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Abstract Oil spills over seawater and dye pollutants in water
cause economic and environmental damage every year.
Among various methods to deal oil spill problems, the use
of porous materials has been proven as an effective strategy.
In recent years, graphene-based porous sorbents have been
synthesized to address the shortcomings associated with con-
ventional sorbents such as their low uptake capacity, slow
sorption rate, and non-recyclability. This article reviews the
research undertaken to control oil spillage using three-
dimensional (3D) graphene-based materials. The use of these
materials for removal of dyes and miscellaneous environmen-
tal pollutants from water is explored and the application of
various multifunctional 3D oil sorbents synthesized by surface
modification technique is presented. The future prospects and
limitations of these materials as sorbents are also discussed.
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Introduction

Oil spill accidents occur every year, for example, the Erika
spill in France in 1999 and Gulf of Mexico spill in 2010 (Al-
Majed et al. 2014). The environmental and water pollution
due to oil spills cause a lot of economic and environmental
destruction along with health problems. The spilled oil on
seawater undergoes various processes: spreading, evapora-
tion, formation of emulsion at the air/water interface, and deg-
radation (Rogowska and Namie 2010). Dyes are pollutants
released into receiving waters and rivers which decrease light
penetration in water thus decreasing the photosynthetic activ-
ity within the water. This reduces the growth of biota (plant
and animal life). A large number of dyes are used in the textile
industry. The disposal of dye-contaminated water is a serious
issue for the textile dyeing and ink-related industries as it
possesses the potential to harm human beings as degradation
products from dyes may be carcinogenic (Ratna 2012).

Various strategies are used for oil spill cleanup such as in
situ burning (Mullin and Champ 2003) or the use of disper-
sants (Lessard and DeMarco 2000) or sorbent materials
(Saleem et al. 2014, 2015, 2018). Booms are also used to
physically contain the oil which forms a barrier in the sea
around oil slicks. The contained oil can be picked up by skim-
mers which physically separate oil from water; however, this
mechanical method of booms and skimmers is expensive and
it is effective only in calm water conditions (Schulze 1998; Al-
Majed et al. 2012).

The applications of porous sorbent materials have proven
to be an attractive strategy to deal with oil spill problem due to
their low cost and efficient oil removal. The conventional
sorbents include polypropylene, zeolites, ion exchanges, per-
lite, organophilic clays, biomass materials, and exfoliated
graphite (Adebajo et al. 2003). However, most sorbents suffer
from problems such as low sorption capacity and poor
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recyclability. These issues are well addressed by the use of g & = % § =
carbon-based sorbent materials in recent years as they pos- o s 2 g &
sessed suitable properties for oil uptake such as a porous struc- g g Tj i 5 E g Tj
ture with high surface area and hydrophobic surface. & 8 =z 88 % g g
Carbon has many allotropes depending upon the hybridiza- & 2 g & 2 N
tion on carbon and atomic arrangement. For example, diamond, % 2N
which is the hardest carbon-based material, is an insulator while ;2 8
layered graphite is soft and is a conductor of electricity (Falcao . g ‘ mg
and Wudl 2007). The sp> hybridization is present in graphite, é o) g2 = E‘)
graphene, carbon nanotubes, and fullerenes (Georgakilas et al. é %D 9‘ %E)D NI
2015). Graphene, which was discovered in 2004, is the most 2 g NED - 1 4
recent form of carbon. It has exceptional properties such as large & § E g‘) s mg
specific surface area, high Young’s modulus, high thermal and S2|. i 8 ‘\g E
electric conductivity, and possesses high optical transmittance. 5 _§ < 3 ; g %
As a result, graphene has been extensively used in various en- =
ergy and environment applications. For example, the research 5 §
was directed to make electrodes based on graphene materials for % Z %D
use in energy storage devices (supercapacitors and batteries) £ % §
(Fan et al. 2015a). The materials have also been used for the " 8 § :)g 3 w'g
photocatalytic degradation of environment pollutants and in gas g % g’_ § f; § g
sensing (Ali Tahir et al. 2016). In water purification, graphene oy £ g % S 8= §
membranes (with fine pores) have been tried with the aim to . “ . S @ = A
develop energy efficient/environmentally friendly water filters. R % > o jﬁ Eﬁ
Although graphene repels water, rapid water permeation is € 8 & ¥ g
allowed if narrow pores are made in the graphene sheet. The i g % g "al“ §|
use of graphdiyne (graphyne with diacetylene groups)-based 2wy g 2 7
membranes have also been proposed in water purification o f: %g?ﬂ 5} gﬁ go
(Bartolomei et al. 2014). Further, Carmalin Sophia et al. g = 2= E E S S
(2016) reviewed the research on the application of graphene- E é = (% § § § §
based materials such as graphene composites and graphene ox- o 27 7% 3 B &
ide for the removal (adsorption) of traces of water-related path- = »
ogenic, micro-organisms, expired antibiotics, heavy metals, etc. Lé § o 5
which are thrown into water as wastes. To deliver drugs and % % Z% %
genes, delivery vehicles based on 3D graphene materials have g bt % §
been reported which have been proved useful in cancer therapy g :«2 g 3 3
(Wu et al. 2015). Further promising results were obtained in 2 § §* f‘-‘é %D
tissue engineering because these materials are porous, biocom- % %; 508 s §
patible, and biodegradable and can act as a support/scaffold = é § £ cz 2 _E §
platform for growth of cells with enhanced oxygenation 8 & < ® E’ @ &
(Loeblein et al. 2015). 5 s g 255
The present article provides a review of the usage of three- ~; g S ERA %
dimensional graphene in oil and dye sorption studies as this 5 o f-; £ g E =2
material possesses high surface area, good mechanical 2| g <3 55 %E TE %é ;
strength, and tunable surface properties which are desirable § 4 % % S Ex%g ;"8 _?:;
characteristics of a good sorbent. The removal of miscella- g g g = 9 = 5‘ = s (‘5‘-’
neous environmental pollutants using these materials has also é
been described. Finally, multifunctional sorbents of 3D 3 £c
graphene synthesized by surface modification are reviewed. % ﬁ g é g
The future prospects and limitations of these materials as sor- é = g g 2 % = =
bents have also been discussed. Table 1 provides a comparison S8 2z ) g 2 - g )
on the performance of various 3D carbon materials with - 2 - % 4 E E” ;o;é § i‘)
graphene for oil sorption application while Fig. 1 presents 218 £ § 5 £ 2 % g 2 %D
characterization of 3D graphene. sl 3 S S = & &
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Fig. 1 Characterization of three-
dimensional (3D) graphene. a, b
SEM micrographs of 3D-GFs at
low and high magnification; the
inset shows an enlarged view of
3D-GF skeleton surface. ¢ Typical
Raman spectrum of 3D-GFs.
Reproduced from Li et al. (2013).
Copyright 2013 Nature
Publishing Group
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Synthesis of graphene and graphene oxide

At the beginning, i.e., in 2004, the mechanical exfoliation (also
called “scotch tape”) method was used to synthesize graphene;
however, various methods are now available for the preparation
of graphene (Fig. 2a). Graphene synthesis methods can be divid-
ed into bottom-up graphene methods (chemical vapor deposition
and epitaxial growth on SiC) and top-down graphene methods
(exfoliation of graphite or graphite derivatives—mechanical,
chemical, or ultrasonic exfoliation) (Bhuyan et al. 2016).

Graphene oxide GO is prepared by the Hummers method
by the oxidation of graphite with oxidizing agents such as
KMnO,4 and NaNOj; in H,SOy4 (strong oxidizing agents)
(Hummers and Offeman 1958); however, an improved
Hummers method (Fig. 2b) was reported in 2010 which uses
KMnO,/H,S0,4/H;PO, as an oxidizing agent (Marcano et al.
2010).

3D graphene-based structures preparation methods

The preparation methods generally fall into two categories:
template-directed methods and self-assembly methods
(Zelechowska et al. 2014; Yang et al. 2015b).

Template-directed methods

In these methods, the templates used are metal foams (Ni
porous hard template), mesoporous silica, and hard spheres
of polystyrene. Three-dimensional graphene structures are
usually prepared via chemical vapor deposition method.
Chen et al. prepared graphene foam (an interconnected
flexible network of graphene) using the CVD method
(template-directed chemical vapor deposition) in which nickel

1400 1600 2400

2D

2600 2800

Raman shift (cm™)

foam is chosen as a porous metal template on which graphene
is grown by the decomposition of a precursor gas CH, at
1000 °C. Afterwards, the nickel was etched away (Chen
et al. 2010, 2011). After Chen’s pioneering work, several re-
searches appeared to prepare graphene-based 3D structures
using metal template-directed chemical vapor deposition and
such materials have been prepared by adding a number of
chemicals with the aim to obtain or create functionalized
nano-architectures. The added chemicals include, for exam-
ple, metal nanoparticles such as Pt nanoparticles, multi-walled
carbon nanotubes (CNTs), and metal oxides such as MnO,
(Cao et al. 2013) and Fes04 (Luo et al. 2013).

Sha et al. (2016) combined traditional powder metallurgy
and chemical vapor deposition to obtain 3D mesoporous
graphene foams. The prepared structures possessed high con-
ductivity, mechanical robustness, and also were recoverable
after being compressed (Sha et al. 2016).

Furthermore, to get 3D highly porous composites with the
desired pore size and branch size, Ni template was synthesized
instead of using commercial Ni template foam which has a large
pore size (about 200500 um) and wide branch size (about
50 um) (Zelechowska et al. 2014). In one experiment, the facial
electrodeposition method was used to obtain Ni mesh/film with
pore and branch sizes much smaller than those of a commercial
Ni-foam template. The pore size of 5-10 um and branch length
of about 5 um were obtained. The Ni films so obtained were
then used by the CVD method to prepare ultrathin 3D graphene
foam with dimensions similar to that of the template used in the
CVD method (Xia et al. 2014; Zelechowska et al. 2014).

Self-assembly methods

Graphite oxide is obtained by the oxidation of graphite and
then graphene oxide, GO, is formed by the exfoliation of
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Fig.2 Various methods of synthesis of a graphene reproduced from Bonaccorso et al. (2012) (copyright 2012 Nature Publishing Group) and b graphene

oxide reproduced from Marcano et al. (2010) (copyright 2010 American Chemical Society)

graphite oxide. Chemical reduction of the GO dispersion in
aqueous medium leads to the formation of free-standing
graphene hydrogels, and this method is called hydrothermal
gelation. During the reduction reaction, the hydrophilic GO is
converted to hydrophobic reduced graphene oxide (RGO)
(Zelechowska et al. 2014) (see Fig. 3).

The reduction can be done by various reducing agents such
as by sodium ascorbate (Sheng et al. 2011). The prepared

@ Springer

hydrogels were characterized by X-ray diffraction (XRD),
rheological tests, electrical conductivity measurements, X-
ray photoelectron spectroscopy (XPS), Raman spectroscopy,
and scanning electron microscopy (SEM). The reduction
(deoxygenation) of graphene oxide by hydrazine and by a heat
reduction method have also been reported (Gao et al. 2010).

The GO hydrogels can also be obtained from graphene
oxide aqueous dispersion by other methods: by the addition
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Fig. 3 Typical graphene aerogel
synthesis schematics showing the
experimental steps and synthesis
conditions using graphite as the
precursor

Exfoliation

Graphite Oxide

Oxidation

=
KMnO04, H2504, H20

Hydrothermal, Chemical Freeze Drying

————

of cross-linkers such as divalent (Ca®*, Mg?*, Cu®"), trivalent
metal (Cr3+, F63+) ions, small quaternary ammonium salts
such as cetyl trimethyl ammonium bromide (Bai et al. 2011),
and DNA (Xu et al. 2010). The hydrogels based on graphene
oxide and DNA possess dye loading capacity, high self-
healing property, and high mechanical strength (Xu et al.
2010). Freeze drying has also been reported to obtain GO
hydrogels (Bi et al. 2012; Xia et al. 2014).

Applications of 3D graphene-based architectures
in oil and dye sorption studies

The ideal sorbent should have high sorption capacity, fast
sorption speed, high surface area, and should be strong (pos-
sesses good mechanical strength). Furthermore, to decrease
the cost of the material, it should be recyclable (see Fig. 4).
It has been found that superhydrophobic (when the contact
angle with the surface is over 150°) and superoleophilic ma-
terials have excellent oil absorption capabilities (Gupta and
Tai 2016).

The oil sorption materials with good sorption capacity in-
clude activated charcoal (have a fire hazard, pore-clogging
issues), polypropylene, and polyurethane (possesses non-
biodegradable issue). Now with the advent of nanotechnolo-
gy, many nanomaterials have been synthesized with better
sorption capacities to clean up the oil spills. Some materials
include membranes such as nanowire membranes (Yuan et al.
2008), aerogels such as nanocellulose aerogels (Juuso et al.

High specific surface area

—— Good mechanical strenﬁli

Fig. 4 Properties of an ideal sorbent for oil uptake

Or Electrochemical Reduction

24 hours

Graphene Hydrogel Graphene Aerogel

2011), sponges such as carbon nanotube CNT sponges and
CNT/polydimethylsiloxane (PDMS) sponge (Wang and Lin
2013), and porous boron nanosheets (Lei et al. 2013). Many
3D graphene-based porous structures have been synthesized
for use in oil and dye sorption studies, and energy storage
devices. Here, in this article, we will concentrate and discuss
the use of 3D graphene materials in sorption studies particu-
larly related to oil spill cleanups and removal of dye and mis-
cellaneous pollutants from water (see Tables 2 and 3).

Oil sorption studies

To control oil spills, various types of booms (floating
nets/barriers) are used. Other methods to clean oil spills in-
clude mechanical cleaning by the use of skimmers (Broje and
Keller 2006), microbial treatment which involves the degra-
dation of oil by microorganisms (Zahed et al. 2010), by the
use of chemical dispersants (usually applied for the use in
aircraft or boats) which decrease the interfacial tension at the
oil/water interface thereby dispersing the oil as fine droplets
from the surface into the bulk water (Kujawinski et al. 2011),
in situ burning of oil slicks/films (Buist et al. 2011), and by the
use of magnetically driven floating foams (Calcagnile et al.
2012). Absorption is one of the most effective approaches to
clean oil spills (Chu and Pan 2012). The reasons include low
operational costs and ready availability of absorbent materials
(Bayat et al. 2005). Graphene-based three-dimensional mate-
rials possess various suitable properties for oil cleanup, hence
various works utilizing the benefits of this material for oil
sorption are summarized in this section.

He et al. prepared reduced graphene oxide GO foams by
three different freezing methods which were characterized
using various techniques such as scanning electron microsco-
py (SEM), Fourier-transform infrared (FTIR) spectroscopy,
and X-ray diffraction (XRD). The oil absorption capacity of
reduced graphene oxide (RGO) foams was higher than GO
foams. The absorption capacity values of RGO foams pre-
pared by unidirectional freeze-drying method were more than
100 g/g for five tested oils (olive oil, lubrication oil, pump oil,
diesel, petrol/gasoline). The highest value of 122 g/g for olive

@ Springer
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oils was obtained. The absorption capacity values obtained in
this study are higher than previous studies, and therefore it can
be concluded that RGO foams are good absorbents for organic
liquids (He et al. 2013) (see Fig. 5).

Melamine sponges coated with graphene nanosheets and
PDMS were prepared and the resulting graphene nanosheets
coated with melamine sponges possessed superhydrophobic
and superoleophilic properties. The sponges showed excellent
absorption capacity from 54 to 165 times their weight for
different oils (soybean oil, motor oil, pump oil, used pump
oil). The water contact angle on graphene nanosheets was
132° which increased to 160° (a superhydrophobic material)
on graphene-coated nanosponges. The absorption capacity for
oils decreased by about 20 times their weight after the first
cycle due to the presence of residual oils in the graphene-
coated sponges which could not be removed by mechanical
squeezing, but the absorption capacity for organic solvents
(methanol, ethanol, acetone, hexane, DMF, chloroform)
remained constant even up to five cycles. It was suggested
that the prepared materials in this study can be used for the
large-scale cleanup of organic pollutants and oil spills
(Nguyen et al. 2012).

Zhao et al. reported the formation of a self-assembled 3D
nitrogen-doped graphene-based framework which can be
termed as a graphene aerogel. The material is ultralight (den-
sity about 2 mg/cm® which is comparable to the density of air
at 1.2 mg/em®) with high absorption capacities of about 200—
600 times its weight for oils (olive oil) and organic solvents
(ethanol, DMSO, toluene, gasoline). The framework was pre-
pared from graphite oxide and pyrrole C4H4NH. The presence
of pyrrole prevents the re-stalking of graphene oxide layers
leading to the formation of a porous network. The material
possessed strong thermal stability and could sustain up to
600 °C in the air. Furthermore, it was suggested that material
hopefully can be used as an electrode material for
supercapacitors (Zhao et al. 2012b).

Polyurethane sponges coated with reduced graphene oxide
were prepared. The characterization of these materials was
done by instrumental techniques such SEM, XRD, and
FTIR. The prepared sponges showed high absorption capacity

-
o

for organic liquids from 80 to 160 g/g. Further excellent reus-
ability was seen even after 50 cycles (Liu et al. 2013). A
spongy graphene, SG, was prepared by the reduction of
graphene oxide followed by shape molding. The SG was
found to absorb petroleum products (pump oil, kerosene), fats
(soybean oil, castor oil), and toxic organic solvents such as
toluene and chloroform. The absorption efficiency was 20-86
times the weight of SG. In addition, the SG can be regenerated
by heat to remove adsorbed materials and the regeneration of
the material by heat treatment can also be performed 10 times.
It was concluded that the method is low cost, safe, and pos-
sesses a high absorption capacity for various absorbates such
as oils and organic solvents (Bi et al. 2012). Bi et al. (2014)
reported the high performance for oil uptake on a spongy
graphene sorbent. The absorption capacity of organic solvents
was greatly enhanced as compared with previous studies. The
absorption capacity of the material for chloroform reached
almost 600 times its weight (Bi et al. 2014).

An independent graphene vessel has been developed for
collection/suction and storage of the spilled oil in the vessel
which works without the use of power. Here, reduced
graphene oxide foam was coated by a self-assembly process,
followed by annealing onto a copper mesh. The pores in the
RGO foam suck oil by capillary action and then the suctioned
oil flows into the vessel by gravity action. The material/vessel
can confront a water head of 0.5 m and possessed excellent
recyclability and chemical stability. The oil collection rate was
about 20,000 1 m* h™". It was suggested that this prototype of
reduced graphene foam-coated vessel can be used to clean oil
spills with speed and low cost (Kim et al. 2016).

The preparation of a polymer-based 3D material graphene
foam was reported which was flexible with hydrophobic prop-
erties. The foam was prepared by the self-assembly of
graphene sheets on a polymer skeleton. It was suggested that
this material has potential to be used as an oil-water separator
and as an elastic electric conductor (Wu et al. 2013b). A three-
dimensional superwetting graphene mesh film on stainless-
steel grids was synthesized. The material possessed unique
adhesion force for liquids which can be used for the selective
adsorption of oils or organic solvents from the water.

Fig. 5 Oil sorption of 3D
graphene showing that it can
selectively uptake up to 60—160 g/
g of various oil and solvents from
water for 50 cycles without
significant change in sorption
capacity. Reproduced from Liu
etal. (2013). Copyright American
Chemical Society 2013
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Therefore, the prepared foam can be used to remove small
quantities of oils and organic solvents for microanalysis of
samples (Sun et al. 2013a). Superhydrophobic graphene foam
was formed by thermal reduction of graphene oxide on mela-
mine foam at the material possessed excellent absorption ca-
pacity for organic solvents and various oils. The preparation
method can be readily scaled up because it uses low-cost
materials and equipment. The prepared foam was robust and
showed excellent recyclability (Zhu et al. 2015a).

Dye sorption studies

Dyes are of various types including acid or anionic water-
soluble dyes (amaranth, orange G, eosin, India ink) and basic
or cationic water-soluble dyes (thodamine B). Acid dyes pos-
sess a negative charge while basic dyes possess a positive
charge. Dyes are used in the textile dyeing, printing industry,
hair dyeing, leather dyeing, and in staining of cells in micro-
biology and are produced at over 1 million tons per year.
Adsorption is a preferred procedure for the removal of dyes
from the wastewater because of the simplicity and the low cost
of the operation and the relative ease of recycling of the ad-
sorbent (Forgacs et al. 2004; Ip et al. 2010). Other techniques
include coagulation by using iron and aluminum salts,
biosorption by various agricultural wastes like rice husk,

Fig. 6 Sorption of various dyes
by 3D graphene (a), methyl blue
(b), methyl orange (c), orange G
(d). Filtration of methyl blue
through the 3D graphene and e
kinetic sorption curves of methyl
blue, methyl orange, and orange
G reproduced from Zhang et al.
(2015). Copyright Royal Society
of Chemistry 2015

@ Springer

sugarcane bagasse, microbial degradation of dyes by fungi,
etc. (Forgacs et al. 2004).

Ma et al. reported the formation of three-dimensional
graphene oxide GO and reduced graphene oxide RGO gels, in
which the GO sheets in the gel were strengthened by cross-
linking with sodium alginate SA. The adsorption of methylene
blue (MB) dye followed pseudo-second-order kinetics. The ad-
sorption also followed the Langmuir and Freundlich isotherms,
i.e., the adsorption of the dye gave a very good fit in both
isotherms. The adsorption capacity for MB was almost
833 mg/g of GO-SA gel and 192 mg/g of reduced graphene
oxide-SA gel. The adsorption of MB was a spontaneous process
as indicated by thermodynamic parameters such as the negative
value for AG® [AG® (kJ/mol) at 303 K, — 11.05 for GO/SA gel,
and — 2.92 for RGO/SA gel]. It was suggested that the main
interaction between cationic MB and negative (surface) oxygen-
containing groups of graphene oxide was an electrostatic inter-
action (Ma et al. 2014). The sorption of various dyes by 3D
graphene has been summarized in Table 3 and Fig. 6.

To remove organic dyes such as MB and rhodamine RhB
from waste water, 3D reduced graphene oxide-based
hydrogels were developed. The gels were prepared by the
reduction of graphene oxide using sodium ascorbate. The tox-
icity tests were performed using bacterial cells such as
Escherichia coli cells. The results showed that the quality of
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aqueous solution purified by these gels was comparable to
distilled water. The dye capture or removal can be observed
by the change in the color of the dye aqueous solution. The
absorbance was noted at 664 nm for MB and at 554 nm for
RhB. The adsorption isotherm plots (at 25 °C, pH 6.4, adsorp-
tion time 2 h) were obtained by plotting the amount of adsor-
bate adsorbed per unit weight of adsorbent (mg/g) and the
concentration of adsorbate in the bulk solution (mg/l). The
excellent removal abilities of dyes (about 100% for MB and
about 97% for RhB) were observed and these were due to
strong 7t—7t interactions and anion—cation interactions. It was
concluded that the prepared hydrogels have a mesoporous
structure with a high surface area and a uniform pore size
distribution. Further, it was found that the hydrogels can be
recycled efficiently by the use of ethylene glycol (EG) solvent.
It was suggested these gels can be used for the removal of
organic dye pollutants (Tiwari et al. 2013).

Graphene oxide (GO)—polyethyleneimine (PEI) hydrogels
(GEPMs) were prepared as dye adsorbents and gas (CO,)
adsorbents. These materials were 3D and porous where PEI
(with high amine density) was used as a cross-linking agent to
interact with the GO sheets in water. GO possesses a high
affinity to amines. The thermal stability of graphene oxide
GO and GEPMs was studied by thermogravimetric analysis.
These materials are lightweight (low density about 0.02 g
cm °) with a large pore volume and possess hierarchical mor-
phology along with large specific surface area. The binding
capacity of amaranth (acidic dye) was 0.8 g/g and of CO, was
about 11 wt.%. Therefore, it was suggested that these GEPMs
can be used to remove waste dyes and CO, greenhouse gas
from the environment (Sui et al. 2013).

Liu et al. synthesized graphene oxide 3D sponge by centri-
fugation under vacuum from a graphene oxide aqueous col-
loidal suspension (10 mg/ml). The dye adsorption study on the
prepared 3D GO sponge was conducted by measuring the
absorbance at 630 nm for MB and at 584 nm for methyl violet
(MV) at various time intervals based on Beer’s law to find the
concentration of dyes. The adsorption capacities for MB and
MYV were 397 and 467 mg/g, respectively, and the adsorption
process was completed in 2 min with a high efficiency of
about 98% for the dyes. Furthermore, the adsorbed GO
sponges can be quickly recovered by vacuum filtration. The
mechanism of dye adsorption was investigated, and it was
suggested that the strong adsorption between prepared
graphene oxide and dyes was due to 7=—7 and cation—anion
interactions. The associated energy of activation for these in-
teractions was about 50 and 71 kJ/mol, respectively, for MB
and MV. The dyes have aromatic rings and cationic atoms (S+
in MB and N+ in MV) in their chemical structures and these
(aromatic rings and cationic atoms) favor the adsorption of
dyes on the surface of GO. It was concluded that the prepared
3D graphene oxide sponge possessed speed, capability, and
efficiency to remove organic dyes (Liu et al. 2012).

Graphene oxide aqueous dispersion was reduced at 90 °C
by the use of L-cysteine (weak reductant) to form graphene
oxide hydrogel GH which on freeze drying gives graphene
aerogel GA having a large specific area because of its highly
porous structure and possessed high mechanical and thermal
stability The adsorption capacity of GA was 660 mg/g for MB
dye. Further, Pt nanoparticles were loaded in graphene hydro-
gel using L-cysteine as a reducing agent. The resulting product
Pt NP-loaded GA was used as a catalyst in the reduction of p-
aniline by NaBH, (Zhang et al. 2015).

The magnetic hybrids composed of graphene oxide GO
and Fe;0,4 nanoparticles were prepared and were found to
be highly efficient for the removal of dyes and other organic
pollutants. Physical affinities exist between sulfonated GO
and Fe;0O,4 nanoparticles; therefore, GO was sulfonated to en-
hance the (surface) affinity for iron nanoparticles. Three dyes,
namely, anionic dye (methyl blue) and two cationic dyes
(methylene blue and rhodamine B), were used in this investi-
gation. The removal rate for methylene blue was about 100%,
and it was suggested that the fabrication method can be ex-
tended to an industrial scale (Jiao et al. 2015).

Miscellaneous sorbent studies to remove environmental
pollutants

Three-dimensional graphene (3DG) was obtained by ethylene
diamine (EDTA)-induced self-assembly of graphene oxide at
95 °C. The prepared material possessed a better adsorption
capacity (119 mg/g) for paraquat (a toxic herbicide) than ac-
tivated carbon which is a conventional adsorbent. A nylon
teabag was used to protect the soft hydrogel against the re-
peated adsorption—desorption processes (Huang et al. 2014).

The radioactive '*’Cs levels increased after the Fukushima
Daiichi Nuclear Power Plant accident in 2011 in Japan. There
is a need to find a method which can be used to remove
radioactive cesium from water. The radioactive isotope has a
half-life of 30 years and emits beta particles and strong gamma
rays which can cause an adverse effect to human beings. It
was found that a porous 3D composite made of graphene foam
and Prussian blue (blue-colored iron-containing pigment) can
effectively remove '*’Cs. The excellent adsorption efficiency
probably was due to the large surface area of porous 3D
composite material and ion exchange ability of the material
for Cs*! by K*' ions. The adsorption capacity obtained was
about 18 mg/g and the adsorption isotherm followed the
Langmuir model (Jang et al. 2015).

The in situ co-precipitation of graphene oxide and Fe
Fe?* results in the formation of magnetic graphene oxide
(MGO). The material can be used as an adsorbent for disin-
fection by-product (DBP) precursors from water samples.
DBPs such as trihalomethanes (chloroform, bromoform,
bromochloromethane, dibromochloromethane) are formed
when chlorine or other disinfectants are used to decrease
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done for various pollutants separately to determine the remov-
al rate and the kinetic parameters.

Porous properties can be more easily controlled in
template-directed synthesis methods using templates of uni-
form pore sizes; however, the high cost of these CVD based
processes makes them less favorable. Further work is needed
in the solution-based synthesis of 3D graphene to understand
all the parameters that affect the morphology of 3D graphene.
An important challenge is to reduce the aggregation of
graphene sheets as it reduces the surface area of the 3D
graphene formed and lowers its sorption capacity. Various
methods should be explored to enhance the surface area. For
example, one such method is by the physical or chemical
activation of graphene oxide sheets.

Another important scientific challenge in this research is
the precise control of pore size distribution. Many other po-
rous materials such as zeolites possess uniform pore size and
shape and can act as molecular sieves that can exclusively
separate various adsorbates based on their size; however, this
is not the case for 3D graphene where its non-uniform mor-
phology makes it impossible to selectively separate pollutant
molecules based on their size.

Future work should also focus on properties of graphene
oxide sheets used for the synthesis of 3D graphene and also
the role of sheet size and geometric arrangement in the final
structure need to be explored. Surface functionalities of
graphene sheets usually make the graphene surface hydropho-
bic or hydrophilic; therefore, the effect due to nature of the
graphene sheet surface in the final 3D structure should be
quantified for the uptake of oils and non-polar organic sol-
vents. Therefore, surface modification or functionalization of
graphene sheets can pave the way to enhance capacity values
for use in specific pollutants.

Most of the methods utilize harsh conditions of synthesis
such as high temperature and pressure, suggesting the need to
find safer, facile, and lower cost methods. Moreover, in the
wet synthesis of 3D graphene, drying techniques such as
freeze drying or supercritical drying and their specific operat-
ing conditions also affect its morphology, so further work in
this direction can help to optimize these techniques for better
sorption of pollutants. Future work should also investigate
how to increase 3D graphene mechanical properties through
making novel composite structures with other carbon
nanomaterials or polymers so that these materials can with-
stand harsh environments.
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