO2−
4 , CO3 , and EDTA-2Na

AgI/BiOBr/rGO
Ag3PO4/NG/gC3N4
Ag/Ag3PO4
Ag/TiO2/rGO

Solvothermal and in-situ precipitation
Chemical precipitation, hydrothermal, and
in-situ deposition
In-situ deposition and photo-reduction
Ultrasonic impregnation assisted photoreduction
Sol-gel and photo-reduction

h+ and •O−2
h+

BQ, IPA, and EDTA-2Na
BQ, TBA, and EDTA-2Na

Jamali Alyani et al.
(2019)
Qu et al. (2017)
Hassandoost et al.
(2019)
Chen et al. (2019)
Zhang et al. (2019c)

h+ and •O−2
•O−2

BQ, IPA, and EDTA-2Na
BQ, IPA, and EDTA-2Na

Chen et al. (2017)
Hou et al. (2019)

•O−2

BQ, IPA, and AO

Tang et al. (2018)

N–TiO2/rGO

•O−2
+

•O−2

Soltani et al. (2019)

5. Conclusion and future outlooks

attack of OH radicals. The breakage of ring A and B, caused by loss of
methyl and hydroxyl group at C6 and the breakage of C–C single bond,
stimulated the transformation of the above product to intermediates
with m/z = 210.
Zhang et al. (2019d) identified that continuous illumination of TC
generated intermediate products with m/z of 458, 416, 402,390, 316,
and 294. According to the authors, two possible degradation pathways
were identified. The first pathway was realized by the generation of TC
intermediate with m/z=458 through C–C double bond addition. Further
degradation of this intermediate (m/z=458) generated intermediate
products with m/z values of 208 and 194 due to bond breakage of C–C
and C–N or dislodging OH group or carbonyl hydrogenation. In the
second pathway, intermediate product with m/z value of 416 was
generated on account of demethylation. The removal of hydroxyl group
further generated TC intermediate product with 402 m/z value. Suc
cessive oxidative and ring-opening reactions produced TC intermediates
with m/z values of 178, 164, and 116.
Chen et al.(2019) studied the degradation pathway of TC using AgI/
BiOBr/rGO. As indicated in Fig. S4, the highest peak with m/z = 445
was assigned to the TC molecule. New TC peaks with decreasing trend
emerged with increased reaction time. Consequently, several interme
diate products with different m/z values such as 417, 402, 360, 318,
301, 274, 230, 149, 106, 74, and 46 were generated. The MS spectra
showed that intermediate product with m/z = 417 was generated via Ndemethylation as a result of N–C weak bond energy. Deamination re
action further aroused the production of two successive intermediate
compounds with corresponding m/z value of 402 and 360. An inter
mediate compound with m/z = 318 was generated owning to ring
opening reaction and subsequent compound with m/z = 274 was pro
duced due to the loss of methyl groups. An intermediate product with m/
z = 274 was generated as a result of dehydration and decarbonylation
process and this product was successively decomposed to intermediates
with m/z values of 149 and 106. Finally, intermediates with m/z values
of 74 and 46 were observed via decomposition and ring-opening
reactions.

Recent advances on graphene-based materials opened up new op
portunities in the field of adsorption and photocatalysis. Unique
morphological and chemical characteristics of graphene-based materials
such as high surface area, tunable structure, reactive surface site, high
electron conductivity, high optical transparency, high mechanical
strength, and good recyclability allow it to become excellent choice for
adsorption and photocatalysis. Pristine graphene is poorly dispersive in
water and has low functional groups to interact with TCs. GO is highly
dispersive in water due to excessive oxygen containing functional
groups and its polarized surface allows high interaction with TC mole
cules during adsorption. However, high dispersibility of GO in solutions
creates challenges during adsorbent regeneration. The oxygen contain
ing functional groups of GO could be reduced to enhance electrical
conductivity of the resulting rGO. However, the strong van der Waals
interaction between the rGO sheets inhibits to maintain its large specific
surface area and results agglomeration and over stacking. To overcome
these drawbacks and improve their adsorption performance towards
TCs, various researchers suggested different surface modification tech
niques. The modified 3D graphene-based materials such as self assem
bled hydrogels and aerogels exhibit better adsorption capacity and
recyclability. As to the mechanisms of adsorption, electrostatic, π-π EDA,
cation–π bonding, hydrogen bonding and hydrophobic interactions are
the suggested molecular interactions between TCs and graphene-based
adsorbent materials.
Photocatalysis is considered as a clean, sustainable and
environmentally-friendly approach for TCs degradation. High electron
extraction ability and appropriate energy level permits the GO/rGO to
extend the light absorption process during photocatalytic-degradation of
TCs by GO/rGO-semiconductor composites. Moreover, GO/rGO pre
vents recombination of e− /h+ pairs by capturing the photo-generated
electrons to further facilitate the TCs photo-degradation process. The
TCs photocatalytic-degradation process involves: the transfer of TCs to
the surface of graphene-based photocatalysts, the adsorption of TCs
molecules, redox reaction between TCs and reactive species, and the
regeneration of the spent materials for subsequent recycling. The TCs
degradation mechanism can be elucidated as follows: during irradiation
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process the photo-excited electrons transfer from the valance band to
conduction band of the photocatalysts by leaving a positive hole at the
valance band. Then, the electrons at the conduction band and holes at
valance band facilitate the formation of reactive oxygen species such as
•O−2 , •OH, and H2O2. These species attack TCs molecules and convert it
into less-toxic intermediates or completely degrade into the CO2 and
H2O.
Despite undisputable progress, there are some issues requiring
further considerations in the synthesis and applications of graphene and
graphene-based materials. The production and applications of grephenebased materials for TCs removal could be limited by skillful personnel,
involvement of many chemicals and lengthy synthesis process. Sepa
rating the spent graphene-based materials from the solution is a com
mon bottleneck involving special consideration during material
synthesis. Toxicity is another issue of graphene-based materials, if it is
ingested or inhaled during production and application. In most cases,
regeneration of graphene-based materials from TCs involves application
of different chemicals, potentially posing secondary pollution to the
environment. In most cases, there is less photocatalysis reaction at
higher TCs initial concentrations as the photons directed to the catalyst
surface could be restricted by high TCs solutions.
In view of TCs decontamination, the following key perspectives
should be addressed in future efforts: (i) Synthesis of scalable, reliable,
and stable graphene-based materials are required in both photocatalysis
and adsorption applications to remove TCs from the real wastewater
plants; (ii) Further investigations should be carried out to attain the
maximum possible efficiency and effectiveness regarding synthesis,
application and recycling of graphene-based materials; (iii) It is essential
to further introduce more novel preparation techniques for reducing the
cost of production and enhance effectiveness; (iv) Better theoretical
guidelines and practical designs should be developed to further advance
and innovate graphene-based materials for TCs removal; (v) Under
complex conditions in the real wastewater, where different competing
ions are existing, the selectivity of graphene-based materials towards
TCs should be significantly enhanced; (vi) Recycling of TCs from ad
sorbents should also be considered for environmental sustainability; and
(vi) while producing a graphene-based composite the synergetic effect of
the involved precursors should be optimized.
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