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From emerging pollutants to emerged threat, researchers are continuously looking for promising
technologies for wastewater treatment. Adsorption has been identified as the most convenient approach
for treating wastewater at low-cost and with high-efficiency. Recently, graphene and its derivatives have
gained heightened attention as novel adsorbents because of their unique molecular structure and
outstanding physicochemical properties. Heavy metals, dyes, polycyclic aromatic hydrocarbons (PAHs)
and other pollutants, which are widely concerned recently, all show different adsorption behaviors.

ﬁi:ltlz\:\?;er Numerous functional groups, resonating and delocalized w-electron system of graphene derivatives lead
Adsorption to the formation of various adsorptive interactions i.e., 77-7r interactions, electrostatic interactions, H-

bonding, etc. with these venomous pollutants, and quarantine them in solution. The pristine form of
graphene subsidiaries tends to exhibit low sorption efficiency due to high propensity of agglomeration,
lack of selectivity, hydrophobicity and difficulty in phase separation after treatment. Therefore, designing
of efficient graphene composites through the surface modification with numerous functional groups,
polymers or nanoparticles is an ongoing challenge. Complex graphene composites are increasingly
reported, but the fate of pollutants and adsorption mechanisms are still far to be fully clarified. This
review summarizes the recent progresses in the application of graphene-based adsorbents for
eliminating a wide range of organic and inorganic pollutants from wastewater. A critical explanation is
provided on the synthesis of graphene adsorbents, systematic adsorption and desorption mechanisms
along with their pollutant removal performances under different experimental conditions. A brief
perspective on upcoming research needs and challenges involved in the designing of high-quality
graphene-based adsorbents are highlighted.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.
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1. Introduction

Rapid increase in the world’s population and continuous
industrialization has made environmentalists more concerned
about wastewater management. Different type of industries (e.g.,
textiles, papers, fertilizer and agrochemicals, tannery) produces
million tons of wastewater every day, and some of them are
discharged into the surrounding water bodies without any primary
or secondary treatments. This wastewater contains various
inorganic (e.g., heavy metals and earth rare metals) and organic
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pollutants (e.g., dyes, pharmaceuticals, personal care products,
PAHs, phenols, herbicides, pesticides) that are carcinogenic,
persistent and bio-accumulative in nature [1-4]. Consequently,
wastewater treatment is an urgent concern as it carries out
detrimental impacts on human, animals, and the surrounding
environment [5].

Several treatment technologies have been employed for the
elimination of toxic pollutants from wastewater, such as adsorp-
tion, advanced oxidation process (AOPs), membrane separation,
reverse osmosis, chemical precipitation, ion-exchange, electro-
chemical treatment, biological treatments [6-10]. Of all the
treatment approaches, adsorption has been considered as the
most promising one because of its high efficiency, ease of
operation, cost-effectiveness and feasibility to implement at
large-scale [11,12]. Moreover, it does not create any secondary
pollution by generating toxic contaminants during the treatment
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process [13,14]. Throughout the recent years, researchers have
been tested a variety of developed adsorbents, such as carbon
nanotubes [15], activated carbons [16], clay minerals [17],
polymers [18], agricultural wastes [19], zeolites [20] for the
elimination of hazardous pollutants from aqueous solution.
However, most of these adsorbents have been suffering from
either low adsorption and desorption efficiency or lack the
selectivity for target contaminants while removing the micro-
pollutants from the aquatic environment [21].

Graphene, a two dimensional (2D) single layer sheet of carbon
atoms organized in a sp>-bonded honeycomb-like lattice structure
hasbeen emerged as a “wonder material” with a number of potential
applications [22-24]. This newly discovered nanostructure has been
considered as the thinnest material ever produced, and most likely
the simplest form of carbon [25]. Since the discovery in 2004,
graphene nanostructure has been successfully applied as the base
materials in terms of basic research in many revolutionary fields due
to its interesting mechanical and physicochemical properties, i.e.,
large surface area, good thermal stability, high electrical conduc-
tivity, big aspectratio, excellent mechanical strength, flexibility, and
negligible thickness [26-28]. Recently, these exceptional properties
have further expanded its application in environmental remedia-
tion as novel adsorbents for purifying wastewater [29,30]. It is very
high theoretical surface area, abundant active sites and great
delocalized m-electron systems made it superior adsorbent for
capturing a wide range of both inorganic [31-33] and organic
pollutants [34-36]. The polyaromatic m-electron system of
graphene can interact with the aromatic structure of organic
molecules via 7r-7r interactions or strong hydrophobic effect, and
merely remove them from aqueous solution [37].

The properties of pristine graphene have been improved by
oxidizing it to graphene oxide (GO). The ample oxygenated
functional groups of GO offer negative charges that significantly
increase its hydrophilicity in aqueous solution and, thus, maximize
the adsorptive interaction of GO with metal ions and positively
charged organic pollutants [38]. Conversely, the reduction of GO
forms reduced graphene oxide (RGO), contains carbon to oxygen
ratio of 246:8 that made itself more advantageous than pristine
graphene and GO in removing organic effluent from wastewater
through m-7r interactions [39]. Besides, surface modification of
graphene, GO and RGO with specific functional groups, polymers
or nanosized metal/metal oxides further accelerates their adsorp-
tive interaction by generating additional functional groups, which
favors in the selective elimination of various organic and inorganic
pollutants [40,41]. Additionally, graphene adsorbents are less
expensive in comparison to carbon nanotubes (CNTs) [42,43]. All
these attractive features made graphene and their derivatives as
ideal adsorbents for the elimination of numerous toxic pollutants
from wastewater.

Research interest on graphene adsorbents is growing promptly,
which is reflected by enormous research articles published
throughout the last couple of years. There are some complex
reviews exist in the literature concerning the synthesis and
application of graphene adsorbents focusing either organic or
inorganic pollutants, and in most of the cases lack the recent data
[44,45]. Considering this, our review focuses on the systematic
explanation of recent data regarding the use of graphene
adsorbents in removing multiple categories of pollutants, i.e.,
heavy metals, dyes, PAHs, antibiotics, phenols from wastewater,
and represent the current research status. Nevertheless, synthesis
and modification of graphene subsidiaries, their interaction
mechanisms with aforementioned pollutants, applicable kinetic
model along with experimental conditions, such as pH, tempera-
ture, contact time have been critically reviewed. Finally, some
important clues in support of designing further better-quality
graphene adsorbents are delivered.

2. Synthesis of graphene materials

Graphene subsidiaries can be existed in numerous forms, such
as pristine graphene, GO and RGO. In addition, researchers have
been developed a wide range of graphene composites materials in
order to expand their application in environmental remediation
[41].

2.1. Pristine graphene

Novoselov et al. [46] were the first who made a very stable and
monocrystalline graphene sheet from pyrolytic graphite by
mechanical exfoliation. Afterwards, several synthetic approaches
have been manifested and applied to produce graphene, which can
be classified into two major strategies viz., “top-down strategy”
and “bottom-up strategy” [47,48]. The top-down strategy refers to
the separation of graphite layer into single or few layered graphene
sheets by several exfoliation methods. Top-down strategies
include mechanical exfoliation [46], chemical exfoliation [49],
liquid-phase exfoliation [50], graphite intercalation compounds
[51]. However, the best top-down strategy among them includes
chemical exfoliation of graphite into graphite oxide using strong
oxidizing agents and subsequently switches into graphene by
chemical reduction or thermal exfoliation [52].

On the other hand, the bottom-up strategy is defined as the
direct synthesis of graphene from carbonaceous gases or other
hydrocarbon sources [53] by chemical vapor deposition (CVD) [54],
epitaxial growth [55], template route [56] and substrate-free gas-
phase synthesis (SFGP) [57]. Properties and application of
fabricated graphene depend on their synthesis methods. Top-
down strategy offers the large-scale production of graphene at
low-cost, however, defects during the exfoliation process could
deteriorate the quality of graphene sheets. In contrast, bottom-up
strategy produces high-quality graphene sheets with exceptional
properties, but the manufacturing cost is comparatively high [41].
The latest reviews by Lim et al. [52], Lee et al. [58] provide further
details information about the synthesis routes of pristine
graphene.

2.2. Graphene oxide (GO)

Graphene oxide (GO), a highly oxidative form of graphene
obtains through either exfoliation or chemical oxidation of
graphite flakes into discrete layers via sonication, mechanical
stirring, rapid heating [59,60]. Usually, GO single layer is thicker
than pristine graphene due to plenteous oxygen-containing
functional groups, present on both sides of GO layer (e.g., hydroxyl
(—OH) and epoxy (C—O—C) groups on the basal plane, and
carboxyl (—COOH) and carbonyl (-C = O) groups at the sheet edges)
[61,62]. These oxygen-containing functional groups are more
crucial in adsorption, which determines the binding ability of GO
to pollutants. The extent of oxygenated functional group generates
on GO surface relies on both the nature of its precursor graphite
materials [63] and the degree of oxidation level [64].

A number of synthesis methods have been reported to produce
GO between the years of 1859 and 1958, mostly include Brodie
method (KClO4, HNO3) [65], Staudenmaier method (H,SO4, KClOy4,
HNOs) [66] and Hummers' method (H,SO4, NaNO3; KMnO,) [67],
which are comprise the primary pathways of synthesizing GO [44].
Of them, Hummers' method has gained the highest attention as the
most well-known and adopted method in adsorption. Afterwards,
some significant changes have been implemented to Hummers'
method in order to enhance the degree and range of functionalities
on GO surface as well as to reduce the release of toxic gases [42].In
the Hummers' method, a mixture of (1:3, wt equiv.) NaNO3 and
KMnO, along with H,SO,4 (69 mL) were added to 3 g (1 wt equiv.) of
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graphite flakes [67]. In contrast, modified Hummers' method has
some differences in the mixture ratio of KMnO4 and graphite flakes
[68], and in most cases K,Cr,0; is used instead of KMnO, as
described by Upadhyay et al. [69]. Marcano et al. [68] presented an
improved version of Hummers' method by using a 9:1 mixture of
concentrated H,SO4/H35PO4 (360:40, mL:mL) without NaNO3 and
achieved the equivalent product like conventional Hummers'
method. The key advantages of this method include the production
of highly oxidized GO with low-cost than reported by Hummers'
and modified Hummers' method, and does not create toxic gas like
NO,. Fig. 1 demonstrated the detail comparisons of these methods.
Improved Hummers' methods have been further thoroughly
investigated by Yadav et al. [70], Sohail et al. [71], Chen et al. [72].

2.3. Reduced graphene oxide (RGO)

Reduced graphene oxide (RGO) is another important derivative
of the graphene family. Due to reduced form, it contains a smaller
quantity of residual oxygenated functional groups, therefore, less
negatively charged than GO. RGO can be synthesized by following
two major routes, i.e., the direct growth and the chemical/thermal
reduction of GO (Fig. 2) [61]. In general, the chemical reduction of
GO is widely employed in adsorption practices due to its cost-
effectiveness, and high throughput.

A large number of reductants have been experienced in the
reduction of GO such as hydrazine hydrate, vitamin C, alcohols,
NaBH,4, NaOH, KOH, HI, Zn and Na,S,05 [61]. The removal of oxygen
moieties from GO surface is a vital issue that determines the
properties of RGO. In case of deoxygenation, hydrazine hydrate is
much more efficient than other reductants like NaBH,4 because of
its high potentiality in reducing the majority of oxygen-containing
functional groups via a direct nucleophilic attack. The continuous
accumulation of nitrogen atoms from hydrazine leads to the
formation of C—N groups through the breaking down of
oxygenated functional groups. Usually, hydrazine reduction is
known to form hydrocarbons, while NaBH; reduction forms
residual hydroxyl functional groups. Consequently, hydrazine is
expected to be a better reducing agent than NaBH, for GO [73].
Table S1 (Supporting information) compared the reduction degree
of several reductants, where hydrazine hydrate demonstrated the
highest value of C/O ratio with improved electrical conductivity for
RGO. With the deduction of bulk oxygen moieties, the resultant
RGO exhibited high hydrophobicity with the significant restoration
of sp? carbon structure [74]. However, excessive use of aforesaid
reducing chemicals can contaminate the RGO by incorporating
harmful impurities, which might cause damaging effects on the
environment [75]. These toxic chemicals can be replaced by the use
of eco-friendly green reducing agents, such as, tea solution,

reducing sugars, tamarind extract, eucalyptus leaf extract, carrot
root, green tea [76]. Green synthesized RGO also exhibits improved
adsorption capacity to diverse pollutants, which is now an ongoing
research trend in adsorption studies [75,77].

Another facile route to prepare high-quality RGO, termed as PG,
using H, plasma was reported by Wang et al. [78]. First, GO was
pickled in a home-made plasma generator incited by a radio
frequency inductively coupled plasma. After reducing the pressure
to 3 Pa, pure H, was added to reactor via a gas mass flow controller
at a flow rate of 30 cm>/min. After that, the H, plasma going on at
10 Pa was functioned for 30 min to covert GO into RGO. Further
detail information on the synthesis of RGO can be explored from
the comprehensive review by Singh et al. [57], and Krishnan et al.
[79].

2.4. Graphene based composites

The potentiality of graphene adsorbents largely depends on
their uniform dispersion in solution along with high sorption
capacity to diverse pollutants. Usually, graphene shows high
affinity to aggregate or even rolls to form graphite during liquid
processing. The resulting aggregation can limit its adsorptive
application by blocking active sorption sites; decreasing theoreti-
cal surface area as well as by hindering rapid mass transport
[60,80].In case of GO, it shows poor binding affinity to anionic dyes
owing to electrostatic repulsion between them. In addition,
because of high solubility, GO cannot easily be regenerated from
treating wastewater [41]. All these shortcomings can be over-
whelmed through various covalent or non-covalent functionaliza-
tion with dissimilar molecules, polymers and nanoparticles, thus,
developing composites, a class of multicomponent materials, is
investigated [81]. The resulting composite is not merely the sum of
the individual components, but instead a new material with new
functionalities and properties [41]. Table 1 [82-99] summarizes
the recent works in the development of graphene composites
materials.

2.4.1. Graphene polymer composites

Polymeric modifications of graphene not only enhance the
possibility of attaching new functional groups on graphene surface
but also increase the number of active sites to fix numerous organic
and inorganic pollutants [40]. Based on 3D arrangements and the
mode of interaction between graphene sheet and polymer,
graphene polymer composites can be classified into three types:
(1) layered graphene-polymer films, (2) graphene-filled polymer
composites, (3) polymer-functionalized graphene nanolayers [81].
The quality of graphene filler and polymer matrix, graphene
dispersibility, filler and matrix bonding, ratio of filler to matrix
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Fig. 1. Comparative synthesis routes of GO from graphite flakes by Hummers', modified Hummers' and improved Hummers' methods. Reproduced with permission [68].
Copyright 2010, American Chemical Society. The numbers mentioned in the figure are their weight equivalent clarified in the description.
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Fig. 2. Synthesis of RGO through chemical and thermal reduction. Reproduced with permission [61]. Copyright 2016, Elsevier.
Table 1
Synthesis of graphene composites with their respective adsorbates.
Graphene composite materials Preparation methods Specific surface area (m?/g) Adsorbates References
Fe;0,@GO Co-precipitation 167.9 Cu(Il) [82]
GO-carbon composite Sol-gel method 174.3 Hg(II) [83]
GO-ZrO(OH), Hydrothermal co-precipitation method 266.9 As(IIl) & As(V) [84]
Polyamide-graphene Interfacial polymerization 421 Sh(III) [85]
Fe504-RGO-MnO, Co-precipitation 113.7 As(1lT) & As(V) [86]
GO/bentonite Modified Hummers' method 63.4 Toluidine blue [87]
Fe30,@GO-thiourea Solvothermal method 56.267 Coomassie brilliant blue [88]
GO-magnetic iron oxide Sonochemical method 84.63 Methyl blue [89]
GO-polystyrene Polymerization 9.5262 Reactive blue, Direct red [90]
PDA-RGO-kaolin Polymerization method 3535 Methyl blue [91]
Magnetic-CoFe,04/GO Hydrothermal method 27.30 Methylene blue, Rhodamine B [92]
GO-montmorillonite Solvent method 110.47 Crystal violet [93]
Hollow carbon spheres/graphene Hydrothermal method 356.1 Methyl orange, Rhodamine B [94]
Graphene-CNT Modified Hummers' method 789 Methyl blue [95]
RGO/iron oxide composites Co-precipitation 272.5 Naphthalene, 1-Naphthol [96]
Graphene-MOF Crystallization 2390 Benzene [97]
Fe;0,4 grafted GO Co-precipitation 148.8 2,4,4-Trichlo-robiphenyl [98]
(PCB 28)
Graphene/MnO, In situ hydrothermal method 106 Tetracycline [99]

could significantly alter the properties of graphene polymer
composites [100]. Generally, the consistency between pristine
graphene and organic polymers is very poor [101]. In contrast, GO
and RGO are more compatible with organic polymers and attracted
considerable attention as nanofiller to form polymer composites.
The van der Waals interactions between GO layers can be altered
significantly by the presence of oxygen-containing functional
groups and improve its hydrophilicity in water. Thus, GO exhibits
high solubility and, thereby, merging affinity with hydrophilic
polymers, resulting in the formation of polymer composites with
high mechanical and thermal stability [102]. There are several
methods of incorporating polymers into the graphene matrices,
i.e., in situ polymerization, covalent bonding, solution (or solvent)
mixing and melt compounding, etc. A detail explanation of these
methods was summarized by Phiri et al. [100] and Itapu et al. [102].
However, it is crucial to know the interaction dependence of
polymers and graphene on hydrophobicity, reactivity, polarity,
molar mass, etc. during the selection of preparation routes [100].

Throughout the recent years, plenty of graphene polymer
composites were synthesized and employed for adsorptive
remediation of many pollutants. Majority of these were fabricated
using GO and RGO as the fillers, which are based on polymers range
like polyurethane [103], polyoxyethylene [104], polyethylenimine
(PEI) [105], poly(ethylene glycol) diacrylate [106], poly-diallyldi-
methyl ammonium chloride [107], poly(N-vinylcarbazole) [108],
etc. All these developed composites demonstrated better sorption
efficiency than the individual polymers and graphene.

2.4.2. Graphene nanoparticle composites

Nanoparticles that are range from a few nanometers to a
hundred nanometers in diameter can be adorned on graphene, GO
and RGO, resulting in the formation of graphene nanoparticle

composites. They can be categorized as (1) graphene-nanoparticle
composites, where the nanoparticles decorate or are grown on
graphene sheets, or (2) graphene-encapsulated nanoparticles,
where the nanoparticle surface is wrapped or coated with
graphene [109]. The existence of oxygenated functional groups
and defects on the surface of graphene, GO and RGO provide them
an excellent platform for the nucleation, growth, and attachment
of various metals, such as Ag [110,111], Cu [112,113], Fe [114-116],
Co [117,118], Ni [119-121], and metal oxide nanoparticles, such as
TiO, [122,123], Fe504 [124,125], SiO, [126,127], MnO, [128,129],
Al;05 [130], CuO [131] As a consequence of the synergistic effect
between graphene and the firmly fixed nanoparticles, these
composites showed enhanced adsorption properties to a variety
of pollutants. Several approaches have been reported for the
development of graphene nanoparticle composites, such as sol-gel
method, hydrothermal/solvothermal method, self-assembly, in situ
growth strategy, electrochemical deposition, and microwave
irradiation [109,132].

3. Application of graphene materials in adsorption
3.1. Adsorption of inorganic pollutants

Among the inorganic pollutants occur in wastewater, heavy
metals (Pb, Cd, Hg, Ni, Cu, Zn, Cr, Sb, Cd, Co, Mn, etc.) and rare
metals (Eu, Gd, La, Nd, Yb, etc.) are the most predominate because
of their high toxicity to plants, animals, and human beings [133-
135]. Heavy metals are bio-accumulative and cannot easily be
degraded by chemical degradation or bioprocess [136]. Adsorption
is proven to be the most effective technique in removal of metal
ions from solution [137,138]. Graphene adsorbents have been
widely acknowledged for the high removal of metal ions because of
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their superior adsorption capacity. The recent progress in the
adsorption of metal ions by graphene adsorbents are presented in
Table 2 [33,139-157] .

Adsorption process could be driven through various interac-
tions, such as electrostatic interactions, ion exchange, and surface
complexation between metal ions and numerous functional
groups present on the surface of graphene adsorbents [61,
158,159]. Sitko et al. [160] reported that metal ions can be
adsorbed on the surface of GO nanosheets through chemical
adsorption, which involves strong electrostatic interactions
between positively charged metal ions and negatively charged
GO sheets. Ion exchange is another important mechanism that
occurs between metal ions and protons (H* ions) from —COOH or
—OH oxygenated functional groups. During the adsorption process,
H* ions from —COOH or —OH are released to the solution, leading to
lower the pH than the initial value. For example, the exchange of
Pb(II) and H* was the crucial mechanism for adsorptive removal of
Pb(II) from aqueous solution reported by Madadrang et al. [161].
Besides, surface complexation between metal ions and oxygen-
containing functional groups of graphene are evidenced to play a
significant role in the adsorption of Pb(Il). The Pb(Il) made
complexation with ionized —OH group of “free” hydroxyl groups
and bonded —OH bands of carboxylic acids [63].

However, several experimental parameters, such as tempera-
ture, pH, contact time, adsorbent dose, foreign ions, and ionic
strength can significantly affect the adsorption mechanism of
metal ions [44,61]. Solution pH should be adjusted carefully during
the adsorption process as it could significantly affect the surface
charge of adsorbents and ionic species of metal [162]. At low pH,
high concentration of H* and Hs0" in solution could compete with
metal ions to attach with available binding sites of graphene
surface. Alternatively, oxygenated functional groups present on the
surface of graphene adsorbents are deprotonated at high pH,
offering more ligands to bind metal ions [61]. Usually, metal ion
species are present in aqueous media in the form of M™*, M(OH),,
M(OH)" -1, M(OH) p+1 and M(OH)? .- at different pH range due to
the hydrolysis reactions. At high pH, M(OH) .1 and M(OH)* ..
are dominant species, resulting in electrostatic repulsion with the
negatively charged oxygenated functional groups, thus, reduce the
sorption capacity. Consequently, the optimum pH range for metal
adsorption may be different due to their dissimilarities in the metal
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electronegativity and the first stable constant of related metal
hydroxides [44].

Temperature may affect the adsorption of metal ions by
alternating the solubility and molecular interactions with solid
particles. Increasing temperature may lead to the increase either
the extent of sorption sites on the surface of graphene adsorbents
or the rate of metal ion diffusion from solution to the graphene
surfaces, thereby, increasing the adsorption rate [163]. The
presence of foreign ions in solution would compete with metal
ions for limited active sites on solid particle surfaces, which
ultimately reduces the adsorption capacity. Besides, ionic strength
could remarkably influence the electrostatic interactions, which
would then impact the particle aggregation. Activity coefficients of
metal ions also could be affected by ionic strength, thus, limits the
metal ions diffusion from the solution to the adsorbent surface
[164].

For the removal of metal ions, GO is more preferred than RGO
due to abundant oxygen-containing functional groups, which can
easily bind the positively charged metal ions through electrostatic
attraction. For example, Li et al. [165] compared the adsorption
capacity of U(VI) using GO and RGO where they found GO was
much more efficient than RGO due to the presence of oxygen-
containing functional groups. Zhao et al. [166] further confirmed
that the oxygen-containing functional groups were the key factor
for the adsorption of U(VI). However, adsorption performances of
GO to metal ions may vary according to its precursor graphite
materials, which ultimately define the amount of oxygen-
containing functional groups generate on GO surface. For instance,
GO synthesized from amorphous graphite showed better adsorp-
tion capacity (766.8 mg/g) than produced by flaky graphite
(746.2 mg/g) and lump graphite (738.5 mg/g) [63].

Reynosa-Martinez et al. [64] evaluated the adsorption capacity
of GO nanosheets according to their degree of oxidation levels. The
maximum adsorption capacity of As(Ill) raised from 123 mg/g to
288 mg/g, with the oxidation level increased from 1.98 C/O to 1.35
C/O ratios using KMnO,4. The elevated sorption capacity was
attributed to the enhanced oxygen-containing functional groups
generated as a result of high oxidation level evident by FT-IR
spectra of GO. In a recent study, Kong et al. [167] showed that
adsorption performance not only depends on the properties of GO
but also on the characteristics of metal ions i.e., atomic number,

Table 2
Adsorption of metal ions from aqueous solution by different graphene adsorbents.
Graphene adsorbents Adsorbates Experimental condition Maximum adsorption References
capacity, Q (mg/g)
Conc. (mg/L) pH Temp. (K) Time (h)

Graphene QDT@NiFe,04-HNT Pb(II) 10-100 6.0 298 0.83 42.02 [139]
GO/alginate hydrogel Pb(II) 5-40 5.0 303 24 3279 [140]
Glycol-GO Pb(II) 100 2.0-6.0 298 48 146 [141]
Polyethylenimine- GO-polystyrene Pb(1I) 50 6.0 303 0.16 290 [142]
Magnetic GO/hydrogel Pb(II) 20-200 2.0-6.0 293 24 81.78 [143]
Fe,03-graphene aerogel As(V) 5-70 2.0-12.0 298 4 21734 [144]
GO/MnFe,04 As(V) 0-50 1.0-2.0 298 1.5 240.4 [145]
Graphene aerogels Cd(1n) 25-200 8.0 298 2 149.25 [146]
Polyethylenimine- GO-polystyrene Cd(In) 50 8.0 303 0.25 180 [142]
GO-OCH,COOH Cu(1I) 100 6.0 298 24 93.8 [33]
Magnetic GO-hydrogel Cu(Il) 20-200 2.0-8.0 293 24 69.67 [143]
Fe;04/GO/DCTA Cu(II) 0.001 8.0 303 24 74.05 [147]
RGO-montmorillote Ni(II) 100 7.0 303 120 625 [148]
Fe;04/graphene Cr(VI) 75-600 3.0-4.0 298 24 280.6 [149]
Graphene coated iron oxide Cr(VI) - 2.0 323 0.5 352.1 [150]
3D CD@RGO Hg(II) 0.2-10 7.0 298 12 82.64 [151]
Xanthate magnetic-GO Hg(II) 20 7.0 - 3 118.55 [152]
GO/CMC monoliths Co(II) 40-120 - 298 - 59.99 [153]
Magnetic-chitosan/GO Pb(II) - 5.0 303 1 76.94 [154]
RGO/CoFe,04/polyaniline u(vI) 50 5.0 298 - 2430 [155]
GO/bentonite u(vI) 400 7.0 303 0.2 234.19 [156]
Chitosan/GO Au(IIl) 80-500 - 298 16 1076.649 [157]
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ionic radius, electronegativity, atomic weight, covalent index,
atomic radius, softness index, etc. Based on aforementioned
characteristics, they explored the adsorption performance of GO
towards metallic hard (Na, Mg), soft (Cd and Pb) and borderline
ions (Ni, Cu, Zn, Co), and reported that removal rate of hard ions
was substantially lower than that of soft and borderline ones.

Surface modification of GO and RGO with different organic and
inorganic entities introduces additional functional groups that
extensively enhance their metal sorption sites. Zhu et al. [168]
investigated the adsorption performance of brianyoungite-gra-
phene oxide (BY-GO) composites for Cu(Il) in solution. The
maximum adsorption capacity achieved 1724.1 mg/g, which was
much higher than individual GO and BY. The high removal rate was
attributed to the enhanced oxygen-containing functional groups
on BY-GO composites, which tends to bind Cu(Il) through Cu-O
coordination. The adsorption scheme of Cu(ll) onto BY-GO
composites was visualized in Fig. 3. The adsorption capacity was
reported to be increased with increasing pH, obtaining a maximum
at pH 5.23. Above this point, the formation of Cu(OH), causes the
decrease of Cu(Il), which leads to decrease the adsorption.

Amorphous magnetic-GO/RGO nanocomposites have received
enormous attention for metal adsorption, especially for arsenic,
because of their large specific surface area and better dispersibility
inwater [169,170]. Zhang et al. [171] described high removal rate of
160.65 mg/g and 104.13 mg/g for As(Il) and As(V) ions, respective-
ly, by ionic liquid assisted magnetic-GO (MGO-IL) nanocomposites,
which was far greater than shown by other graphene adsorbents,
such as GO-ZrO(OH), [84] and Fe;04-GO-MnO, composites [172].
Removal mechanisms were found to be varied over a wide pH
range. At low pH, As(III) and As(VI) were isolated via electrostatic
attraction, whereas, at high pH, As(Ill) occurred in the form of
As(OH)3, resulting in the formation of As-O-Fe bonding via surface
complexation.

However, Yoon et al. [173] reported that MGO is more effective
in removal of both As(III) and As(VI) metal ions than that of MRGO
composites because of more functional groups. Nevertheless, the
increased adsorption capacity of MGO nanocomposites was noted
with increasing the amount of iron-oxide loading to filler GO due to
enhanced active sites. For example, Su et al. [174] compared the
adsorption rate of As(Ill) and As(V) onto FeOx-GO nanocomposites
having different iron oxide content (36—80wt%). Among the
developed composites, FeOx-GO-80 (80 wt%) displayed the high-
est sorption capacity of 147 mg/g and 113 mg/g for As(Ill) and
As(V), respectively, whereas, FeOx-GO-36 (36wt%) exhibited
19 mg/g and 59 mg/g.

Silicon dioxide (SiO;), an excellent coating material with several
traits like hydrophilicity, negative charge, shows outstanding
metal sorption capacity when coated on GO surface. Adsorption of
Pb(Il) and As(Ill) metal ions by IL-assisted mesoporous GO/SiO,
composites have been studied by Barik et al. [175]. The maximum
adsorption capacity was achieved 527 mg/g and 30 mg/g for Pb(II)

Adsorption
of Cu(Il)

Chemically derived GO

Fig. 3. Adsorption of Cu(Il) on BY-GO composites. Reproduced with permission
[168]. Copyright 2016, American Chemical Society.

and As(Ill) ions, respectively. The experimental data were fitted
well with the pseudo-second order kinetic model for both Pb(II)
and As(III). On the contrary, Langmuir model was more suitable for
Pb(Il), whereas, the Freundlich model for As(Ill) adsorption
process. In another study, Molaei et al. [176] prepared a novel
sandwich-like GO@SiO,@C@Ni composites under temperatures
ranges from 400 °C to700 °C, and applied for the removal Cr(VI). Ni
was chosen as the “captured” metal-ions because it possesses high
stability, some reducibility and bigger magnetic intensity under
low temperature. The results revealed that GO@SiO,@C@Ni-400
composites shown the highest removal capacity for Cr(VI) than
GO@Si0,@C@Ni-700, because of enormous functional groups,
larger surface area and incomplete combustion of Ni. The high
temperature leads to decompose most of the oxygenated
functional groups and Ni particles, thereby, decreases the oxygen
contents favorable for Cr(VI) adsorption.

Compared with inorganic composites, organic polymer com-
posites are more effective for adsorptive removal of metal ions as
they possess chelating groups, which are selective and favorable to
bind metal ions [44]. Moreover, some polymers, such as polyani-
line, polyethylenimine and polypyrrole possess nitrogen-contain-
ing functional groups that provide further excellent adsorption/
complexing sites for metal ions [177]. Zhou et al. [178] reported
high removal of Hg(Il) from aqueous solution by magnetic
polypyrrole-graphene oxide (MPPy-GO) composites. The maxi-
mum removal rate of Hg(II) by MPPy-GO composites was recorded
400.0 mg/g at 300K and pH 7 +£0.1. The FT-IR data and zeta
potential indicated that the magnitude of negative charges on
MPPy-GO composites increased radically with increasing solution
pH, which attracted the positively charged Hg(Il) via electrostatic
attraction. Similarly, Xing et al. [179] reported that adsorption
capacity of poly(allylamine hydrochloride)-GO (PAH-GO) compo-
sites for Cu(ll) increasing with pH value 1.0-6.0. The maximum
adsorption capacity was about 349.03 mg/g at 293 K and pH 6.0. At
high pH, the surface complexation between amino groups of PAH
and Cu(Il) rises, which results in an increased elimination rate of Cu
(I1) ions from solution.

Chitosan (CS) is another important biopolymer that can easily
combine with graphene derivatives to form chitosan-graphene
composites with excellent properties and enhanced metal sorption
capacity [180,181]. Sharma et al. [182] reported a high selective
removal capacity of cross-linked chitosan grafted on amino-
propylsilane-GO (CS-APS-GO) composites for Pb(Il). The maximum
adsorption capacity of CS-APS-GO was achieved 566.2 mg/g at pH
5.0. The cross-linked CS-APS-GO composites had been decorated
with active adsorption sites (e.g., -NH,/=NH) with lone pair(s) of
electron. The substantial propensity for lone pair electron donation
played a crucial role for the binding of metal ion in the formation of
metal complexes. In the same way, Samuel et al. [183] studied the
adsorption capacity of chitosan-GO (GO-CS) composites for the
adsorptive removal of Cr(VI) within the pH range of 1.0-11.0. The
maximum adsorption capacity of Cr(VI) was recorded 104.16 mg/g
at pH 2.0. The quantity of Cr(VI) adsorbed on GO-CS composites
found to be increased with respect to an increase in contact time
and reached at equilibrium within 420 min.

3.2. Adsorption of organic pollutants

3.2.1. Adsorption of dyes

Textile, dyeing, printing, ink, and related industries continu-
ously generate a large volume of effluent that contains colored dyes
and pigments. These organic compounds are highly resistant to
degradation because of their complex chemical structures, and
pose a serious threat to human and environment, even at very low
concentrations [184,185]. Dye pollutants are highly dissolved in
water and can be categorized as either cationic or anionic ions, and
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few are dispersive [101]. Graphene and its derivatives show
outstanding adsorption performances to a variety of dye mole-
cules, because of plausible adsorptive interactions happen
between them.

Electrostatic interaction between graphene and dyes is
considered as the most significant mechanism for adsorptive
removal of dye molecules. As mentioned earlier, GO contains
abundant oxygen-containing functional groups that hold negative
charge, can easily bind with positively charged cationic dyes
through electrostatic attraction [186]. Peng et al. [187] reported a
high removal rate (2255.35 mg/g) of methylene blue (MB) by GO
due to strong electrostatic attraction between them. The adsorp-
tion rate was found to be high at pH 5.0-12.0 because of negative
zeta potential of GO. Bradder et al. [188] examined the adsorption
capacity of MB and malachite green (MG) onto GO and reported the
Langmuir adsorption capacity of 350 mg/g and 248 mg/g, respec-
tively. The authors also identified the electrostatic attraction
between oxygenated functional group of GO and positively charged
dye molecules was responsible for such greater adsorption.

Nevertheless, as like metal ions, adsorption performances of GO
to dyes could be varied depending on the degree of oxidation level.
Thangavel et al [189] synthesized GO sheets with various
oxidation levels and compared their adsorption performances to
MB. Highly oxidized GO displayed upmost adsorption capacity,
which then decreased gradually with oxidation level as
G01-99.8 mg/g > GO2—-97 mg/g > GO3-95 mg/g > GO4—-90 mg/g.
This variation was due to the extent of oxygenated functional
groups generated on the GO surface during the oxidation process.
When the degree of oxidation level increased, more functional
groups was attached to the basal plane of GO, which resulted more
adsorption sites for MB.

However, due to electrostatic repulsion, GO nanosheets are not
favorable for the removal of anionic dyes from solution. Konicki
et al. [190] studied the adsorption capacity of GO towards anionic
azo-dyes, such as acid orange 8 (AO8) and direct red 23 (DR23).
When the initial pH of the dye solution increased from 3.0-11.0,
electrostatic repulsion between oxygenated group of GO and
sulfonate anions (R-SO3 ™) of azo dyes was found to be too strong to
decrease the adsorption capacity from 27.8 mg/g to 11.2 mg/g and
23.3 mg/g to 8.5 mg/g for AO8 and DR23, respectively.

In that case, GO could be reduced or modified with polymers or
nanoparticles, contain -NH; groups in order to introduce positive
charge on GO surface [186]. For example, Ramesha et al. [191]
converted GO into RGO and reported increased removal efficiency
of RGO (from 50% to 95%) for anionic dyes. The presence of lot of
defects, residual oxygen functionalities, wrinkles and 7r-electron
domains in the lamellar structure of RGO, made it an ideal
adsorbent for both cationic and anionic dyes [41]. Residual oxygen
functionalities play dominant role during the adsorption of
cationic dyes via electrostatic interaction, whereas, wrinkles and
mr-electrons for both cationic and anionic dyes through pore-filling
diffusion and m-7 interaction, respectively [192]. It is worth
mentioning that sr-7r interaction is another leading dye removal
mechanism that happens between delocalized m-electrons of
graphene and aromatic rings of dyes [193].

RGO prepared by the reduction of fine fraction of GO showed
excellent sorption capacity (476.2 mg/g) for malachite green (MG)
[194]. The presence of several wrinkles, bends, and folds owing to
structural defects were explicitly observed in the RGO surface
marked by HRTEM images. The average pore diameter for RGO was
estimated to be 2.96 nm using BJH model, with the pore size
distribution focused in the micropore and mesopore range. This
lamellar structure with nanoscale wrinkles, bends and folds
provides ample avenues for diffusion of MG into micropores and
groove region of wrinkles via pore-filling mechanism. Moreover,
the - interaction between the graphitic skeleton of RGO and

aromatic rings of MG, along with electrostatic interaction between
cationic center of MG and residual oxygen functionalities of RGO
(at neutral and alkaline pH) jointly facilitate the adsorption of MG
onto RGO. The adsorption process was reported endothermic and
spontaneous.

Reducing agents spent during the reduction of RGO could
significantly affect the adsorption performances of dyes. For
example, Sykam et al. [195] represent a rapid and efficient large-
scale green reduction method of RGO from GO using Tulasi (Holy
Basil) green tea extract and reported greater sorption capacity of
416.7 mg/g for MG at high pH following Langmuir and pseudo-
second order kinetic models. In the same way, Rajumon et al. [76]
also synthesized RGO by green reducing agents Tamarindus indica
and applied for adsorptive removal of MB and basic fuchsin (BF).
From the Langmuir isotherm model, the maximum adsorption
capacity was noticed to be 238.09mg/g and 243.90 mg/g,
respectively for MB and BF. Xiao et al. [196] designed L-cysteine
reduced GO (RGO-Cys) for the adsorptive removal of indigo
carmine (IC) and neutral red (NR) from aqueous solution. Owing to
strong -7t interaction between the substrate of graphene and
organic dyes, the maximum adsorption capacity of IC and NR were
as high as 1005.7 mg/g and 1301.8 mg/g, respectively.

Composites of graphene show enhanced removal performances
by introducing supplementary functional groups, which may
generate new adsorptive interaction with dye molecules i.e.,
hydrophobic interaction, H-bonding, van der Waals interaction,
Lewis acid-base interaction, etc. For instance, Das et al. [197]
fabricated Gd,03/Bi,0s@G0O composites and applied to remove
methyl orange (MO) from aqueous solution. The maximum
adsorption capacity was recorded as 544 mg/g, which was
comparatively higher than individual Bi,0;@GO (308 mg/g) and
Gd,03@GO (392 mg/g). The H-bonding between oxygenated
functional groups of Gd,05/Bi,Os@GO and nitrogen-containing
group of MO was specified as the principal adsorption mechanism.
Fig. 4 illustrated the formation of H-bonding between Gd,Os/
B1203@GO and MO.

Heidarizad et al. [198] reported a high removal rate of MB by GO/
MgO composites. Due to strong electrostatic interactions, the
composites showed high adsorption capacity as 833 mg/g at high
pH, which was comparatively higher than pure GO and MgO. Tan

Methyl orange
R, 5

HO0D

COOH

Fig. 4. Bonding mechanism of Gd,03/Bi,0;@GO with MO. Reproduced with
permission [197]. Copyright 2016, Elsevier.
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et al. [199] synthesized graphene/beta-cyclodextrin (GNS/5-CD)
composites and employed to remove MB, MO and BF from water.
The maximum adsorption capacities for MB, MO and BF onto GNS/5-
CD composites were 580.4, 328.2 and 425.8 mg/g, respectively. Due
to the less oxygen-containing groups on composite surface, -
interaction was claimed to be responsible for high adsorption rate.

Montmorillonite (Mt)-GO/RGO composites have gained tre-
mendous attraction for higher removal of various dye molecules
because of unique properties, such as strong cation exchange
capacity, large surface area as well as the synergistic effects
between Mt and GO/RGO. Moreover, Mt clay minerals holding a net
negative charge that can be easily exploited to specifically adsorb
positively charged pollutants. Puri et al. [93] formulated GO/Mt
nanocomposites and reported very high removal rate of 746.27
mg/g for crystal violet (CV) dyes in water. The data obeyed
Langmuir and pseudo-second order reaction models. The high
adsorption capacity was attributed to m-7r interactions and H-
bonding between composites and CV.

Yang et al. [200] compared the adsorption capacity of GO/Mt
and RGO/Mt for MB and demonstrated that GO/Mt showed greater
removal capacity (486.2 mg/g) than that of RGO/Mt (478.3 mg/g),
because of high oxygen-containing functional groups. In another
study, Neelaveni et al. [148] synthesized GO/Mt composites with
different ratios of Mt to GO (5:1,10:1,15:1 and 20:1) and applied for
the deletion of Rhodamine B (RhB) in solution. Among them, GO/
Mt composites with (1:10) ratio showed the highest uptake
(625 mg/g) of RhB at neutral pH condition. Authors stated that the
low adsorption efficiency of the composites with higher ratio, may
be due to agglomeration of Mt on GO.

Polymers that hold nitrogen-containing functional groups show
greater adsorption capacity for wide range of dyes (especially for
anionic dyes) when embedded on graphene surface. The lone pair
of electrons in several nitrogen-containing functional groups (e.g.,
amino, imine, amidoxime, imidazole and hydrazine groups)
provide strong coordination aptitude with multifarious dye
pollutants [201]. Besides, these functional groups can easily be
protonated under acidic environment, thus, offering high selectiv-
ity towards anionic dye molecules via strong electrostatic
attraction [202].
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For example, GO was functionalized with poly(N,N-dimethyl
amino ethylmethacrylate) (PDMAEMA) and employed for the
selective removal of orange G (OG) [203]. After functionalization,
zeta potential of GO-PDMAEMA was changed from negative (GO
for -36.5) to positive (41.5), which made it an effective adsorbent
for anionic OG. The maximum adsorption capacity was recorded as
609.8 mg/g with electrostatic attraction as the key driving force
between anionic OG and positively charged GO-PEMAEMA, which
was further confirmed by the competitive effect of salt concentra-
tion (CI- and SO427) on OG adsorption. Selectivity of GO-
PEMAEMA was tested with a mixture of cationic MB and anionic
dyes (OG, EY and CR) under the same concentration. According to
the UV-vis spectra, the characteristic peaks of OG (at 478 nm) and
EY (at 518 nm) were decreased significantly after adsorption
whereas, the change for MB (662 nm) is very limited, which
indicate that electrostatic attraction between anionic dyes (OG or
EY) and positively charged GO-PDMAEMA is mainly responsible for
the selective adsorption of anionic dyes from their mixture.

Ansari et al. [204] prepared polyaniline modified multiwalled
carbon nanotube-GO (GO-CNT) composites doped with para
toluene sulphonic acid (pTSA). The resulting pTSA-Pani@GO-CNT
was utilized for removing congo red (CR) from aqueous solution.
The functional groups present on pTSA-Pani@GO-CNT, such as
amine, hydroxyl, and carboxyl were protonated under acidic
condition and generated a positive charge on the adsorbents,
which strongly attached with anionic CR through electrostatic
attraction. The highest removal rate of CR (66.66 mg/g) was
observed in acidic medium followed by pseudo-second order
kinetics and Langmuir isotherm models. With the increasing
solution pH, deprotonation of functional groups initiated and a
negative charge aroused on adsorbent surfaces, which repelled the
anionic CR and decreased the adsorption rate.

Recently, 3D graphene-derived structures, such as foams [205],
sponges [206], aerogels [207] and hydrogels [208], all displayed
outstanding adsorption performances to dye molecules. The
inherent features of 3D graphene structure, such as large specific
surface area, multi-level pores including micropore, mesopore, and
macropore offer plenteous active sorption sites for trapping
different dye pollutants [209]. Zeolitic imidazolate framework-

Table 3
Adsorption of dyes from aqueous solution by different graphene adsorbents.
Graphene adsorbents Adsorbates Experimental condition Maximum adsorption References
capacity, Q (mg/g)
Conc. (mg/L) pH Temp. (K) Time (h)
Silk fibroin@GO Methylene blue 50-200 7.0 303 120 1322.71 [212]
GO-activated carbon Methylene blue 40-100 3.0 298 1.5 147 [213]
Sodium dodecyl sulfate/graphene Methylene blue 10-100 3-9 298 48 782.3 [214]
GO/MnFe,04 Methylene blue 2-8 7.0 298 15 1773 [145]
GO/PEI-hydrogels Methylene blue 10 - 298 4 334 [105]
Polyquinone/graphene Alizarin red C 100 6.0 298 2 3,290 [215]
RGO/rare-earth-metal-oxide Rhodamine B 100 6,0 - 24 243.4 [216]
Aminated guar gum/GO Rhodamine B 10-50 3.0-11.0 298 2 50.1 [217]
RGO/CoFe,04 Rhodamine B 0.3 7.0 298 - 122 [218]
Graphene-tannic acid Rhodamine B 8.0-512 11.0 298 201 [219]
Polyamine-modified magnetic-GO Methyl violet 25-250 7.0 298 2 243 [220]
Polyamine-modified magnetic-GO AR88 50-200 4.0 298 2 303 [220]
3D graphene nanosheets Methyl orange 50-300 2.0 300 1 2793 [221]
Chitosan/gelatin/graphene Orange II 10-50 3.0 298 3 72.20 [222]
GO Cationic blue 50-350 - 333 3 3933.91 [223]
GO/1-0A Eriochrome blue 50-150 2.0-10.0 298 48 1189.10 [224]
GO/1-0A Malachite green 50-150 2.0-10.0 298 48 2687.56 [224]
Magnetic/chitosan/GO Disperse blue 367 60 2.0 363 2 298.27 [225]
Graphene-chitosan Eosin Y 0-80 7.0 294 36 326 [226]
GO-activated carbon Crystal violet 10-60 9.0 333 15 70 [213]
Graphene-Fe;0, Crystal violet 10-40 2.0-10.0 208 0-300 460 [227]
Graphene-SOs;H/Fe;04 Neutral red 20-250 6.0 298 - 216.8 [228]
Magnetic GO/hydrogel Congo red 20-200 5.0-8.0 293 24 101.74 [143]
Nano-hydroxyapatite@GO Congo red - 3.0-12.0 298 1 48.5 [229]
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67 (ZIF-67) polyhedrons were embedded on 3D RGO via self-
assembly and produced a high-capability and broad-spectrum 3D
RGO/ZIF-67 aerogels for the removal of CV and MO from aqueous
solution [210]. The maximum adsorption capacity was recorded as
1714.2 mg/g and 426.3 mg/g for CV and MO, respectively. High
removal of cationic CV dyes was mainly attributed to m-m
interactions and electrostatic interactions between aerogel and
dye molecules, and the synergistic effects at the interface of 3D
RGO and ZIF-67 polyhedrons.

In another work, a pH-responsive magnetic GO/poly(N-vinyl-
imidazole-co-acrylic acid) hydrogels (MGO/PNA) was fabricated by
Yao et al. [211], and manifested very high adsorption capability of
609.8, 625.0, 613.5 and 609.8 mg/g for MV, MB, tartrazine (TZ), and
amaranth (AR), respectively. Removal rate of cationic dyes (MB,
MV) and anionic dyes (TZ, AR) were peaked at pH 12.0 and pH 2.0,
respectively, due to electrostatic interactions between chromo-
genic groups of dyes and carboxyl groups of hydrogels. More recent
studies in the adsorption of dyes onto graphene adsorbents are
presented in Table 3 [105,143,145,212-229].

3.2.2. Adsorption of polycyclic aromatic hydrocarbons (PAHs)

Polycyclic aromatic hydrocarbons (PAHs) are organic pollutants
composed of two or more combined benzene rings, having
comparatively high desorption activation energy [230]. Due to
very stable chemical structure and less bioavailable fraction, PAHs
are not easily degraded by natural processes and remain
unchanged in the environment for a long period of time [231].
Graphene adsorbents can efficiently remove PAHs compound from
aqueous solution through numerous adsorption mechanisms, i.e.,
-7 interactions, hydrophobic interactions, electrostatic interac-
tions, H-bonding, Lewis acid-base, van der Waals interactions,
surface attractions, etc. [13,232]. Out of these, 7r-77 interactions and
hydrophobic interactions are predominate in the most of PAHs
adsorption [233,234].

Generally, the removal performance of PAHs varies significantly
according to several physiochemical properties of both graphene
and PAHs, such as chemical structure, hydrophobicity, surface
functional groups, etc. [13]. Adsorption of PAHs onto graphene
adsorbents increases with a decrease in their solubility and/or an
increase in their hydrophobicity in solution [235]. The abundant
oxygen-containing functional groups on GO surface decrease its
hydrophobicity and increase the dispersion rate in aqueous
solution. These functional groups are somewhat responsible for
lessening adsorption sites for PAHs by bonding with water clusters.
Consequently, pristine graphene and RGO have a tendency to show
high removal capacity for PAHs than GO [193,236]. For instance,
Sun et al. [237] compared the adsorption capacity of GO and RGO at
neutral pH by naphthalene (NAP), anthracene (ANT) and pyrene
(PYR). The results revealed that 95% and 60% of NAP were adsorbed
on RGO and GO, respectively. Due to less oxygen-containing
functional groups, the adsorption of PAHs on RGO was indepen-
dent; whereas it was pH dependent in the case of GO.

Because of having more active sites, wrinkles and holes,
graphene surface show high adsorption affinities for PAHs by
sieving effect of the groove regions. However, the size of molecules
significantly affects the adsorption of PAHs on graphene [132].
Generally, the adsorption affinities of smaller molecules onto
graphene are relatively higher than large molecules, which claim
that most adsorption sites on the groove regions are accessible for
smaller molecules. Hence, it is advisable to consider the sieving
effect due to the accessibility of molecules with dissimilar sizes
[232].

In addition, the aromaticity (the number and spatial arrange-
ment of aromatic rings) has crucial effects on the adsorptive
interaction between PAHs and graphene, where the 7-7 dispersion
is dominant mechanism [193,238]. Adsorption affinity of PAHs

towards graphene has proven to be increased with the increasing
number of aromatic rings in the structure. For example, phenan-
threne (three benzene rings) exhibited greater sorption affinity to
graphene than that of biphenyl (two benzene rings) via strong -
interactions because of enhanced number of aromatic rings [193].
In the same way, Wang et al. [39] reported that the adsorption rate
of 1-naphthol (two benzene rings) is faster than 2-4 dichlor-
ophenol (single benzene ring) onto graphene, which was
attributed to the higher m-7 interaction between 1-naphthol
and the graphene surface.

The adsorption performances of graphene toward PAHs are also
affected by the solution pH. Graphene exhibits low sorption
capacity for PAHs at low pH [239]. The properties of graphene in
solution is governed by its point of zero charge (pHp,.) measured
by zeta potential analysis. Owing to deprotonation of hydroxyl and
carboxyl groups, the net charge on graphene surfaces become
negative at pH above pH,,. which facilitates the electrostatic
interactions with positively charged PAHs molecules. On the
contrary, at pH value under the pHp,, the net charge on graphene
surfaces become positive, resulting high electrostatic repulsion
with positively charged PAHs [239].

Graphene composites exhibit improved chemical and physical
properties for removing PAHs from aqueous solutions [43]. Three
magnetic graphene composites, such as magnetic graphene oxide
(MGO), magnetic chemically-reduced graphene (MCRG) and mag-
netic annealing-reduced graphene (MARG) were synthesized and
compared their adsorption capacities for phenanthrene [29]. The
maximum adsorption capacities of three developed composites as
follows: MCRG (43.00mg/g) > MGO (28.17mg/g) > MARG
(23.29 mg/g). The highest adsorption capacity of MCRG for phenan-
threne was mainly attributed to the larger surface area, pore volume,
and numerous wrinkles of MCRG. Surface adsorption and pore-filling
were the dominant mechanisms for the adsorption of phenanthrene
onto MARG, whereas - interactions for MGO and MCRG.

In another study, Zheng et al. [240] designed p-cyclodextrin
decorated GO (p-CD-GO) nanocomposites by in situ aggregation
and employed to remove 1-naphthol from solution. The maximum
adsorption capacity of p-CD-GO composites was recorded as
207.66 mg/g at 293 K. Surface complexation, 7-7 interaction, H-
bonding were reported as the dominant mechanisms for the
adsorption of 1-naphthol using hydroxyl and carboxyl functional
groups on the surface of the p-CD-GO. Zhao et al. [241] also
reported high removal rate (6.4 mmol/g) of 1-naphthol by
sulfonated graphene nanosheets at 303 K. Bayazit et al. [242]
prepared graphene nanoplatelet supported MIL-101 composites
(GNP/MIL-101), and stated a rapid and high removal efficiency
(93%) for naphthalene at 298 K. The m-7r interaction was reported
to be the principal mechanisms for adsorption. Table S2 (Support-
ing information) listed more studies that have been conducted to
eliminate PAHs by different graphene adsorbents.

3.2.3. Adsorption of antibiotics

Antibiotics are introducing to the environment mainly through
hospital wastes, pharmaceutical industries and veterinary drugs
[243]. Because of large-scale consumption, they are gradually
discharged into municipal wastewater or directly deposited in
landfills, eventually, enter into the freshwater system, and exert
detrimental impacts on living beings [244,245]. Apart from several
conventional adsorbents, graphene and their nanocomposites
achieved huge attention as emerging and high effective agents for
eliminating antibiotics owing to their outstanding adsorption
performances [246]. Peng et al. [247] acknowledged that the
removal efficiency of antibiotics by graphene adsorbents is
relatively higher than other conventional adsorbents. Table S3
(Supporting information) listed recent studies of graphene
adsorbents on antibiotics.
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Like other organic pollutants, antibiotic removal capability of
graphene varies significantly depending on the structure and
surface functional group presents on both graphene and antibiotic
surface [244]. Moreover, parameters such as temperature, pH,
contact time, initial concentration, and ionic strength could affect
the adsorption behavior of antibiotic to different extents [248].
Rostamian et al. [249] reported that the adsorption rate of
tetracycline (TC), doxycycline (DC) and ciprofloxacin (CP) onto
GO nanosheets varied significantly because of dissimilarities in
structure and functional group of antibiotics. The maximum
removal capacity was recorded to be in the following order: CP
(173.40 mg/g) > DC (116.50 mg/g) > TC (96.97 mg/g). CP displayed
faster and highest adsorption rate compared to DC and TC due to its
planer configuration, which exposed more active sites for m-m
staking between GO and CP. In another work, Chen et al. [250]
evaluated the adsorption rate of sulfamethoxazole (SMX) onto
graphene and was found to be affected by the degree of
functionalization, pH and ionic strength. The authors reported
variations in the adsorption rate of sulfamethoxazole (SMX) with
different functional materials in the following order: Pristine
graphene (239.0 mg/g) > graphene-NH, (40.6 mg/g) > graphe-
ne—COOH (20.5 mg/g) > graphene—OH (11.5 mg/g).

Magnetic-graphene composites are well-known for their
effective adsorption and desorption capacity to antibiotic mole-
cules in aqueous solution. Miao et al. [251] prepared magnetic
graphene oxide (MGO) and reported high adsorption capacity for
chlortetracycline (CTC), oxytetracycline (OTC) and tetracycline
hydrochloride (TC) as 303.95 mg/g, 289.85 mg/g, and 141.44 mg/g,
respectively. Ionic forms of OTC and TC were found to be changed
at low pH that reduces their uptake as a result of electrostatic
repulsion by MGO. Nitrilotriacetic acid functionalized MGO
(NDMGO) revealed enhanced sorption capacity to TC (212 mg/g),
which was two times higher than pristine GO (109 mg/g) and three
times higher than pure MGO (72 mg/g), respectively. This high
removal rate might be ascribed to abundant amino and carboxyl
functional groups generated on NDMGO surface [252].

Zhou et al. [253] synthesized biochar (citrus peel-derived)
based magnetic GO (MGOCP) composites by a facile one-pot
hydrothermal method and applied for efficient removal of
ciprofloxacin CIP and sparfloxacin (SPA). The MGOCP achieved
outstanding adsorption capacity for CIP (283.44 mg/g) and SPA
(502.37 mg/g), respectively, which was almost 2 times higher than
pure MCP. Liu et al. [245] fabricated genipin-crosslinked chitosan/
magnetic GO-SO3H (GC/MGO-SOsH) composites. The maximum
adsorption capacity for ibuprofen and tetracycline was reported to
be increased from 113.27 mg/g to 138.16 mg/g and 473.25 mg/g to
556.28 mg/g with the increase in temperature from 298 K to 313 K,
respectively.

3D derivatives of graphene, such as sponges, aerogels, hydro-
gels, etc. have gained huge interest in antibiotic elimination
compared to other graphene composites, and a lot of works were
conducted throughout the last couple of years [59,244]. Graphene
hydrogel (GH) synthesized by one-step hydrothermal reduction
displayed higher adsorption capacity (294.30 mg/g) for CP, which
was higher than its precursor GO, reported by Sun et al. [254]. Since
most of the oxygenated functional groups were removed by
chemical reduction during synthesis process, H-bonding, hydro-
phobic interactions and -7 EDA interactions were identified as
principal adsorption mechanisms.

Yu et al. [255] prepared magnetic graphene oxide sponge
(MGOS) and used for adsorptive removal of TC in aqueous solution.
The maximum removal rate of TC was achieved as 473 mg/g, which
was 12 times higher than GO-magnetic composites developed by
Lin et al. [256]. Enhanced removal of antibiotics was reported by
introducing MOF onto graphene aerogel structure due to its huge
surface area and high porosity [257]. The authors presented an

easy preparation route for the in situ growth of ZIF-67 crystals on
alginate-graphene (AG) substrate and designed AG-ZIF aerogels.
The developed aerogels revealed outstanding adsorption capaci-
ties for TC (456.62 mg/g), which was much higher than pure
alginate/graphene hydrogel (290.70 mg/g) reported by Zhuang
et al. [258].

3.2.4. Adsorption of phenols

Phenols are a class of organic pollutants with one or more
hydroxyl groups bonded to benzene ring [259]. Phenols can be
entered into the environment through wastewater from several
industries, i.e., paint, fertilizers, coal conversion, plastics, rubbers,
pharmaceuticals, surfactants, and antioxidants [260]. Like other
organic impurities, phenols also tend to persist in the environment
for long period of time, thus, exert harmful impacts to human and
animal [261].

Adsorptive removal of phenolic compounds is a bit difficult
because of their low solubility and co-occurrence in multiple figures
that increase competitive or co-operative effects in solution [262].
Compared to other conventional adsorbents, graphene displays
selective adsorption ability to phenolic compounds with benzene
rings through strong 7r-7r interaction, because of having delocalized
m-electron system [263]. For example, Gaber et al. [264] compared
the phenol adsorption capacity of graphene with three different
commercial activated carbon (AC), such as W-35, RB,H,, and nuchar
granular AC. Graphene showed higher removal efficiency (72%) than
W-35 AC (65%) at low temperature because of strong m-w
interactions. The maximum Langmuir adsorption capacity was
reported to be following order: Graphene (233 mg/g) > W-35
(200 mg/g) > nuchar granular (167 mg/g) > RB,H; (91 mg/g).

Xu et al. [265] separated bisphenol A (BPA) from solution by
graphene nanosheet with Langmuir adsorption capacity of 182
mg/g at 302.15K, which was much higher than shown by other
conventional adsorbents like CNTs (46.18 mg/g) [266], AC
(9.1324 mg/g) [267], magnetic carbon nano-ions (65.77 mg/g)
[268]. The high sorption capacity was attributed to z-7r interaction
and H-bonding caused by single-layer graphene planes with
aromatic rings and the residual oxygenated functional groups.

Several studies revealed that graphene and RGO display
enhanced removal performances to phenolic compounds than
GO. Bele et al. [269] conducted a comparative study on graphene,
GO and RGO for adsorptive removal of BPA in aqueous solution. The
BPA removal rate was reported to be increased with increasing the
reduction degree of GO with the following order: GO (17.27 mg/g)
< RGO (80.81 mg/g) < graphene (94.06 mg/g). Wang et al. [39] also
confirmed that adsorption capacity of RGO for different phenolic
compounds increased with the degree of reduction. This is due to
less oxygen-containing functional groups, which negatively affect
the adsorption process. With decreasing the amount of functional
groups, -7 interaction between graphene and phenols become
stronger, resulting very high sorption efficiency. Wang et al. [270]
further proved that RGO (197.7 mg/g) own higher adsorption
capacity than GO (8.48 mg/g) in removing BPA from solution.

Apart from pure GO, 3D foam-like GO provides better
performances to phenols due to its intrinsic corrugations,
topological defects, vacancies, edges/cracks and adsorbed impuri-
ties, which facilitate mass transfer a lot [271]. Wang et al. [272]
synthesized a nanoporous 3D GO using a simple sugar-blowing and
post oxidation modification route, and manifested very high
removal capacity to a variety of phenolic compounds, such as
phenol (135.6 mg/g), 2-chlorophenol (2-CP) (191.3 mg/g), 4-chlor-
ophenol (4-CP) (237.7 mg/g), 2,4 dichlorophenol (DCP) (398.6
mg/g), BPA (4209 mg/g) and 2,4,6-trichlorophenol (TCP)
(585.8 mg/g) at 25 °C.

Moreover, lots of paper reported improved sorption capacity of
GO, when functionalized with nanoparticles, or polymers
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[273,274]. Zhou et al. [262] designed PVAm-functionalized
magnetic GO-(o-MWCNTs)-Fe;04 nanocomposites and reported
very high sorption capacity for phenol (224.21 mg/g), which was
far greater than pristine GO (10.23 mg/g) reported by Mukherjee
etal [275].Zhang et al. [276] demonstrated high elimination rate of
phenolic compounds by GO/manganese oxide composites, syn-
thesized via in situ (GO/MnOx) and ex situ (GO/MnO,) methods.
GO/MnOy exhibited higher adsorption capacities for p-cresol (p-
CR) (107.68 mg/g) and p-tert-butylphenol (p-TBP) (135.41 mg/g)
than GO/MnO, composites (98.64 mg/g for p-CR and 121.86 mg/g
for p-TBP). This is due to the weak bonds between GO and MnO,
which were not sufficient to promote interactions with pollutants
and achieve required synergistic effect between adsorption and
oxidation. Table S4 (Supporting information) presented other
studies conducted on adsorptive removal of phenols by graphene
adsorbents.

4. Desorption and regeneration of graphene adsorbents

An ideal adsorbent should have not only the high adsorption
capacity for pollutants but also the high desorption and
regeneration ability to reduce the cost of treatment. Reusability
is therefore an important economic factor. Desorption and
regeneration of graphene adsorbents vary widely along with the
type of pollutant adsorb. However, for efficient desorption,
selection of an appropriate eluent is crucial, which generally
depends on the adsorption mechanism as well as the nature of
both adsorbates and adsorbents [277].

Generally, alkaline and/or acid solution are commonly used to
separate metal ions from the spent graphene, where pH of the
solution plays major role in the mechanism [44]. The presence of
oxygen-containing functional group on GO and RGO exhibits
different protonation’s at different pH. Moreover, ionization of
pollutants can be easily controlled by changing of pH in solution.
Hence, by regulating pH through addition of alkaline or acid
solution, metal ions could be easily separated from spent
adsorbents. For instance, Xu et al. [278] reported high desorption
ability of GO cross-linked high-gluten flour (HGF) composites from
Nd(III) using 0.1 mol/L HNO5 solution as desorption agent. The
adsorption efficiency was remained constant of 100%, even after
five cycles. Zhang et al. [279] used 0.1 mol/L HCI solution for the
separation of Cr(VI) from spent RGO/NiO, and reported the
adsorption efficiency of 83% after five consecutive desorption
cycles, which specified that HCl has excellent elution ability. In
another study, Yi et al. [280] desorbed Cu(II) by 0.3 mol/L HCl and
UO(II) by 0.3 mol/L HNO3 from GO encapsulated polyvinyl alcohol/
sodium alginate (SPG) hydrogel, and tested the reusability
performance of the SPG with five cycles experiments. The removal
efficiency for Cu(ll) and UO(II) was decreased after the first
adsorption-desorption cycle and then surprisingly remain con-
stant without significant variation until the fifth cycle.

For the separation of organic molecules, hydrophobic solution
could be effective eluent. Due to hydrophobicity, these eluents can
be highly dissolved with organic pollutants rather than water, and
eventually, separated with targeted pollutant from spent adsor-
bent. Soleimani et al. [281] isolated MB and RhB from GO-cellulose
nanowhiskers (GO-CNW) using ethanol as eluent. After 3
adsorption-desorption recycling, the removal efficiency decreased
little from the initial value of 100% to 95% for MB and 95% to 85% for
RhB. Desorption of 3D GO-NiFe layered double hydroxide (GO-NiFe
LDH) composites from MO was studied by Zheng et al. [282]. To
regenerate GO-NiFe LDH, the adsorbent was eluted by methanol
solution and the removal efficiency for MO was recorded to
decrease from 97% to 81.3% after four consecutive cycles. Tian et al.
[35] regenerated amino-functionalized polypropylene nonwoven/
GO (PP-g-DMAEMA/GO) hybrid using ethanol as desorption agent.

After five consecutive adsorption-regeneration cycles, the removal
rate of BPA was recorded as 80.42%.

Another antique strategy for the separation of organic
pollutants from spent adsorbent is burning the pollutant directly.
Thermal conductivity of graphene materials is very high, and they
can be stable at high temperature. On the other hand, organic
pollutants would burn or evaporate at high temperature.
Therefore, graphene adsorbents can be easily separated from
organic pollutant by burning the composites on fire [283,284]. Bi
et al. [285] recovered RGO after the adsorption of toluene and
dodecane by burning the adsorbent on fire. Adsorption capacity of
recovered RGO sponge remains over 99% even after the 10 times
burning on fire. Similarly, Wu et al. [286] separated RGO from
acrylonitrile, p-toluenesulfonic acid, 1-naphthalenesulfonic acid,
and MB by heating the adsorbent at 450 °C for 100 min. After five
cycles, the adsorption capacity of RGO for MB was remain constant.

Recently, magnetic separation has attracted considerable
research interest because of easy and fast desorption and
regeneration capacity [287]. In this technique, spent adsorbents
are separated by applying an external magnetic field, and the
supernatant is discarded [288]. For example, Liu et al. [289]
retrieved xanthated Fe304-CS-GO from Cu(ll) using aqueous
Na,EDTA and with the aid of an external magnet. The kinetic
data revealed that the maximum desorption was approached in
less than 50 min, and the adsorption capacity of regenerated
composites was slightly reduced after five cycles. Fe30,@GO hybrid
was separated efficiently from MB and RhB using ethanol and
external magnet field [290]. First, the dye-adsorbed Fe;0,@GO
hybrid was separated from the aqueous solution using a magnet
and then washed with ethanol solution several times. After the
fifth cycle, the percent dye removal rates for RhB was recorded
above 95% and was above 85% even after the eighth cycle. For MB, it
was nearly 100% after second cycle and was above 65% even after
the fifth cycle.

5. Conclusion and future research outlook

After carefully reviewing the whole paper, it is clearly observed
that the graphene and their derivatives have been come out as
promising adsorbents for wastewater decontamination. In the
same way, graphene composite materials have drawn further
attention than pristine graphene, GO and RGO owing to their
enhanced adsorption and desorption capacities. Despite a large
number of research work have been done on the adsorption
technology with graphene materials, still the large-scale produc-
tion of graphene adsorbents with low-cost is being viewed as a
daunting challenge to the researchers. Likewise, in most of
literatures, graphene adsorbents have been tested for merely
one or two pollutants, where competitive adsorption capacity and
selectivity of developed adsorbents were not comprehensively
examined. As the industrial effluent contains multiple pollutants, it
is crucial to investigate the simultaneous removal of many co-
existing pollutants from multicomponent solution. Besides,
through the recent years, more than hundreds of graphene
composites have been synthesized and tested for a wide range
of toxic pollutants, which does not allow the finding of best
material. Hence, the laboratory techniques should be standardized
in order to compare and identify the best material among many.

Most applications of graphene adsorbents are limited to only
batch adsorption studies in laboratory stages rather than
industrial-scales due to cost-effectiveness and technological
challenges (e.g., large-scale production, initial system set-up).
Therefore, future research work should be carried out focusing on
the development of low-cost and highly potential graphene
adsorbent as well as verifying the performances at the pilot-
scales to ascertain their commercial application. In order for these
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to be achieved, we would like to highlight some recommendations
to take into account while designing graphene adsorbents that
might help in future research work.

(1) Design of 3D graphene is a new research trend in which
graphene sheets are rearranged to obtain a 3D configuration.
This type of structural arrangement helps to prevent agglom-
eration and ameliorate adsorption by providing a huge surface
area and more porous network.

(2) Dispersion rate of adsorbent in the solution is crucial for
adsorption. Homogenously-dispersed graphene adsorbent
shows faster sorption kinetics; but, it suffers from the
complicated separation from treated water. In that case,
magnetic separation through an external magnetic field could
be an effective solution through the development of magnetic-
graphene composites. Magnetic separation also overcomes the
hassles associated with the centrifugation, filtration, or
gravitational separation.

(3) Wastewater contains not only organic and inorganic pollutants
but also a variety of harmful microorganisms. Most of the
graphene adsorbents reviewed in the literature, merely tested
for eliminating organic and inorganic pollutants except few,
which ultimately hindered their commercial application
considering the economic aspects. In order to make the
treatment process cost-effective, it is highly recommended to
develop multifunctional graphene adsorbents for the joint
removal of pollutants and microorganisms present in waste-
water.

(4) The physicochemical properties of pollutants have significant
influences on the performance of adsorbents under different
experimental conditions. Hence, the chemical structure,
bonding mechanism, solubility, volatility, sorption potential
of different pollutants should be thoroughly investigated prior
to develop the graphene adsorbents in order to boost their
adsorption efficiency.

(5) The preparation methods for graphene adsorbents should be
more simple, robust, and efficient. Besides, low production
costs along with high removal efficiency of graphene
adsorbents are always preferred to make the treatment
process fully economic. Concurrently, several parameters of
the adsorption experiment should be carefully optimized.

(6) Last but not least concern is the bio-safety and biocompatibili-
ty of graphene adsorbents. There is high possibility of releasing
graphene to the environment during the production, use, and
recycling. Therefore, the toxicity of graphene adsorbents must
be comprehensively explored for human, animals and envi-
ronment. Precautionary measures should be taken while
designing the formula of adsorbents in order to alleviate their
environmental toxicity.

Finally, despite the limitations, graphene adsorbents have
boundless prospects in wastewater purification. Proper extensive
research will make graphene adsorbent a “rising star” in the field of
wastewater purification in near future.
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