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Ground water contamination by radioactive elements has become a critical issue that can pose significant threats
to human health. Adsorption is the most promising approach for the removal of radioactive elements owing to its
simplicity, effectiveness, and easy operation. Among the plethora of functional adsorbents, graphene oxide and
its derivatives are recognized for their excellent potential as adsorbent with the unique 2D structure, high surface
area, and intercalated functional groups. To learn more about their practical applicability, the procedures
involved in their preparation and functionalization are described with the microscopic removal mechanism by
GO functionalities across varying solution pH. The performance of these adsorbents is assessed further in terms of

the basic performance metrics such as partition coefficient. Overall, this article is expected to provide valuable
insights into the current status of graphene-based adsorbents developed for uranium removal with a guidance for
the future directions in this research field.

1. Introduction

Uranium is a silvery-white radioactive element which was first
discovered from the mineral called pitchblende in 1789 by a German
scientist, Martin Klaproth (Gupta and Walther, 2020). It commonly ex-
ists as 2°U along with two other isotopic forms of 228U and 23*U, where
the latter is being produced by the loss of alpha («) particle from 238U
(Krachler et al., 2019). Among these isotopic forms, 2354 and 2%8U are
the most radioactive and stable form, respectively (Asic et al., 2017).
235y is the only fissile uranium isotope of which atoms can be split apart
through the bombardment of fast energy radioactive particles. Because
of its high radioactivity, it is used as an important feedstock to produce
nuclear energy in nuclear power plants (Degueldre, 2017). In nuclear
power plants, atoms of 23°U are attacked by high energy neutrons to split
into two lighter weights nuclei (°>U and '#'Ba) with the emission of
three fast energy neutrons through nuclear fission reaction. The emitted
neutrons attack other 22U atoms to lead to the nuclear chain reaction.
The heat generated during the fission process is consumed to produce
steam from water so as to rotate turbine for the production of electrical
energy. The same working principle is also applied to the generation of
atomic bomb in which uranium is used to induce mass destruction.

Uranium can enter the environment via two channels: anthropogenic
and natural routes. Anthropogenic sources of uranium in soil are diverse
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to include mining of uranium ore from rocks (and its processing) and use
of phosphate-based fertilizers (Verma and Dutta, 2015). However,
elevated uranium levels in environment is attributed to the unregulated
discharge of effluents from nuclear power plants (Tatarchuk et al.,
2019). Because of such hazardousness, its maximum permissible con-
centration in drinking water is regulated such as 30 ppb as recom-
mended by WHO and USEPA (Sar et al., 2018). Inhalation of uranium
containing dust or consumption of uranium contaminated water are also
considered the common routes of uranium exposure to humans. Poten-
tial health hazards associated with the uranium exposure are reported to
include lung cancer, kidney cancer, DNA cell damage, and inherited
genetic defects. It can also accumulate in the tissues of the central ner-
vous system to affect its functions (Brugge, 2014). In human body,
uranium can be coordinated with four to five oxygen atoms if trans-
mitted in the form of carboxylate groups of aspartate, glutamate, water
molecules. and other biomolecules (Lin, 2020).

Elevated levels of uranium have been reported from many types of
environmental systems, e.g., sediments and ground water areas in Ger-
many (Banning, 2020), well drinking water of Kabul in Afghanistan
(Kato et al., 2016), the south-eastern San Joaquin Valley California in
USA (Rosen et al., 2019), sheep drinking water in south Africa (Winde
etal., 2017), and agricultural soils and drinking water wells on the Swiss
Plateau (Bigalke et al., 2018). Consumption of uranium contaminated
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water was reported as the main cause of hematological abnormalities (as
a proxy for leukemia) in the local people of the Kenhardt municipal
district of the Northern Cape Province, South Africa (Winde et al., 2017).
Furthermore, grass, tissues, and sheep wool were also identified as
alternative sources of uranium exposure to the people of that region.
This reflects high uranium contamination in the nearby borehole water
with its levels by 20-500 times higher than those of the background
concentration. Uranium levels in sheep’s wool are higher than those in
teeth, bones, and hooves. Conversely, lower amounts of uranium were
detected in consumable parts of a sheep’s (i.e., meat and inner organs).
Also, uranium levels in sheep tissues increased with the age of the sheep.
Therefore, removal of uranium from water is essential to reduce health
hazards and toxic impacts associated with uranium contamination.

All isotopes of uranium (ZBSU, 235U, and 2*U) are subject to a slow
rate of disintegration with their half-lives of 4.5 billion, 700 million, and
25 million years, respectively (Baker, 2018). With the half-life nearly
equal to the age of earth (~4.54 billion years), 233U is the most abundant
isotope of uranium. Consequently, despite the low level of radioactivity,
238y remains as a potent health hazard due to its abundance and lengthy
half-life (de Menezes et al., 2020). It mostly exists in + 3, +4, +5, and +
6 oxidation states among which the + 6-oxidation state is most stable in
aqueous solutions. The chemistry of uranium in water is interesting in its
removal from wastewaters. Uranium (+6) exhibits yellow in color in the
form of uranyl ion, i.e., U0,2 T at pH up to 4. At higher pH values (>4),
uranyl ions combine with OH~ and CO3?" ions to turn into diverse ionic
species like [UO2(OH)]T, [UO2(OH)zl, [UO2(OH)s71, [UO2(OH)4%],
[(UO2)3(0H)5 1, [(UO2)3(0H); 1, [UO2CO3], [UO2(CO3)2]1%, [UO2(CO
3)31*, and mixed neutral complexes like (UO2)2CO3(OH)3 (Katsoyiannis
and Zouboulis, 2013). The relative occurrence patterns of various ura-
nium species in water are shown in Fig. 1.

A number of techniques are used for the removal of uranium ions in
aqueous phase (e.g., ion exchange (Amphlett et al., 2020), membrane
separation (Ghasemi Torkabad et al., 2017), iron/alum coagulation
(Moraes and Ladeira, 2021), lime softening (Courtois et al., 2020), and
adsorption (Gao et al., 2014)). Among these options, adsorption is the
most widely adopted option for reducing uranium levels in water owing
to its simplicity, easy operation, effectiveness, and low-cost features.
Moreover, mechanistic aspects of adsorption process can be easily
analyzed with the aid of various adsorption (isotherms and kinetic)
models as commonly reported in the literature. (Ayawei et al., 2017; Pal,
2017). The details on the adsorption mechanism further help in opti-
mizing reaction conditions to achieve best performance. A plethora of
absorbents (synthetic/natural polymers, inorganic materials, clays, etc.)
have been developed for uranium removal and showed great perfor-
mances. Polymers-based adsorbent materials possess diverse functional
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Fig. 1. Distribution profiles of uranium (VI) species at different pH values
(Zhang et al., 2011).
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groups, which can be modified to achieve selective and rapid adsorp
tion of uranium. Likewise, many inorganic materials including silica,
alumina, titania, and iron (III) oxide were found to be potential adsor-
bents for uranium due to their high surface area, porosity, and tunable
pore characteristics (Jo et al., 2018; Wang et al., 2018a; Tatarchuk et al.,
2019; Ahmad et al., 2020; Singhal et al., 2020).

Among numerous adsorbents explored for uranium removal, the
potential of both conventional and modernized forms of carbon-based
materials is recognized to be remarkable owing to their greenness and
cost-effectiveness (Guo et al., 2021). Activated carbon (AC) is the most
used carbon adsorbent employed for environmental remediation appli-
cations such as removal of toxic heavy metals and dissolved organic
pollutants (e.g., dyes, pharmaceutical, and organics) from aqueous
systems (Gopinath et al., 2021). The role of AC materials in the abate-
ment of radioactive elements is also recognized to be outstanding. A
recent study reported enhanced removal efficiencies of wood waste-
derived AC against thorium (87.96%) and uranium (97.94%) ions
from acidic solutions. (Alahabadi et al., 2020). The effectiveness of
wood wastes derived AC was ascribed to the existence of micro-size
transitional pores which facilitated uranium removal via constrained
diffusion mechanism. Similarly, AC obtained from other waste materials
such as tires, carbon powder waste, sawdust powder, and waste areca
residue were also utilized successfully for uranium removal application
(Belgacem et al., 2014; El-Magied et al., 2017; Wua et al., 2020; Nezhad
etal., 2021). Activated charcoal is also a kind of AC which was also used
for uranium removal (Liu et al., 2016a; Wang et al., 2021b). Advanced
carbon materials such as carbon quantum dots, carbon nanotubes
(CNTs), and graphene oxide have also been recognized as alternate
carbon materials for metal removal to replace conventional AC materials
(Abdeen and AKl, 2015; Wu et al., 2018; Mahmoud et al., 2020; Liu and
Mao, 2021). Among them, graphene oxide (and its derivates like
reduced graphene oxide, functionalized graphene oxide, and graphene
oxide composites) have emerged as superior adsorbents for uranium
owing to its unique 2D network structure and surface functional groups
(Fig. 2). For example, graphene oxide recorded higher copper removal
efficiencies of 75% at pH 5.5 in comparison to AC (36%) and carbon
nanotubes (~15%) (Ren et al., 2013). Higher performance of GO over
AC and CNTs was attributed to its higher abundance of oxygen moieties
and higher BET surface area. Further, the uranium adsorption capacity
of activated carbon felt (ACF) was reported to increase from 173 mg/g to
298 mg/g by forming GO-ACF composite with the aid of hydrophilicity
induced by GO and its functional groups (Chen et al., 2013). The suit-
ability of other graphene-based adsorbents for uranium removal was
also addressed (Xiao et al., 2016; Kumar et al., 2017). Therefore, it can
be inferred that graphene-based adsorbents are superior to traditional
AC and modern CNTs materials in removing U species because of their
unique surface related characteristics.

In this review, the basic features of graphene-based materials are
explored with respect to their applications toward the environmental
remediation. Brief discussions are made on the protocols of GO synthesis
and associated modification strategies based on their categorization in
relation to chemical compositions. Performances of different graphene
adsorbents have also been evaluated in terms of the key performance
metrics such as adsorption capacity and partition coefficient (Vikrant
and Kim, 2019). The key role of functional groups and other components
in promoting uranium removal has been discussed in relation to
experimental conditions and material characteristics.

2. Graphene in water remediation processes

Graphene and its composites have been extensively studied as
advanced adsorbents for the removal of organic pollutants from waste-
water (Kumar et al., 2017). Its excellent performance in adsorption
applications is ascribed to its physio-chemical characteristics such as
layered 3-D structure, large theoretical surface area, highly conjugated
network of fused aromatic rings, presence of diverse functional groups
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Fig. 2. Structures of graphite, graphene oxide, and reduced graphene oxide.

on its surface, and its high thermal-mechanical stability (Ersan et al.,
2017; Lai et al., 2019; Wang et al., 2020b). Removal of cationic and
anionic dyes by graphene-based adsorbents is facilitated by hydrophobic
7-n interactions, hydrogen bonding, and electrostatic interactions (Kim
et al., 2015). Graphene was also explored as a 2-D support material for
loading semiconductor photocatalyst materials. Synergistic effects be-
tween graphene sheets and metal oxide nanoparticles help in achieving
higher photocatalytic efficiency and impart mechanical strength to the
photocatalyst material (Wang et al., 2018b). Graphene-based photo-
catalysts composites show enhanced photocatalysis due to trans-
portation of photogenerated electron at the graphene-metal oxide
heterojunction (Upadhyay et al., 2014). This process eventually sup-
presses electron/hole recombination process and boosts production of
reactive oxygen species that prompts degradation/mineralization of
organic pollutants. The difference in the nature of chemical interactions
that causes removal of dyes by commercial graphene and graphene
oxide is shown in Fig. 3.

In addition to the removal of organic pollutants, graphene-based
adsorbents have also been studied extensively as adsorbents for toxic
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heavy metal impurities present in wastewater (Pérez-Ramirez et al.,
2016). Different types of chemical interactions that facilitates removal
of toxic uranium ions by graphene, graphene oxide, and reduced gra-
phene oxide is shown in Fig. 4. As can be seen, introduction of oxygen
functional groups in GO and rGO induces electrostatic interactions and
thus lead to effective removal of uranium ions. Likewise, removal of Cu
(II) ions by GO was studied by varying operational parameters that affect
adsorption (Wu et al., 2013). Accordingly, surface oxygen moieties are
responsible for the abstraction of Cu(II) ions from an aqueous medium. A
maximum adsorption capacity of 117.5 mg/g at pH 5.3 over a contact
time of 150 min was achieved using a 1.0 mg/mL GO adsorbent dose.
The spent GO adsorbent can easily be regenerated by washing with
dilute HCI and retains >90% of its initial adsorption capacity after ten
consecutive adsorption cycles. GO was also found to be appropriate for
the removal of other toxic metal ions such as nickel, gold, cadmium,
zinc, lead, platinum, cobalt, and antimony (Peng et al., 2017).

Apart from heavy metals, the potency of graphene oxide was also
examined against radioactive elements of the actinide series, i.e.,
thorium, uranium, neptunium, plutonium, and americium along with

blue Graphene oxide

Fig. 3. Different chemical interactions involved in the adsorption of dyes by graphene and graphene oxide (de Assis et al., 2020).
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Fig. 4. Possible chemical interactions of graphite, graphene oxide and reduced graphene oxide (by amination) with uranium.

their fission products, i.e., strontium, europium, and technetium
(Romanchuk et al., 2013). It was observed that the hydrophilic GO
sheets coagulate upon interaction with metal ions to form metal-GO
aggregates, which could be then readily separated by filtration or
centrifugation. The effectiveness of GO in the removal of said radio-
nuclides was also examined in the presence of common cations (e.g.,
Na and Ca) and anions (e.g., sulphate, carbonate, citrate, and acetate)
that are generally present in liquid nuclear wastes. Accordingly, GO
exhibits high adsorption capacities and selectivities against all tar-
geted radionucleotides even in the presence of common ionic impu-
rities. GO exhibits high uranium removal of ~ 70% at pH 7.5 despite
the formation of stable anionic species in solution with pH of above 4.
(Romanchuk et al., 2013). On the other hand, conventional adsorbents
such as granular AC and bentonite clay recorded lower U removals of
10% and 40%, respectively, at the same pH of 7.5. This implies that
graphene-based adsorbents are also suitable for the adsorption of
anionic U species at high pH values. Few other studies also demon-
strate the utility of GO-based adsorbents toward the removal of radi-
onucleotides such as uranium, europium, cesium, and strontium from
aqueous solutions (Wang et al., 2015b; Wang et al., 2016b). Hence, it
can be concluded that GO and its derivatives are promising materials
for environmental remediation due to their enhanced ability to
incorporate diverse functional groups on the unique 2-D layered
structure.

3. Protocols for GO synthesis

In the past decade, graphene and its diverse derivatized forms have
received global attention in environmental remediation processes such
as removal of toxic organic pollutants and metal ions from wastewater
(Yu et al., 2015). The suitability of graphene-based materials in envi-
ronmental remediation is ascribed to its amazing 2-D aromatic skeleton,
which is composed of sp>-hybridized carbon atoms (Allen et al., 2010).
Another striking features of graphene is its large theoretical surface area
of 2630 m?/g, which makes it an excellent candidate for adsorption
processes (Yu et al., 2015). However, graphene in its native form ex-
hibits hydrophobicity due to the absence of polar functional groups. This
restricts the interactions between pure graphene sheets and organic or
inorganic pollutant compounds, and thus restricts its application in
adsorption processes (Chabot et al., 2014). Hence, functionalization of
graphene is the key means of inducing adsorptive properties in graphene
sheets. The most common way of functionalizing graphene is to perform
a chemical oxidation to obtain graphene oxide (GO) using Hummers’
method (Hummers Jr and Offeman, 1958). In Hummer’s method,

graphite powder or flakes are treated with a mixture of NaNO3 and
KMnOj4 in H3SO4 to produce GO. The process of graphene oxidation is
facilitated by the in-situ formation of dimanganese heptoxide, i.e.,
Mny0O7 (Eq. (1) & (2)), from the reaction between HoSO4 and KMnO4
(Kumar and Srivastava, 2018). This MnyOy species readily diffuses
through graphene layers to form manganese esters at the defective
centers present within the graphene sheets (Eigler and Hirsch, 2014).
Consequently, GO is obtained upon the hydrolysis of manganese esters
by water and subsequent solubilization of manganese-oxo species by
hydrogen peroxide. Later, modifications and improvements were
accomplished in the well-known Hummer’s method to achieve GO
sheets with high oxygen content (Marcano et al., 2010). These modifi-
cation strategies include usage of NaNOs in higher amounts (as
compared to Hummer’s method) and its replacement by H3PO4 to ach-
ieve a higher concentration of oxygen containing functional groups.

KMnO, + H,SO,—~K* +MnO} + H;0" + 3HSO, )

MnO, +MnO} —>Mn,0, 2)

The structural elucidation of GO is a subject of great interest due to
the limited information on the oxidation mechanism of graphene sheets.
Insights of oxidation mechanism is essential to describe the introduction
of various oxygen moieties in the graphene skeleton (e.g., hydroxyl,
carbonyl, epoxy, and carboxylic acid). It is assumed that the large and
conjugated network of graphene has many structural defects at the edges
and basal planes. Such defect points serve as the active centers for the
approaching oxygen functional groups to initiate the oxidation process.
In the Hummer’s oxidation process, hydroxyl (-OH) and carboxylic acid
(—COOH) groups are formed at the edges and in the basal plane of gra-
phene sheets. As the reaction progresses, epoxy groups are generated
with the loss of water molecules from adjacent hydroxyl groups. Based
on the above assumptions, the structure of GO containing carboxylic
acid groups (at the edges) and hydroxyl/epoxy groups at the basal plane
is shown in Fig. 2 (Nasrollahzadeh et al., 2015). The total amount of
oxygen containing functional groups in GO is generally expressed as
total oxygen content. Higher oxygen content in GO implies a higher
degree of oxidation of graphene sheets.

In the recent years, electrochemical method has emerged as a green
approach for GO synthesis (Pei et al., 2018). Electrochemical method is
regarded as green, cost-effective, and fast approach with the following
advantages: (i) no requirement for strong oxidizing agents, (ii) suit-
ability for large-scale GO production due to relatively shorter reaction
periods, and (iii) production of high-quality graphene sheets with high
oxidation contents. This technique makes use of non-toxic electrolytes
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for the exfoliation of graphene sheets from cheap precursor materials
like graphite electrode, pencil lead, and graphite paper. The insertion of
ionic moieties into graphene sheets not only causes graphene exfoliation
but also offers oxygen moieties (Liu et al., 2013). (Fang et al., 2019).
Some efforts have also been made to couple the Hummer’s oxidation
method with electrochemical approach to achieve higher oxidation
levels in GO (Kumar and Srivastava, 2018).

4. Modification strategies for GO
4.1. Heteroatom addition

Reduced graphene oxide (rGO) is the most promising derivative of
graphene as it found huge applicability in environmental remediation
processes due to reduced hydrophilicity. rGO can be considered as one of
the derivatives of GO in which some of the oxygen containing functional
groups are removed or modified to re-establish the conjugated network
of graphene. There are various ways of producing rGO from GO such
as thermal annealing, solvothermal, chemical, and electrochemical
methods (Pei and Cheng, 2012). In the thermal reduction method, GO is
annealed at high temperatures and under inert conditions mostly.
Thermal annealing enables loss of oxygen functional groups (i.e.,
—COOH groups) as CO, and intercalated water molecules as water va-
pors and thereby create huge pressure to separate out stacked GO sheets
(Tuetal., 2015; Saleem et al., 2018). Solvothermal reduction of GO was
achieved by heating a dispersion of GO in organic solvents (including
water) at the boiling point of the solvent in use. Here, alcohols, ethylene
glycol, dimethyl formamide (DMF), and N-methyl-2-pyrrolidinone
(NMP) are used as common solvents to induce the solvothermal reduc-
tion of GO (Park et al., 2009; Dubin et al., 2010; Seo et al., 2013). These
solvents have dehydrating properties and thus they produce rGO via
removal of attached functional moieties as water molecules. Similarly,
GO reduction could also be achieved using electrochemical and photo-
reduction techniques using electrons and photons as activation media-
tors, respectively.

Chemical functionalization of GO via covalent and non-covalent
approaches is the most used strategy for producing functionalized GO
sheets (Chua and Pumera, 2014). Chemical functionalization of GO with
reducing agents containing heteroatom(s) (e.g., nitrogen (N), sulfur (S),
and phosphorous (P)) resulted in the doping of the GO lattice with the
constituting atom (Kumar and Khandelwal, 2014; Wu et al., 2019; Fan
et al.,, 2020; Kumar and Srivastava, 2021). Here, it is worth shedding
light on the significant role of organic chemistry in facilitating the
modification of GO. Organic chemical reactions such as amination,
esterification, and diazonium salt formation are reported to play a major
role in modifying oxygen moieties and native C = C bonds of GO
(Kasprzak et al., 2018). Briefly, -COOH groups existing at GO edges can
be easily derivatized through nucleophilic substitution reaction to yield
graphene derivatives with amine or amide functionalities (Valeur and
Bradley, 2009). Likewise, epoxy rings of GO structure can be modified
by triggering a nucleophile attack on the sp> carbon atom (Georgakilas
et al., 2012). In an another attempt, room temperature treatment of GO
with NH3 gas modified its native structure by introducing amide and
amine groups at the surface (Yeh et al., 2013). This kind of modification
imparts n-type conductivity to GO sheets to help facilitate photocatalytic
splitting of water molecules to produce hydrogen and oxygen. Similarly,
hydrothermal treatment of GO with hydrazine causes GO doping with
aromatic nitrogen by generating a pyrazole ring at the edges of the
graphene skeleton (Park et al., 2012). An S-doped GO sponge was pre-
pared by the thermal treatment of GO nanosheets with sulfur powder in
inert conditions and was used as a free standing electrode for potassium-
ion (K-ion) batteries (Li et al., 2018). The improved electrochemical
performance of S-doped GO as compared to undoped GO is ascribed to
its conductive structure, which is effective in restricting K-ion migration.
Improved NH3 sensing properties at room temperature were achieved by
thermally annealing a mixture of GO with triphenyl phosphine (Niu

Environment International 158 (2022) 106944

et al., 2014). Thus, it can be concluded that chemical functionalization
and simultaneous doping of GO with heteroatoms are a useful option to
improve the performance of the resulting material by imparting active
sites for various applications.

4.2. Composite formation

Several types of GO composites were prepared by adding metal oxide
nanostructures and other miscellaneous material to the layered mate-
rial. In this regard, GO is combined with conventional inorganic
adsorbent materials such as silica (GO/SiO3) and alumina (GO/Al;03)
(Meng et al., 2015; Zhang et al., 2019a). Synthesis of GO/SiOy com-
posite was obtained using a sol-gel technique, whereas GO/Al,O3
composites were derived by simple physical mixing of mesoporous
alumina with GO dispersion. The nature of constituting metal ions im-
parts different adsorption characteristics to GO to enable uranium
removal at different pH conditions such as pH 4 by GO/SiO and pH 6
by GO/Al;O3 composites. Transition metal oxides are a well-known
component for composite formation due to their remarkable charac-
teristics in various energy and environmental applications. However,
their instability under acidic conditions restricts their application in
several processes (Huynh et al., 2017). To overcome such drawback, 3-
dimentional graphene oxide/titanium oxide (3D GA/TiO3) composites
were prepared by one-step hydrothermal approach (Yu et al., 2019).
Briefly, GO and Ti precursors are added in DI water and simultaneously
precipitated out at 180 °C using ammonia to form hybrid material. The
incorporation of GO sheets was found to improve chemical stability of
TiO, for effective removal of uranium ions under acidic conditions.

As are the cases of metal oxides, GO sheets were also used to impart
the stability of MOFs in solutions for the enhanced uranium removal
efficiency. As an example, GO-MIL-(101)Fe composite with various
graphene content was developed using in-situ growth method (Han
et al., 2018). It has been observed that the incorporation of GO sheets in
MIL MIL-(1 01)Fe MOF reduced its surface area from 537.98 to 246.56
m?/g, while improving its adsorption performance with the aid of
complex surface chemistry. GO is also combined with other materials
and tested for uranium removal. For instance, GO composite formed
with clay materials exhibited the great potential in metal removal ap-
plications owing to large surface area and cation-exchange properties.
Graphene oxide/bentonite composites were prepared using simple
mixing method for the removal of uranium ions in wide pH range of
2-10 (Liu et al., 2018a). Incorporation of bentonite clay particles in
between GO sheets not only enhanced its adsorption capacity by
restricting agglomeration of GO sheets but also facilitated its separation
through membrane filters. GO composites with biopolymers were also
developed in an effort to develop efficient adsorbent materials for ura-
nium. Biopolymers such as chitosan (CS), bovine serum albumin (BSA),
and sodium carboxymethyl cellulose (CMC) contain a large number of
oxygen and nitrogen moieties to effectively uptake uranium through
diverse interactions (Huang et al., 2017; Peng et al., 2019). Fabrication
of GO composites with CS, BSA, and CMC biopolymers was achieved by
ultrasonication method (for the prevention of agglomeration). Likewise,
many other synthesis methods were also proposed for preparing GO
composites for uranium removal applications.

5. Emergence of graphene-based adsorbent for uranium

Research on the adsorption of U(VI) ions by graphene-based adsor-
bent was first reported in 2012 (Zhao et al., 2012). These authors pre-
pared a few-layered graphene oxide adsorbent from graphite precursor
using a modified Hummer’s method. The zero-point charge (pHzpc) of
the prepared few-layered GO nanosheets was 3.89, indicating that the
GO surface can take positive and negative charge below and above this
pH, respectively Further investigations of U ions adsorption on GO in-
dicates that the adsorption process is strictly pH dependent with a
maximum adsorption capacity (i.e., ¢max) of 97.5 mg/gat pH5 £+ 0.1. As
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uranium complexes with OH- ions and forms negative species at pH
values > 5, their adsorption on a negatively charged surface of GO be-
comes unfavorable. Conversely, GO absorbs H' ions from aqueous me-
dium to discourage the adsorption of U ions on its surface at low pH
values < 5. Also, it was observed that U adsorption is independent of the
ionic strength of the medium but occurs mainly at the surface oxygen
functional groups via inner-sphere surface complexation. The suitability
of a Langmuir adsorption isotherm model suggests that monolayer
coverage of U ions may take place dominantly on the GO surface (Zhao
et al., 2012). Later, several studies were published on the usefulness of
GO as an adsorbent for U ion removal (Wang et al., 2015a; Wang et al.,
2015b). Some of those studies reported significantly higher U adsorption
capacity values like 138. 9 mg/g (Sun et al., 2015a), 142.3 mg/g
(Mohamud et al., 2018), 257.2 mg/g (Wang et al., 2016c), 299.0 mg/g
(Li et al., 2012), and 299.7 mg/g (Li et al., 2019), than that discussed
above. A large variation in the uranium adsorption capacity values by
diverse GO adsorbents could be ascribed to the combined effects of
various factors such as different C/O ratio of these GO materials and
adsorption experimental conditions.

Later, the functional groups of graphene-based materials were
modified as a favorable approach to improve their adsorption perfor-
mance towards U ions. In this context, oxygen containing functional
groups of GO were modified with nitrogen containing chemical agents
such as ammonia (Verma and Dutta, 2015), polydopamine (Zhao et al.,
2015), polypyrrole (Hu et al., 2014), ethylenediamine tetra acetic acid
(EDTA) (Liu et al., 2017), and polyaniline (Sun et al., 2013). These
chemical compounds provide -NHj functional moieties on the surface of
GO nanosheets to improve the affinity for U ions on the GO surface. The
adsorption capacities values corresponding to the above moieties have
been determined to be good (80.1, 145.4, 147.1, 212.8, and 245.1
mg/g, respectively). Polyethyleneimine (PEI) is an important amine-
containing polymer that can significantly improve the U adsorption
capacity of GO. Three different studies were reported on U removal
using PEI modified GO adsorbents, i.e., GO-pDA-PEI (Li et al., 2019),
GO-PEI (Huang et al., 2018), and PEI-GHS adsorbents (Wang et al.,
2017). They all exhibited very high gmq, values of 416, 629.5, and 989
mg/g, respectively. Similarly, the GO surface was also modified with
phosphate (PO4%) containing chemical compounds, such as phytic acid
(gmax = 483 mg/g) (Cai et al., 2019) and triethyl phosphite (gmax =
251.7 mg/g) (Liu et al., 2015b) to enhance U ion removal. In a few
studies, the sulfate (SO42') functionalization of GO was also reported for
the adsorption of U ions from aqueous media (Zhang et al., 2016; Sun
et al., 2017). Functionalization of GO with biomolecules led to the
introduction of diverse types of functional groups on GO surfaces. In this
regard, GO bound with L-cysteine amide (Verma and Dutta, 2017) and
adenosine 5-monophosphate (Dutta et al., 2019) yielded adsorption
capacity values of 176 and 186.2 mg/g, respectively. Therefore, it can be
inferred that the use of functional groups such as —-NH,, -PO4%, and
-S04% should be an effective option to improve the adsorption perfor-
mance of GO against U ions.

Graphene oxide and its modified forms exhibit excellent adsorption
capacity toward U due to the presence of various polar functional groups
on its surface. At the same time, polar functional groups impart hydro-
philicity to GO nanosheets and make post treatment separation of GO
nanosheets laborious (Khan et al., 2019). To overcome this drawback,
magnetic components were introduced into graphene-based adsorbents
to allow facile post separation of the used adsorbent. The magnetic
component in the GO adsorbent was introduced in diverse forms such as
Fe304 (Zong et al., 2013), CoFey04 (Tan et al., 2015a), and NiFep04
(Lingamdinne et al.,, 2017) to allow easy adsorbent recovery. For
example, GO nanosheets prepared using Hummer’s method exhibited a
Qmax value of 60.6 mg/g at pH 3.5 for a contact time of 3 h (Lingamdinne
et al,, 2017). Under similar experimental conditions, GO- NiFeyO4
(GONF) composites showed much improved gpq, value of 135.1 mg/g,
suggesting that the oxygen of nickel ferrite also participates in the
process of U adsorption along with the oxygen functional groups of GO.
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An enhanced adsorption capacity of 200 mg/g was achieved when
GONF was reduced to rGONF nanocomposites using hydrazine as a
reducing agent. This is because hydrazine functionalization provides
nitrogen containing functional groups on GO surface to upgrade its af-
finity for U ions. Considering the role of magnetic nanoparticles and
nitrogen containing functional groups in the removal of U ions, efforts
were made to develop ternary amidoximated magnetite/graphene oxide
(AOMGO) (Zhao et al., 2013), polyamidoxime/polyethyleneimine
magnetic graphene oxide (mGO-PP) (Dai et al.,, 2019a), and poly-
amidoxime functionalized magnetic graphene oxide (mGO-PAO) (Dai
et al., 2018). The corresponding gmq, values were 294.7, 200.4, and
89.9 mg/g, respectively. Additionally, GO composites with TiO, and
MnO; were also developed to show high adsorption capacity values of
441.3 and 153.9 mg/g, respectively (Yang et al., 2018; Yu et al., 2019).
The approach of adding magnetic nanoparticles was also useful in case
of uranium removal via photocatalytic mechanism (Li et al., 2017).

Miscellaneous types of GO adsorbents were also developed which
revealed excellent adsorption capacity values towards U adsorption. For
example, reduced graphene oxide-zeolitic imidazole framework-67
(rGO/ZIF-67) hydrogel showed an extremely high U adsorption capac-
ity of 1888.55 mg/g at pH 4.01 (Zhao et al., 2020). Similarly, GO gels
with polyvinyl alcohol/sodium alginate (SPG) (Yi et al., 2018), car-
boxymethyl cellulose/3-aminopropyltriethoxysilane (GO-CMC-AO)
(Yang et al., 2020), chitosan/3-aminopropyltriethoxysilane (GO-CS-AO)
(Yang et al., 2020), bovine serum albumin (GO-BSA) (Yang et al., 2017),
and polydopamine/chitosan (GO@PDA/CS) (Liao et al., 2018) showed
high gmqx values of 403.8, 307, 243.4, 270, and 161 mg/g for U removal
from aqueous solution. The amazing adsorption capacity values of GO-
based gel adsorbents were attributed to their porous structure network
and presence of diverse functional moieties.

6. Uranium adsorption mechanism

Uranium adsorption on the surface of heterogenous adsorbents is
significantly influenced by the pH of the solution. As the dominant
forms of U species vary across varying pH conditions, their adsorption is
highly susceptible to pH change. It can be seen that 95% of U exists in
the form of cationic UO** species along with 5% as UO2(OH)" and
(UOZ)Z(OH)Z2+ at pH < 4 (Fig. 1). In the pH range of 4 to 8,
(UO3)3(0OH)5 ™" is the most ‘dominant followed by (UO)4(0OH); ™. Above
pH 8 and 9, (UOy)3(OH); and UO3(OH)3 are the dominant species,
respectively. In contrast to this, GO bearing oxygen moieties possesses a
negative surface charge in the pH range of 2-9, making GO and its
composites an excellent adsorbent for the cationic metal impurities
including uranium (Verma and Dutta, 2015). However, the magnitude
and nature of the surface charge of GO can increase or decrease
depending on the pH and on strategies used for the modification of its
surface as shown in Fig. 5(a & b) (Konkena and Vasudevan, 2012;
Verma and Dutta, 2017). However, in most cases, GO-based adsorbents
carry negative surface charge and are thus able to facilitate the removal
of heavy metal ions by electrostatic interactions. As an example, pure
GO adsorbent enhanced removal efficiencies from 50% to 66% with an
increase in solution pH from 2 to 11 (Wang et al., 2020a). This is
because the surface of GO adsorbents is characterized by negatively
charged active binding sites, which can abstract H' ions from aqueous
solution to lower the removal efficiency at low pH values. In contrast,
adsorption of H' ions from solution to the GO surface decreases with
increasing pH to stimulate the adsorption of U. On the other hand,
CTAB modified GO (MGO) showed a noticeable effect of pH in the
removal of U from 50% (at pH 2.0) to nearly 99% (at neutral pH 7.0)
(Wang et al., 2020a). This can be attributed to the favorable electro-
static interactions that prevail between cationic U species and the
negatively charged surface of MGO. At pH > 7, a slight decrease in the
removal efficiency was observed due to the formation of anionic U
species. Nonetheless, the overall effectiveness of the process is above
90%, implying high relevancy of MGO adsorbent towards U removal.
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Fig. 5. Factors affecting U adsorption on GO and NH3GO adsorbents: (a) Effect of pH on g, values of uranium ion adsorption on GO and NH3-GO, (b) effect of pH on
zeta potential of GO and NH3-GO, and (c) effect of interfering ions on uranium ions adsorption by GO and NH3-GO (Verma and Dutta, 2015).

Relatively low adsorption of U in the low pH range may reflect the
competitive nature of H" ions from solution which hindered or sup-
pressed the adsorption of U species on the surface of MGO adsorbent.
Similar observations were made in U adsorption by graphene oxide-
activation carbon felt (GO-ACF) composites with a maximum adsorp-
tion achieved at pH 5.3 (Chen et al., 2013). This is ascribed to the ex-
istence of anionic U species at pH above 5.3, while adsorption of H'
ions on the GO-ACF surface is promoted below pH 5.3.

Variation in solution pH also affects the mechanism of adsorbent and U
interactions. For example, a multifunctional graphene oxide-chitosan (GO-
CS) hydrogel is reported to be very good at removing U species from so-
lution over a wide pH rage of 3.5-8.3 (Huang et al., 2017). Its adsorption
capacity values observed at pH 3.5, 5.0, and 8.3 were 200, 319.9, and
384.6 mg/g, respectively. It was concluded that surface complexation of U
species was facilitated by the active sites anchored as ~-COOH, —~OH, and
-NHj; functional groups at pH 3.5 and 5.0. In contrast, U adsorption at pH
8.3 is mainly driven by -NH; moieties present on chitosan molecule,
which eventually lead to a higher capacity at mildly alkaline pH.

For graphene-based adsorbents, the ionic strength of the aqueous
medium can also affect the adsorption mechanism of U. In general, ionic
strength is the concentration of ions formed upon the dissociation of an
ionic salt in water (Abelian et al., 2021). If the complexation of U species
with the adsorbent surface is affected by the changes in the ionic strength
of the solution, then adsorption is expected to occur by an outer sphere
mechanism (Payne et al., 2013). This is because outer sphere mechanism
reactions involve transfer of electrons between the two species without
the inclusion of a covalent bond. Adsorption processes governed by the
outer sphere mechanism do not involve bond formation, as they can be

driven by non-covalent forces such as hydrophobic and electrostatic in-
teractions (e.g., between U species and adsorbents surface) (Qiu et al.,
2019). Conversely, an inner sphere mechanism is observed if ionic
strength has little or moderate impact on U adsorption capacity (Dai
etal., 2019a). This is because the inner sphere mechanism is promoted by
covalent interactions between adsorbate ions and adsorbent active sites
through metal complexation and/or coordination processes (Strawn,
2021). Likewise, in the case of an inner sphere mechanism, surface
characteristics of the adsorbent can change significantly due to redox
reactions with adsorbate molecules. Also, adsorption processes involving
the outer sphere mechanism are faster since they have lower energy re-
quirements than the inner sphere processes.

Most of the uranium removal studies conducted using graphene-
based adsorbents follow the inner sphere mechanism due to covalent
interactions between U species and functional groups present on the
adsorbent surface. As an example, the adsorption capacity of U by gra-
phene oxide sponge (GOS) remains unchanged in solutions with various
ionic strengths in the range of 0 to 0.5 mol/L, suggesting U adsorption by
the inner sphere mechanism (Liu et al., 2017). This is because of the
affinity of surface functional groups (i.e., -COOH, —-OH, and -NH3) for U
species, which eventually results in the formation of covalent linkages.
Similar results were also observed for U removal by GO-Ch (Cheng et al.,
2014) and mGO-PP adsorbents (Dai et al., 2019a). Hence, it can be
concluded that the proportion and nature of U species in solution are pH
dependent. Nonetheless, their interactions with graphene-based adsor-
bents depends on ionic strength due to the amphoteric nature of the
functional groups present on the adsorbent surface (mainly oxygen and
nitrogen containing functional groups).
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7. Impact of interfering ions

Adsorption of heavy metal ions from aqueous solutions is profoundly
affected by the presence of interfering ions. These interferences may be
cationic to reduce the uptake of target metal ions as they can create a
competitive domain due to the similar nature of the surface charge. Also,
interfering ions may be anionic in nature, restricting the uptake of
desired metal ions by making complexes which are not suitable for
adsorption by the adsorbent. The major interfering ions are identified as
cationic alkali/alkaline (Na, K, and Mg), cationic transition metal ions
(Cu, Fe, Zn, and Ca), and anionic interfering ions (CO3%~, CI”, $042~, and
NO3 ) as they are commonly present in groundwater. Negatively
charged OH ions from water can act as interferences as they can pro-
duce negatively charged species by forming the complexes with UO,2*
ions. These negative U species are difficult to remove by graphene-based
absorption because of electrostatic repulsion. However, the possibility of
complexation between UO,2* ions and OH ™ ions cannot be ignored as U
adsorption processes take place in the aqueous phase.

The interference of cationic and anionic ions in the U adsorption
process was investigated using pure GO and ammonia modified GO
(NH3-GO) (Verma and Dutta, 2015). Accordingly, Ca®* ions tend to
interfere with these adsorbents as they bear similar levels of positive
charge as that of UO,2" ions (Fig. 5¢). The adsorption capacity value of
U is reduced by>50% in the presence of Ca®" ions, reflecting the
competing role of Ca?* ions. In contrast, the adsorption capacity of U by
NH;3-GO is found to be reduced by only ~ 30%. This may imply that the
surface of NH3-GO has a stronger affinity for U ions than the surface of
GO adsorbents due to amine/amide functionalities. In the case of
interfering anions, CI shows the maximum interference with U
adsorption, lowering the adsorption efficiency of NH3-GO by 30%. This
is because positively charged UO,2* ions can coordinate with CI~ ions to
form negatively charged UO,Cl42~, which cannot be adsorbed on NH3-
GO adsorbent. Similarly, the presence of SO4% ions reduced the
adsorption capacity of GO by 60% due to the formation of anionic
UOg(SO4)22". The overall results demonstrated that NH3-GO is more
suitable for the selective uptake of U than GO. However, U adsorption
capacity of NH3-GO (40.1 mg/g) is lower than GO (72.2 mg/g) because
of the lower zeta potential value in the working pH conditions. GO foam
modified with phosphate groups (phos-GOF) did not undergo any
apparent reduction in removal rates when Na® and K* were used as
cationic impurities (Fig. 6) (Cai et al., 2019). However, the co-existence
of divalent cations (e.g., Ca%>* and Mg?") suppresses the adsorption of U
species on the adsorbent surface. Similarly, divalent anions (COs%"and
SO42_) showed more significant effects on U removal than monovalent
anions (Cl, and NO3 ).
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It is interesting to note that the use of HPO42~ as an interfering anion
improves the effectiveness of the adsorption process. This is because
sideways precipitation of U has been promoted in the form of solid
UO5HPO4-4H50. Phos-GOF adsorbent was found to have excellent
reusability against U removal because of the presence of phosphate
functional groups on its surface (Fig. 6). This is because phosphate group
bearing active sites of phos-GOF adsorbent can easily be re-generated by
acid treatment with a desorption efficiency of over 95%. Hence, it can be
inferred that the presence of cationic and anionic interfering ions may
cause a major reduction in U removal rates depending upon the nature of
functional groups present on the surface of graphene. This may have an
adverse effect on the performance of graphene-based adsorbents in real
world applications as these ions are generally present in actual waste-
water systems.

8. Performance evaluation of graphene-based adsorbents

Hummer’s method is the most widely accepted technique for the
preparation of GO by the oxidation of graphite in strong acids (Marcano
etal., 2010). However, the extent of oxidation of graphene sheets largely
depends on experimental conditions, and this influences the adsorption
capacity values of GO. Also, as discussed above, the adsorption capacity
of U is significantly affected by the solution pH, co-existing ions, and
ionic strength of the test solution. Therefore, the impact of these pa-
rameters on U adsorption should be assessed precisely to apply
graphene-based adsorbents for real-world situations.

In this section, we will evaluate the performances of various gra
phene-based adsorbents against U removal in terms of partition coeffi-
cient (mg~g’1va’1). Partition coefficient (PC) is a useful metric to
describe the distribution pattern of a chemical compound between two
phases at equilibrium conditions. In the case of adsorption, PC repre-
sents the ratio of target pollutant compounds in/on the surface of
adsorbent to its amount in a liquid medium at equilibrium conditions.
The significance of PC is to ensure and maintain the distribution of a
chemical compound in adequate proportion within the employed
experimental conditions. Here, partition coefficient values for U
adsorption by graphene-based adsorbents were derived by normalizing
adsorption capacity with residual U concentration in the liquid phase, as
given below.

adsorption capacity of U species onadsorbent(m
Partition coefficient(PC) = P pacityof Usp (mg/g)

resiual U concentration(uM)
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Fig. 6. The utility of phos-GOF adsorbents for removal of U: (A) Performance in relation to co-existing anions and cations and (B) reusability test (Cai et al., 2019).
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8.1. GO adsorbents

The main driving force for U adsorption by graphene-based adsor-
bents is surface functional groups that can interact with U species. The
number of oxygen functional groups introduced on graphene sheets and
their resulting adsorption capacity depends heavily on the synthesis
conditions. As such, various adsorption capacity values of U were
observed for pure GO adsorbents in different studies as summarized in
Table 1. As can be seen, few-layered GO prepared by the chemical
oxidation of graphite flakes using a modified Hummer’s method recor-
ded the highest PC value of 23.67 mg-g !-uM™! corresponding to an
adsorption capacity of 97.5 mg/g (Zhao et al., 2012). The few layered
GO gives the highest PC value among all those reported in Table 1,
although its adsorption capacity is not the highest. As such, PC can be
used as a simple means to assess the possible bias in assessing the per-
formance simply based on adsorption capacity. The observed superiority
of few-layered GO may reflect the large surface area and high concen-
tration of oxygen containing functional groups as it has a low C:O ratio
(2.37). Large PC values signify the effectiveness of few-layered GO in
removing almost 99% U at pH 5.0 from a solution (initial U concen-
tration of 98.06 mg/L). In contrast, graphene oxides (GOs) prepared by
the chemical oxidation of expanded graphite using a modified Hum-
mer’s method showed a very high Langmuir adsorption capacity of
138.89 mg/g at pH 4 as compared to that of few-layered GO. However, it
recorded much lower partition coefficient value of 3.31 mg-g~}-uM ! at
an initial U concentration of 100 mg/L (Sun et al., 2015b). This reflects
the fact that the concentration of unabsorbed U species is large in the
case of GOs and can cause reduced performance as compared to few-
layered GO. Such a high adsorption capacity of GOs is attributed to
the high oxygen content of 37.43 wt% and surface area of 140.8 m?%/g.

Under similar experimental conditions, HOOC-GOs and rGOs showed
lower adsorption capacities of 103.09 and 74.07 mg/g, respectively. This
is because HOOC-GOs and rGOs contain fewer oxygen containing func-
tional groups, which accounts for their lower capacities as compared to
GOs. U adsorption capacities of GO adsorbents prepared by the chemical
oxidation (CGO), electrolysis (EGO), and ball milling (BGO) techniques
were also assessed at pH 4.5 (Wang et al., 2016c). It was found that the
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Langmuir adsorption capacity of CGO was 257. 23 mg/g, which is nearly
three times higher than that of BGO (71.93 mg/g) and EGO (86.13 mg/g).
This is because CGO contains higher amounts of oxygen containing
functional groups than EGO and BGO. This result also indicates that the
chemical oxidation of graphene sheets is the most suitable technique for
the preparation of highly oxidized GO sheets for water remediation ap-
plications. The feasibility of commercially available industrial-grade
multi-layer GO was also assessed for the removal of U at pH 6 (Wang
et al., 2020a). Multi-layer GO adsorbent exhibited 66.51% removal of U
with an adsorption capacity of 63.22 mg/g (and PC value of 4.49
mg-g~1-uM™1) at 10 mg/L of initial uranium content. The reason for the
low percentage removal efficiency of the material is likely the very low
oxygen content (>0.5%) in the sample, which inhibits the binding of U
species with negatively charged active sites on the surface of GO.

8.2. Modified GO adsorbents

It is also feasible to enhance U adsorption capacity of GO by chemi-
cally modifying its surface bound oxygen containing functional groups as
presented in Table 2. Several studies have reported the enhanced po-
tential of nitrogen containing functional groups (like amine, amide,
imine, and oximes) due to their high affinity for U species. Among various
nitrogen functionalized GO adsorbents, the highest PC value of 513.40
mg-g~.uM ™! was observed for graphene oxide-polyethyleneimine (GO-
PEI) macrostructures against an initial U concentration of 100 mg/L
(Huang et al., 2018). This corresponds to an adsorption capacity value of
215.6 mg/g at pH 5. High U chelation ability of GO-PEI adsorbent is
attributed to the coordination of uranium ions with the amino and oxy-
gen containing functional groups present on its surface. In contrast, the
same adsorbent exhibited a significantly reduced adsorption capacity
value of 30.5 mg/g at pH 3.5 due to the repulsive interactions between
cationic UO»2" ions and protonated binding sites of the adsorbent.
Another study also revealed that oxime-functionalized adsorbent (i.e.,
RGO-PDA/oxime) prepared by reducing GO sheets with a mixture of
dopamine and salicylaldoxime in a tri-buffer solution at pH 8.5 is effec-
tive for U removal (Qian et al., 2018). The efficacy of RGO-PDA/oxime
adsorbent for U adsorption was tested at various initial U levels (range

Table 1
A list of pure graphene oxide adsorbents for uranium removal from aqueous media.
Order  Adsorbent Initial Temp. Time pH Residual U Removal Adsorption Partition Ref.
concentration (K) (h) conc. (uM) (%) capacity (mg/g) coefficient (mg g*1
(mg/L) pM—D

1. GO 142.8 R.T. 4 4 NA 22 299 0.64 (Li et al., 2012)

2. GO 98.06 293 24 5 4.12 99 97.5 23.67 (Zhao et al.,
2012)

3. GO 32 303 24 4 105 22 138.2 1.32 (Liu et al., 2015b)

4. GOs 100 293 48 4 42 90 138.89 3.31 (Sun et al.,
2015a)

5. GO NA 298 48 3.45 NA 100 8.92 NC (Wang et al.,
2015a)

6. GOs 2.38 293 48 5.2 0.50 95 11.3 22.67 (Wang et al.,
2015b)

7. GO 10 293 24 4.5 0.42 929 8.26 19.68 (Hu et al., 2016)

8. CGO 59.5 298 2.5 4.5 49.98 80 257.23 5.15 (Wang et al.,
2016¢)

9 GO 30 293 3 3.5 NA NA 60.6 NC (Lingamdinne
et al., 2017)

10. GO 85 298.15 3 6.5 NA NA 97.3 NC (Liu et al., 2018b)

11. GO 10 293 24 4 0.55 98.7 9.34 3.37 (Mohamud et al.,
2018)

12. GO 100 298 6 5 241.5 42.5 575 2.38 (Qianetal., 2018)

13. GO 10 298 0.5 4 6.30 85 16.03 2.54 (Yang et al.,
2018)

14. GOF 10 298 20 4 12.60 70 70 5.56 (Cai et al., 2019)

15. GO 210 298 6 5 NA NA 299.7 NC (Li et al., 2019)

16. GO 10 298 1 6 14.07 66.51 63.22 4.49 (Wang et al.,
2020a)

17. GONRs 60 298 4 4.5 126 50 153.5 1.22 (Li et al., 2021b)
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Table 2
A list of modified graphene oxide adsorbents for uranium removal from aqueous media.
Order  Adsorbent Initial Temp. Time pH  Residual U Removal Adsorption Partition Ref.
concentration (K) (h) conc. (uM) (%) capacity (mg/g) coefficient (mg
(mg/L) g ' uM-)

1. Polyaniline@GO 100 298 48 3 NA NA 245.14 NC (Sun et al., 2013)

2. GO/ polypyrrole 27 298 48 5 2.27 98 147.1 64.86 (Hu et al., 2014)

3. CD/ GO 24 288 24 5 20.16 80 103.9 5.15 (Song et al.,
2014)

4. GO/phytic acid 80 298 4 5.5 NA NA 124.3 NC (Liu et al.,
2015a)

5. PGO 32 303 24 4 90 33 251.7 2.80 (Liu et al.,
2015b)

6. 3-D LDH/G 130 298 3 4 5.46 99 277.8 50.88 (Tan et al.,
2015c¢)

7. NH3-GO 50 298 4 6 33.60 84 80.13 2.38 (Verma and
Dutta, 2015)

8. AOGONRs 59.5 298 4 4.5 NA NA 502.6 NC (Wang et al.,
2015c¢)

9. Polydopamine/ 10 293 24 4 4.20 90 145.39 34.62 (Zhao et al.,

GO 2015)

10. AMGO 42.84 328 12 5.9 NA NA 141.2 NC (Chen et al.,
2016)

11. GO-NHy 60 298 6 5.5 25.20 90 215.2 8.54 (Liu et al.,
2016b)

12. AGH 100 298 7 6 42.00 920 190.09 4.53 (Wang et al.,
2016a)

13. GOS 110 298.15 3 6 NA NA 309.09 NC (Zhang et al.,
2016)

14. rGO 30 293 3 35 NA NA 84.5 NC (Lingamdinne
et al., 2017)

15. EDTA-GO 60 298 6 6 29.48 88.3 212.77 7.22 (Liu et al., 2017)

16. HO-CB[6]/GO 40 298 24 5 16.80 90 301.6 17.95 (Shao et al.,
2017)

17. SGO 10 293 48 2 0.00 100 45.05 NC (Sun et al., 2017)

18. CARGO-1 100 298 2 5 46.20 89 176 3.81 (Verma and
Dutta, 2017)

19. PEI-GHS 110 298 6 6 46.20 90 989 21.41 (Wang et al.,
2017)

20. GO-PEI 100 298 3 5 0.42 100 215.63 513.40 (Huang et al.,
2018)

21. GO-DTPAA 85 298.15 3 6.5 NA NA 485 NC (Liu et al.,
2018b)

22. COOH-GO 10 293 24 4 4.66 88.9 169.2 36.29 (Mohamud et al.,
2018)

23. RGO-PDA/oxime 100 298 6 5 NA NA 1049 NC (Qian et al.,
2018)

24. RGO-PDA 100 298 6 5 NA NA 650 NC (Qian et al.,
2018)

25. Phos-GOF 10 298 24 4 2.73 93.5 93.5 34.25 (Cai et al., 2019)

26. GO/PDA/PAO 10 298 6 6 NA 100 240.9 NC (Dai et al.,
2019b)

27. MBTA-GO 250 298 2 3.5 NA NA 264 NC (Ding et al.,
2019)

28. RGO-AMP 10 298 0.5 6 2.77 93.4 186.80 67.39 (Dutta et al.,
2019)

29. GOANS 250 298 1 4 105.00 90 311.5 2.97 (Gado et al.,
2019)

30. GO-pDA 210 298 6 5 NA NA 314 NC (Li et al., 2019)

31. GO-pDA-PEI 210 298 6 5 37.04 95.8 416 11.23 (Li et al., 2019)

32. HGP 100 NA 0.34 5 14.70 96.50 545.7 37.12 (Liao et al.,
2019)

33. GO-CMC 100 313 3 5 42.00 90 322.6 7.68 (Peng et al.,
2019)

34. GO/PEDOT:PSS 10 298 24 4.5 0.00 100 48.90 NC (Song et al.,
2019)

35. MGO 20 NA 1 6 0.66 99.21 86.15 129.82 (Wang et al.,
2020a)

36. GO-DM-AO 478.7 298 0.5 8 201.05 90 935 4.65 (Yang et al.,
2019b)

37. GA/GNRs 250 298 4 5 NA NA 327.8 NC (Hu et al., 2020)

38. GA 42 298 24 4 NA NA 238.67 NC (Zhao et al.,
2019)

39. GO-HDX 250 298 1.33 4 14.91 98.58 58.5 3.92 (Atia et al., 2020)

40. PAO-GH 300 298 4 4 NA NA 222.2 NC (Bai et al., 2020)

41. P-pFGO-7 134 298 1 4 73.16 87 266.7 3.65 (Lei et al., 2020)

42. PAO/GONRs 59.5 298 4 4.5 67.47 73 216 3.2

10

(continued on next page)



S. Verma and K.-H. Kim

Table 2 (continued)
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Order  Adsorbent Initial Temp. Time pH  Residual U Removal Adsorption Partition Ref.
concentration (K) (h) conc. (uM) (%) capacity (mg/g) coefficient (mg
(mg/L) g ' M-
(Wang et al.,
2021a)
43. GO/HAP 40 298 2 3 11.76 93 373 31.72 (Su et al., 2021)
44. GO-pAM-MBA 301 298 5 4 37.93 97 589.1 15.53 (Yang et al.,
2021b)

8-100 mg/L). Similar masses of control adsorbents, i.e., GO and GO
reduced with dopamine (RGO-PDA), were also tested for U to recognize
the contribution of oxime molecules in the U removal (Qian et al., 2018).
Accordingly, all three adsorbents (RGO-PDA/oxime, RGO-PDA, and GO)
follow the Langmuir adsorption isotherm model with high adsorption
capacity values of 1049, 675, and 613 mg/g, respectively. The excellent
performance of RGO-PDA/oxime towards U adsorption is ascribed to the
high affinity of deprotonated C = N-OH moieties of oxime molecules for
uranium ions (Gunathilake et al., 2015). This also implies that oxime
molecules are present at the outer surface of RGO-PDA/oxime adsorbent
to facilitate U adsorption. On the other hand, PDA molecules act as a
bridge to connect oxime molecules with the GO surface as shown in
Fig. 7. This type of molecular bridging stabilizes the RGO-PDA/oxime by
minimizing the electrostatic repulsive forces. Other factors which enable
U uptake by RGO-PDA/oxime adsorbent are its porous 3D network and
large surface area.

Phosphate and sulfur functionalized graphene adsorbents were also
prepared for the treatment of U from aqueous solutions (Liu et al., 2015b;
Zhang et al., 2016; Sun et al., 2017; Cai et al., 2019). As an example, fully
phosphorylated 3D graphene oxide foam (phos-GOF) was prepared by
the hydrothermal treatment of GO with phytic acid, as shown in Fig. 8
(Cai et al., 2019). The adsorption capacities and PC value of phos-GOF
were 93.5 mg/g and 34.25 mg-g~}-uM ! at an initial U concentration
of 10 mg/L. The existence of phosphorus containing functional groups on
a phos-GOF surface appears to endow it with excellent affinity for U
species. Moreover, spend phos-GOF adsorbent can be easily regenerated
with 0.02 mol/L HNO3 to maintain the high adsorption efficiency (e.g.,
~93.5% up to five test cycles). In contrast, non-phosphorylated GOF
adsorbent exhibited a much smaller adsorption capacity of nearly 70 mg/

g with a PG value of 5.56 mg-g~!-uM ! against an initial U concentration
of 10 mg/L. The high affinity and contribution of phosphate functional-
ities towards U removal was also observed in phosphate functionalize GO
(PGO) prepared by grafting triethyl phosphite groups onto a GO surface
(Liu et al., 2015b). It was observed that the electrostatic interactions
prevailing between U species and phosphate/oxygen functional groups of
GO were responsible for the selective U uptake from acidic solution. On a
similar note, GO was chemically functionalized to incorporate sulfonyl
groups (-OSOsH) on its surface (Zhang et al., 2016; Sun et al., 2017). GOS
adsorbent prepared by treating GO with fuming sulphonic acid (i.e., SO3
in HySO4) showed a high U adsorption capacity of 309.1 mg/g at pH 6
with an initial U concentration of 110 mg/L (PC = ?) (Zhang et al., 2016).
On the other hand, sulfonated GO (SGO) prepared by the treatment of
pre-oxidized graphite with HySO4 and KMnO,4 exhibited a smaller
maximum adsorption capacity of 45.1 mg/g at ultralow pH of 2 (PC = ?)
(Sun et al., 2017). Almost complete removal of U by SGO adsorbent
suggests its enhanced performance at low pH conditions.

GO adsorbents with multiple functionalities or chelating sites were
also developed for the efficient removal of U species. In this context,
novel functionalized graphene adsorbents have been developed by
treating GO with adenosine-5‘-monophospahte (RGO-AMP) and poly
amino-phosphonic acid (PAMGO) (Dutta et al., 2019; Yin et al., 2019).
These functional groups (e.g., amide/amide and phosphates) grafted on
GO surface can induce strong interactions between adsorbents and U
species. The partition coefficient value for RGO-AMP adsorbent was
67.39 mg-g~'-uM ™}, corresponding to an adsorption capacity value of
186.8 mg/g for a uranium aqueous solution (10 mg/L concentration).
This RGO-AMP adsorbent follows the Langmuir isotherm model, which
suggests the importance of monolayer accumulation of U species on the
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Fig. 8. Schematic of the preparation of phos-GOF and the main adsorption mechanism of U(VI) on phos-GOF (Cai et al., 2019).

adsorbent surface. In addition, the small equilibration time of 240 s for a
U uptake of up to ~ 93% indicates high chelation tendency and affinity
of amide/amide and phosphates functional groups for U. The utility of
amino-phosphorous moieties in uranium removal is also evident in other
adsorbent materials (Zhang et al., 2020). Thus, chemical modification of
GO to add nitrogen, phosphorus, and sulfur moieties in graphene skel-
eton can serve as major binding sites to lead to the removal of uranium
from wastewaters.

8.3. Graphene-metal oxide composite adsorbents

GO exhibits extreme hydrophilicity in aqueous solutions because of
the presence of a large amount of oxygen containing polar functional-
ities on its surface. This discourages the use of pure GO in wastewater
treatment and adsorption processes due to associated post-separation
complexities. As an effective solution for such a limitation is to
impregnate or load magnetic nanomaterials on GO sheets to provide
easy and quick separation with the aid of an external magnetic field
(Zong et al., 2013). Also, collaborative association of the adsorption
efficiencies of GO and magnetic nanomaterials is favorable for obtaining
high adsorption capacity. A list of such graphene-metal oxide compos-
ites developed for the removal of aqueous phase U is presented in
Table 3. The adsorption performances of graphene-metal oxide com-
posites are far superior to the pure GO adsorbents (Table 1). Magnetic
GO based adsorbents, i.e., polyamidoxime/polyethyleneimine magnetic
graphene oxide (mGO-PP), was developed by the in-situ polymerization
of acrylonitrile on polyethyleneimine bonded magnetic GO (Dai et al.,
2019a). Results of>90% removal of U (within first 30 min) from simu-
lated wastewater with 10 mg/L U at pH 6 indicates rapid uptake of U.
The adsorption capacity of mGO-PP was determined as 200.4 mg/g, and
the corresponding PC was estimated as 4747.6 mg-g~*-uM L. A large PC
value implies high potency of mGO-PP adsorbent towards U removal,
which is attributed to the high affinity of the nitrogen containing
functional groups grafted on the surface of magnetic GO. The suitability
of mGO-PP adsorbent for real applications was also investigated by
treating actual mine radioactive wastewater with U ions concentration
of 100.8 pg/L along with common metal ions. The mGO-PP showed
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selective adsorption of U from actual mine wastewater with a high
removal rate of 93.68%. The PC value for the treatment of mine
wastewater was 70.83 mg-g~1-uM . The residual concentration of U in
the mine wastewater was 6.37 pg/L, which is significantly lower than
the permissible limits of uranium (30 pg/L) established by WHO (Verma
and Dutta, 2015). Thus, it can be inferred that GO adsorbents bearing
nitrogen moieties are beneficial for the selective uptake of U species
from artificial as well as real waste waters.

The adsorption capacity of GO sheets was also enhanced by loading
manganese oxide nanoparticles because of the synergistic effects between
active binding sites of both (Yang et al., 2018). Accordingly, almost 99%
of U was removed from 10 mg/L of U solution when 0.5 g/L mass of
graphene oxide-manganese oxide (GOMO) adsorbent was used at pH 4.
In contrast, a similar extent of U removal occurred at much higher does
(e.g., 1.0 g/L) of pure GO under the same experimental conditions. The
adsorption capacity values for GO and GOMO adsorbent when measured
at pH 4 were 16.03 and 19.92 mg/g, respectively, with their corre-
sponding PC values of 2.54 and 474.29 mg-g~-uM "}, respectively. The
higher adsorption capacity of GOMO might reflect the contribution of
active sites from MnO3 nanoparticles as they also contributed to the in-
creases in the total number of active sites on GOMO adsorbents (e.g.,
relative to GO). It is important to note that there are drastic differences in
the performance between mGO-PP (adsorption capacity = 200.4 mg/g;
PC = 4771.43 mg-g~*-uM 1) and GOMO adsorbents (adsorption capac-
ity = 19.92 mg/g; PC = 474.29 mg-g L.uM™1). This large difference
between the two adsorbents demonstrates the extraordinary contribution
of nitrogen containing functional groups of mGO-pp in removing U from
an aqueous solution. In addition, GO composites with metal oxide such as
TiOg (Yu et al., 2019), Fe:Ni (Zhang et al., 2019b), NiCo204 (Song et al.,
2016), and CoFey04 (Tan et al., 2015a) also showed high adsorption
capacity values of 441.3, 384.6, 349, and 125 mg/g, respectively,
with the corresponding PC values of 13.13, 4.53, 9.23, and 59.52
mg-g~1.uM 1. Hence, it can be concluded that the adsorption capacity of
GO sheets can be improved considerably through the incorporation of
metal oxides.
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Table 3
A list of graphene-metal oxide composite adsorbents for uranium removal from aqueous media.
Order  Adsorbent Initial Temp. Time pH  Residual U Removal Adsorption Partition Ref.
concentration (K) (h) conc. (uM) (%) capacity (mg/g) coefficient (mg
(mg/L) g luM Y

1. AOMGO 47.6 298 24 5 2.00 29 76.87 38.45 (Zhao et al.,
2013)

2. Fe304/GO 26.65 293 24 5.5 50.37 55 69.49 1.38 (Zong et al.,
2013)

3. GO/SiOy 5 298.15 0.12 4 0.21 29 17.89 85.19 (Meng et al.,
2015)

4. CoFe;04-rGO 50 298 4 6 2.10 99 125 59.52 (Tan et al.,
2015a)

5. MnO,-Fe304-rGO 120 328 6.667 6 37.40 92.58 108.7 291 (Tan et al.,
2015b)

6. o-GOM, 40 298 0.5 3.8 NA - 185.2 NC (Pan et al., 2016)

7. Cucurbit[6]uril/ 36 298 24 5 30.24 80 122.48 4.05 (Shao et al.,

GO-Fe30, 2016)

8. NiCo,04@rGO 150 298 9 5 37.80 94 349 9.23 (Song et al.,
2016)

9. rGONF 30 293 3 3.5 NA - 200 NC (Lingamdinne
et al., 2017)

10. GONF 30 293 3 35 NA - 135.13 NC (Lingamdinne
et al., 2017)

11. FG-20 100 298 2 6 39.90 90.5 455 11.40 (El-Maghrabi
et al., 2017)

12. mGO-PAO 10 313 24 6 0.74 98.24 24.89 33.67 (Dai et al., 2018)

13. GOMO 10 298 0.5 4 0.04 99.99 19.92 474.29 (Yang et al.,
2018)

14. SMGO 10 298 3 4 4.20 20 28.2 6.71 (Choi et al.,
2019)

15. mGO-PP 10 298 24 6 0.04 99.99 200.4 4747.62 (Dai et al.,
2019a)

16. AO/mGO 10 293 48 4 0.84 98 10.438 12.43 (Hu et al., 2019)

17. MGs 10 298 2 5 8.40 80 271.7 32.35 (Ma et al., 2019)

18. rGO/Fe304/TW 10 298 2 5 0.42 929 19.8 47.14 (Yang et al.,
2019a)

19. 3D GA/TiO, 20 298 12 5 33.60 60 441.3 13.13 (Yu et al., 2019)

20. GO/Al,03 20 293 0.5 6.5 21.00 75.00 142.8 6.80 (Zhang et al.,
2019a)

21. Fe:Ni/GO 59.5 298 6 5.5 84.97 66 384.62 4.53 (Zhang et al.,
2019b)

22. FFGS 60 303 NA 5 NA - 219.71 NC (Zhu et al.,
2019b)

23. FH/GO 60 303 NA 5 NA - 196.24 NC (Zhu et al.,
2019b)

24. FH/Fe304 60 303 NA 5 NA - 181.98 NC (Zhu et al.,
2019b)

25. FH 60 303 NA 5 NA - 100.83 NC (Zhu et al.,
2019b)

26. CMC/MGOs 72.11 301 NA 5.5 131.08 56.72 188.97 1.44 (Zong et al.,
2019)

27. GO/FeS 140 298 2 5 6.23 98.94 251 40.27 (Li et al., 2021a)

28. GO/Fe303/GC 10 0.5 5 0.55 98.7 66.36 121.54 (Yang et al.,
2021a)

8.4. Miscellaneous graphene adsorbents

GO composites with many other materials such as activated carbon,
activated sludge, metal organic frameworks (MOFs), polysaccharides (e.
g., chitosan, sodium alginate, and agar), clay minerals (e.g., bentonite,
montmorillonite, and sepiolite), and biomaterial (e.g., bovine serum
albumin) have been developed to achieve efficient removal of U from
aqueous media, as summarized in Table 4. In particular, MOFs are
widely employed to prepare adsorbents for water remediation applica-
tions because of their advantageous porous network structure. Among
various GO-MOF composites adsorbents, rGO-ZIF67 aerogel showed an
excellent adsorption capacity value of 1889 mg/g at an initial U con-
centration of 300 mg/L with a PC value of 1498.85 mg-g~1-.uM ! and a
high removal rate of almost 99.9% (Zhao et al., 2020). The extraordi-
nary performance of rGO-ZIF67 aerogel is attributed to the large specific
surface area and porous network with residual oxygen moieties. In short,
U uptake by rGO-ZIF67 aerogel is facilitated by surface complexation
and an electrostatic attraction mechanism. In contrast, MIL-68/GO
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composites prepared using solvothermal process revealed the lowest
PC value of 2.23 mg~g_1~pM_1(Zhu et al., 2019a). The composite
nonetheless revealed moderately high adsorption capacity value of 375
mg/g as tested on simulated wastewater at high initial U concentration
of 400 mg/L. The high adsorption capacity of MIL-68/GO composites is
ascribable to its porous network structure to facilitate the interaction of
U with active sites with -OH and -COOH functionalities. Thus, it can be
concluded that graphene-MOF composite adsorbents are highly recom-
mended for the treatment of U in aqueous solutions.

GO composites were also developed with chitosan to enable U
removal by the active functional moieties present in chitosan in addition
to those present on the surface of GO. Chitosan is a natural poly-
saccharide material composed of randomly distributed N-acetyl
glucosamine and D-glucosamine units attached via p-linkages (Verma
and Dutta, 2020). The presence of large numbers of amino (-NHjy) and
hydroxyl (-OH) groups on chitosan can promote effective removal of
heavy metal ions. However, the low mechanical/chemical stability of
chitosan restricts its usage in commercial applications. On the other



S. Verma and K.-H. Kim

Environment International 158 (2022) 106944

Table 4
List of miscellaneous graphene adsorbents for uranium removal from aqueous media.
Serial Adsorbent Initial Temp. Time pH Residual U Removal Adsorption Partition Ref.
no. concentration (K) (h) conc. (uM) (%) capacity (mg/g) coefficient (mg gfl
(mg/L) BM )

1. GO-ACF 50 298 1 5.5 NA - 298 NC (Chen
et al.,
2013)

2. GO@sepiolite 50 298 24 5 NA - 161.29 NC (Cheng
et al.,
2013)

3. GO-Ch 40.46 303 24 4 42.48 75 225.78 5.31 (Cheng
et al.,
2014)

4. Agar-MMT-GO 15 303 24 4.5 11.34 82 142.8 12.59 (Cheng
et al.,
2017)

5. GO-CS 300 R.T. 6 8.3 1.26 99.9 384.6 305.24 (Huang
et al.,
2017)

6. GO-BSA 200 298 1.33 6 16.80 98 389 23.15 (Yang

composites etal.,

2017)

7. Cal-Alg-GO 1000 298 24 5 NA - 29.4 NC (Basuetal.,
2018)

8. GO15-MIL-101 10 298 24 5.5 10.50 75 106.89 10.18 (Han et al.,

(Fe) 2018)

9. GO@PDA/CS 50 298 0.25 6 7.35 96.5 161 21.90 (Liao et al.,
2018)

10. GO/bentonite 15 303 3 7 6.30 90 33.68 5.35 (Liu et al.,
2018a)

11. 0-GS-COF 300 298 2 4.5 NA - 220.1 NC (Wen et al.,
2018)

12. SPG 1000 298 4 4 NA - 403.78 NC (Yietal.,
2018)

13. AS-GO 25 308 2 4 NA - 180.6 NC (Zhao
et al.,
2018)

14. GZA 200 298 12 7 168.00 80 316.48 1.88 (Guo et al.,
2019)

15. GO-BSA 100 313 3 5 42.00 90 270 6.43 (Peng
et al.,
2019)

16. MIL-68/GO 400 298 3 8 168.00 90 375 2.23 (Zhu et al.,
2019a)

17. GO-CMC-AO 200 308 3 6 84.00 90 306.98 3.65 (Yang
et al.,
2020)

18. GO-CS-AO 200 308 3 6 84.00 90 243.36 2.90 (Yang
et al.,
2020)

19. GCZ8A 150 298 3 8 NA - 361.01 NC (Guo et al.,
2020)

20. rGO/ZIF 67 300 298 48 4.01 1.26 99.9 1888.55 1498.85 (Zhao
et al.,
2020)

hand, graphene exhibits a high tensile strength with a high Young’s
modulus of 1 TPa (Kumar and Srivastava, 2018). The adsorbents
developed by the association of GO with chitosan are environmentally
friendly as they are free from any metallic component. A three dimen-
sional graphene oxide-chitosan (GO-CS) aerogel was demonstrated for a
high U adsorption capacity of 384.6 mg/g (PC = 305.24 mg-g~>-uM 1)
at pH 8.3 (Huang et al., 2017). This enhanced performance of GO-CS
supports the advantage of using aerogel-based adsorbents in metal
removal applications. GO gels modified with amidoxime groups and
polysaccharides (i.e., carboxy methyl cellulose and chitosan) are also
observed to have high adsorption capacity values of 307.0 and 243.4
mg/g, respectively (Yang et al., 2020). The PC values for GO-CMC-AO
and GO-CS-AO were 3.65 and 2.90 mg-g~'-uM ™, respectively. Like-
wise, aerogels of chitosan with polydopamine modified GO (GO@PDA/
CS) showed a high U adsorption capacity of 161 mg/g and PC value of
21.9 mg-g~1.uM ! (Liao et al., 2018). Hence, aerogels consisting of
graphene and chitosan (or other polysaccharides like cellulose) exhibit
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high U adsorption efficiency due to its porous network and existence of
active sites on its surface.

9. Summary and outlook

In this article, we discussed emerging applications of graphene-
based adsorbents in the adsorptive removal of uranium ions from
wastewater. Graphene has attracted widespread attention for the
remediation of heavy and toxic metal ions, including radioactive ele-
ments like U due to its large surface area, electronic properties, and
tunable surface characteristic and strength. We have discussed practical
strategies to obtain high and rapid adsorption of U species in detail.
Functionalization and composite formation are major approaches to
enhance adsorption capacity of graphene adsorbents. U adsorption on
graphene-based adsorbents widely depends upon the existing func-
tional moieties. Diverse functional moieties containing hetero-atoms
such as oxygen, nitrogen, phosphorus, and sulfur both promote facile
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adsorption of U species and drive selective uptake of U from the
aqueous solutions over other metal ions. These functionalities are
helpful in controlling U adsorption based on electrostatic forces such as
cation- interactions and covalent forces like complexation and hard-
hard interactions. Further, pH should also have major influence on U
adsorption processes as the speciation of U varies across pH values.
Moreover, pH significantly affects the surface charge of graphene-based
adsorbents, controlling the U removal efficiency.

Graphene oxide is the most widely used derivative of graphene. GO is
an extremely hydrophilic derivative of graphene due to the presence of a
large amount of oxygen functionalities (e.g., hydroxyl and carbonyls).
As such, it can trigger unnecessary difficulties in post-separation stages,
requiring costly and high-capacity separating devices (e.g., centrifuge
with high operating speed or syringe filters). In this context, if the GO
surface is modified with fewer hydrophilic functional groups, it can help
in stabilizing the GO sheets in solutions. This also enhances thermal
stability of GO sheets to impart their uniform distribution for the rapid
scanning of the available U species. The adsorption performance of most
of the chemically modified GO adsorbents is far better than GO because
of the active moieties of functionalities (for example amine, amide,
oxime, phosphate, and sulfates). Likewise, coupling of graphene with
nanomaterials is a useful option to improve the efficacy of the adsorp-
tion process as the active binding sites from both components can pro-
mote U removal. The use of GO composites with magnetic nanomaterials
is also an effective option for the rapid separation of adsorbent using
external magnets. However, it is of prime importance to develop effec-
tive separation protocol for the post-treatment of graphene-based ad-
sorbents (including other carbon materials) from the tested solutions
due to its biotoxicity in humans and animals (Pikula et al., 2018; Haixia
et al.,, 2021). According to a recent study on biological behavior of
graphene, it was fond out that graphene family materials can adhere to
outer surface of cell membrane or interact with the lipid bilayers of the
plasma membrane. They can also agglomerate into the plasma mem-
brane to induce inflammatory conditions with the leakage of cyto-
plasmic fluid (Magne et al., 2021). Considering all the issues raised
above, the following key points should be considered to expand the
utility of graphene-based adsorbents for practical applications toward
the removal of uranium and/or other toxic metal ion pollutants from
aqueous media.

1. Future research in this area should be aimed at producing a
graphene-based adsorbent with functional groups specific for ura-
nium abstraction from solutions. This will help in employing
graphene-based adsorbents for real applications as effluent from a
radioactive plant contains many other metallic species at the same
time.

2. Emphasis should be placed on designing an adsorbent material that
could simultaneously remove different types of U species from so-
lution. This would help overcome the pH barrier restrictions to help
expand the application of graphene-based adsorbents.

3. Efficient protocols should be developed for the post treatment sep-
aration of graphene adsorbents in light of associated health hazards.
Green and cost-effective synthesis methods for GO should also be
used to avoid the consumption of toxic chemicals in adsorbent
synthesis.

4. Adsorbents with short equilibration time and large capacities should
be developed for quick U adsorption. Also, the surface properties of
the adsorbent should not change drastically with pH to achieve
consistency in U removal across varying pH values.

5. The major drawback of handling uranium polluted water is the
radioactivity. Hence, spent adsorbent should be discarded with
special caution at regulated sites so that it does not have any adverse
effects on humans or ecological systems.
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