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Chapter 11
Rational Design of Graphene-based
Sorbents for Water Purification

Asif Hussain, Muhammad Usman, Rana Zafar Abbas Manj, Fugiang Liu,
Dengxin Li, and Yanbiao Liu

11.1 Introduction

The textile industry, one of the major industries of China, plays a pivotal role in
boosting the economic development [1, 2]. Meanwhile, it also causes serious envi-
ronmental pollution due to discharge of excess dyes into water bodies. The textile
industry has been listed by the Chinese government as the key industry that needs to
be rectified and improved. However, the textile wastewater is usually characterized
by complex compositions, large volume, poor biodegradability, and high chromi-
nance which render it one of the hardest-to-treat forms of industrial wastewater [2,
3]. Therefore, it is highly desirable to develop advanced approaches to address this
challenging issue [4]. Different processes have been developed and applied for the
treatment of textile wastewater. For example, conventional biological processes
demonstrated limited capability for dye degradation due to their poor biodegrad-
ability [5]. Chemical oxidation methods like photocatalytic oxidation [6] and ozo-
nation [7] are usually energy intensive and expensive, while catalytic oxidation
based on peroxymonosulfate activation may lead to the generation of insufficient
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mineralization or byproducts, causing further secondary pollution [8]. Dye rejection
by state-of-the-art membrane processes is feasible; however, the high turbidity and
complex compositions of the dye wastewater can easily block membrane pores and
decrease membrane efficacy [9]. Alternatively, adsorption has received significant
interest from the scientific community to serve as a promising, affordable, and via-
ble technology to remove dyes from water [10, 11].

Carbon-based materials have been extensively investigated due to their intrigu-
ing physicochemical properties [11, 12]. Among them, graphene compounds have
been extensively studied for various environmental applications [9, 12, 13]. In this
chapter, we summarized the recent advances on the rational design of graphene-
based sorbents. Their applications in dye removal are introduced in detail in terms
of sorption kinetics and thermodynamics. At last, existing challenges and future
prospects are provided.

11.2  Overview of Graphene-based Sorbents

11.2.1 Graphene Oxide Adsorbents

Graphite oxide (GO) is an important derivative of graphene in highly oxidized form
(i.e., containing oxo functionalities and hydrogen atoms) [15]. It is usually synthe-
sized through chemical oxidation of pristine graphite followed by exfoliation [16].
The exact chemical structure and composition of GO are still debatable due to the
complexity and variability of GO samples arising from different synthesis condi-
tions and non-stoichiometric atomic compositions of CxH,O, [17]. Many chemical
structural models have been proposed for GO (e.g., Hofmann model [18], Ruess
model [19], Scholz—Boehm model [20], Nakajima—Matsuo model [21], Lerf-
Klinowski model [22, 23], or Szabo model [24]). They show mostly a layered struc-
ture of graphite with diverse oxygen functionalities [14, 25]. Among these models,
Lerf—Klinowski model is the most acceptable [26], in which the characteristic GO
functional defect sites are decorated with carbonyl, epoxy, carboxyl, and hydroxyl
groups [14, 26, 27]. The oxidation of graphite breaks the 7—z conjugation of graph-
ite flakes into nanoscale fragments of ordered-sp? graphitic domains (C=C) sur-
rounded by disordered-sp® (C-C) oxidized domains [28]. The relative size of these
domains depends on the oxidation degree of mother compounds [23]. The carbon-
to-oxygen ratio (C/O) in GO usually varies from 1.5 to 2.5. The functional defect
sites make GO highly hydrophilic to form a stable light brown suspension of single
or multilayers GO sheets with an average dimension of 0.22 to >2.5 pm in water,
depending on gradient differential centrifugation, GDC (Fig. 11.1) [14], and allow
one to control the assembly behavior of macroscopic graphene [27].

The planar sp? aromatic domains and sp’ hybridized edge sites make this nano-
material amphiphilic or behave like a polymer for various covalent or noncovalent
bonding interactions [29]. It should be noted that some dye molecules also contain
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Fig. 11.1 Several fractions of GO aqueous suspensions after GDC and membrane filtration.
Reproduced with permission [14]. Copyright 2020, Royal Society of Chemistry

aromatic structures, and exist usually in ionic form in water. GO is characterized by
negatively charged surface over a wide pH range, which promotes an increased
adsorption of the cationic dye methylene blue (MB) via electrostatic interaction
[30]. GO has a larger and smoother surface than CNTs and activated carbon [31],
which favors an additional contribution of z—z electron donor/acceptor interactions
and causes an elevated adsorption capacity.

GO-based adsorbents can be prepared via Hummer’s method with variable oxi-
dation degree by using different oxidant doses (e.g., KMnO,) and reaction condi-
tions [32]. A quantitative measurement of GO oxidation degree has been performed
using a combination of X-ray photon spectroscopy (XPS) and X-ray diffraction
(XRD) to test for the MB removal. It was proposed that an improvement in oxida-
tion degree can result in a strong affinity to MB due to alteration in the fundamental
adsorption behavior of GO. For example, with an increase in the oxidation degree,
the MB uptake capacity by GO can be increased exponentially [32]. It may change
the isotherm adsorption behavior from Freundlich type to Langmuir type due to the
generation of more active adsorption sites on the GO surface [32]. Furthermore, the
relative proportion of these two functional regions in GO (e.g., oxidized GO-type,
and non-oxidized graphite regions) was flexible to the oxidative conditions [32].
The binding features in the non-oxidative region of planar graphite tend to form
parallel z—z stacking/hydrophobic interactions with MB molecules in water. In con-
trast, oxidized regions containing oxygen functionalities can bind these MB mole-
cules vertically on the GO plane via electrostatic interactions or hydrogen bonding.
It was proposed that the latter interaction mode usually exhibits stronger affinity
toward cationic MB dye at higher oxidation degree. Furthermore, the adsorption of
two anionic azo dyes (acid orange 8, AO8, and direct red 23, DR23) onto GO was
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also investigated [33]. The adsorption data fitted well with the Langmuir isotherm
with a maximum monolayer adsorption capacity of 29 + 0.2 and 15 + 0.3 mg/g for
AO8 and DR23, respectively. The adsorption process of AO8 was exothermic, while
the adsorption of DR23 was endothermic in nature. Adsorption of both dyes onto
GO mainly occurred through electrostatic interaction, but hydrogen bonding and
n—r stacking interactions were also involved [33].

Several studies suggested that a nanoscale GO adsorbent possesses a better
potential for water purification compared to other carbon counterparts [30].
However, GO usually shows limited affinity to the anionic dyes due to strong elec-
trostatic repulsion [34]. Further engineering concerns associated with the applica-
tions of nanoscale GO in powder forms are expensive recovery and/or reuse, and
negative impacts on living organisms that seriously restrict its feasibility at indus-
trial scale [35]. Consequently, the true revolutionary potential lies in diverse path-
ways for the tailored manipulation of graphene surface chemistry and can only be
rationalized via bottom-up design synthesis.

11.2.2 Graphene Adsorbents

Reduced GO (rGO) or graphene is a two-dimensional carbon nanomaterial com-
prising a single layer of sp? carbon atoms arranged in a hexagonal ring [36]. rGO
has attracted significant worldwide attention due to its outstanding physical, chemi-
cal, electrical, and mechanical properties [37]. The key opportunity to employ gra-
phene as an adsorbent material is due to its high surface area up to 2630 g/m? [38]
and high hydrophobicity (i.e., highly ordered-sp? graphitic domains) [17]. rGO can
be prepared through wet chemistry reduction using a GO precursor and appropriate
reducing agents (e.g., hydrazine [34], sodium ascorbate [39], hypophosphorous acid
[40], ascorbic acid [41], urea [35], or thiourea [38]). It appears that each method
produces graphene with different physicochemical characteristics (i.e., functional-
ities or degree of reduction), thereby showing different performances.

To boost their sorption performance, three-dimensional (3D) rGO hydrogels
were developed via chemical approaches [39]. It was proposed that graphene
nanosheets can be self-organized into a 3D porous network through van der Waals
and z—x interactions [39]. As-obtained 3D mesoporous material showed maximum
adsorption capacities of 8 + 0.2 mg/g for MB and 29 + 0.5 mg/g for RhB based on
a heterogeneous type Freundlich isotherm model. The strong z—z stacking and
anion—cation interactions were proposed to dictate the adsorption process. Sorbent
recycling experiments showed that the materials could easily be regenerated by
washing with ethylene glycol [39]. Furthermore, 3D microstructures of rGO were
explored, which were prepared by heating the GO suspension in a mixture of hypo-
phosphorous acid (H;PO,) and iodine (I,) at 80 °C for 12 h followed by freeze-
drying [40]. The 3D-rGO macrostructures were examined to remove anionic acid
red 1 (AC1) and cationic MB dyes. The surface charge of the 3D-rGO and the



11 Rational Design of Graphene-based Sorbents for Water Purification 313

chemical structure of the dye molecules caused notable differences in the overall
adsorption capacity, equilibrium time, and adsorption mechanism [40]. The equilib-
rium data were best fitted to a Langmuir and Freundlich model for MB and AC1,
respectively. This chemically reduced 3D-rGO provides an ideal platform for a fast
adsorption of MB with a capacity of 300 mg/g. The electrostatic and z—z interac-
tions between the localized z-electrons of conjugated aromatic rings in rGO and dye
molecules were involved in the MB adsorption. However, the as-prepared 3D-rGO
sorbent was unsuitable for the uptake of negatively charged AC1 (adsorption capac-
ity of 277 mg/g) due to dissociated SO;~ groups in aqueous solution [40].

Most of these reported designs existed in powder form [32-34, 37, 39, 40], which
tend to generate irreversible agglomerates due to strong z—z stacking and van der
Waals interaction between the graphene sheets. This seriously decreases the surface
area. Alternatively, functional composites of graphene were modified further with
magnetic nanoparticles [42, 43] or by coating onto different macroscopic supports
[44, 45]. However, magnetic adsorbent designs frequently showed limited adsorp-
tion capability, resulting from reduced surface area due to large aspect ratio of gra-
phene. Loss of active adsorbent sites during cross-linking or coating of graphene on
other material may also be responsible for the reduced adsorption performance.
Thus, other innovative and advanced designs to enhance the functionality of gra-
phene adsorbents should be given an imperative focus.

11.3 Graphene-based Macroscopic Sorbents

The synthesis of 3D macroscopic structures is of importance toward the practical
applications of graphene-based sorbents. Until now, template-directed [46—49] and
template-free (i.e., self-assembled) methods [50-57] are two main routes for the
integration of graphene nanosheets into a 3D macroscopic network. These 3D
designs not only promote the exposure of adsorption active sites and facile transmis-
sion of pollutant molecules [58], but also allow affordable recycling potential and
further modifications. For example, a random arrangement of GO sheets into a 3D
network can create a sufficient porosity or out-of-plane space in-between graphene
sheets, which decreases the 7z—xz stacking between graphene nanosheets [58] and
increases the exposure of adsorptive active sites for organic molecules. The macro-
scopic dimensions with hierarchical porous network (i.e., micro-, meso-, and mac-
ropores) can promote facile diffusion of pollutant molecules and allow simple and
affordable reuse [59-61]. Furthermore, such designs can also host various func-
tional guests (e.g., metals oxide, polymers, carbon nanofibers, CNTs, etc.) via cova-
lent or noncovalent interactions, which result in the synergy of hierarchical structures
and multifunctional properties for desired applications [35, 62, 63]. To date, an
increasing number of macroscopic designs of graphene have been reported toward
environmental remediation applications [36].
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11.3.1 Template-Directed Design of Graphene Adsorbents

The template-directed macroscopic design of graphene can be prepared by hard
[46] or soft-template [47-49, 64] methods using GO solution. Recent advances in
the template-directed macroscopic designs of graphene adsorbents are listed in
Table 11.1. A GO sponge, synthesized by a centrifugal vacuum and evaporation
method, showed good removal performance of cationic dyes (MB and methyl vio-
late, MV) from water (Fig. 11.2) with a fast equilibrium time of 2 min and adsorp-
tion capacities of 397 and 467 mg/g for MB and MV, respectively [47]. An
endothermic type chemical adsorption of MB and MV on GO sponge was proposed
through strong z—xz stacking and anion—cation interactions with activation energies
of 50 £ 0.3 and 71 + 0.2 kJ/mol, respectively. However, extra post-filtration and
insufficient reusability, due to inevitable re-dissolution of nanoscale GO after dye
treatment, limit its water phase application.

Further, GO foam with macroporous architecture was prepared by direct lyophi-
lization of GO dispersions [48]. The GO foam was tested to remove cationic dyes
such as RhB, MG, and acriflavine (AF) containing different functional groups (e.g.,
xanthene fluorine rhodamine, tri-aryl methane, and acridine, respectively), but with
similar molecular size. The adsorption capacities of GO foam were in the order of
446 mg/g (RhB) > 321 mg/g (MG) > 228 mg/g (AF). The electrostatic interactions
between the GO foam and the dye molecules were proposed based on the recorded
shifts of G-band toward lower wavenumbers in the Raman spectra. Furthermore,
GO aerogel foams were prepared by a unidirectional ice segregation induced self-
assembly method, in which a cylindrical plastic tube containing water suspension of
GO (4 mg/mL) is placed into a Styrofoam container to provide a uniaxial thermal

Fig. 11.2 Scheme for a physically cross-linked 3D GO sponge using a vacuum centrifugal evapo-
rator method (a), SEM image in low magnification (b), high magnification of GO sponge (c), and
dye adsorption mechanism (d) using GO sponge. Reproduced with permission from [47].
Copyright 2012, American Chemical Society
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Table 11.1 Template-directed design of graphene sorbents to remove organic pollutants from

water
Q
Adsorbent Synthesis protocol Major additives | Pollutant | (mg/g) | References
GO foam Centrifugal & vacuum Additive free MB 397 [47]
evaporation
GO foam Centrifugal & vacuum | Additive free MV 467 [47]
evaporation
GO foam Ice template and freeze | Additive free RhB 446 [48]
dry
GO foam Ice template and freeze | Additive free MG 321 [48]
dry
GO foam Ice template and freeze | Additive free AF 228 [48]
dry
GO foam Unidirectional ice Additive free MB 416.67 | [49]
segregation
rGO-LD sponge | Ice template and Laundry Diesel | — [64]
annealing detergent
rGO-SDS sponge | Ice template and SDS Diesel | — [64]
annealing
GO-PVA foams Ice template & solvent | PVA MB 571.4 [65]
exchange
rGO-PVA foam Ice template & solvent | Ammonia / MB 81.0 [65]
exchange glucose
GO-SA aerogel | Ice template & solvent | Sodium MB 833.3 [25]
exchange alginate
rGO-SA aerogel |Ice template & thermal | Ammonia/ MB 192.3 [25]
reduction glucose
GO-agar aerogel | Ice template and freeze | Biopolymer MB 476.8 [66]
dry agar
GO-ECNFs Ice template and freeze | ECNF Cv >800 [67]
aerogel dry
GO-ECNFs Ice template and freeze | ESCNFs MG >800 [67]
aerogel dry
GO-ESCNFs Ice template and freeze | ESCNFs RhB >800 [67]
aerogel dry
GO-PAA aerogels | Ice template and vacuum | PAA as Oil 120 g/g | [68]
dry cross-linker
GO-cellulose Bidirectional freeze dry | Cellulose and Oil 197 [69]
aerogel saline times
rGO-CNTs CVD method CNTs Oil - [70]
monolith
3D-rGO-Fe;0, Polymer template & PMMA and MB 170.1 [46]
aerogel calcination Fe;0,
rGO-Cys 3D printing L-cysteine IC 1005.7 | [71]
monolith
rGO-Cys 3D printing L-cysteine NR 1301.8 | [71]

monolith
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gradient using liquid N, [49, 72]. Next, the frozen suspension is freeze-dried to
sublimate ice crystals and to obtain a GO aerogel, which is used to remove MB from
water. The GO aerogel showed aligned porosity in the micrometer range, which
allows the creation of an increased number of adsorption sites. A maximum adsorp-
tion capacity of 417 + 0.5 mg/g was achieved based on the Langmuir isotherm
model, while the adsorption process was suggested to be spontaneous and endother-
mic in nature.

Graphene sponge with a hierarchical porous network was developed using laun-
dry detergent bubbles (B-LN) as a soft template by freezing rapidly in liquid N, and
a subsequent annealing at 300 °C in Ar environment [64]. The formation mecha-
nism involved the self-assembly of GO sheets copying the morphologies of original
liquid-filled detergent bubbles. The structure can be tuned by changing the freezing
media, adjusting the stirring rate, or adding functional additives. However, pure GO
foams or aerogels prepared by a hard ice or a soft soap template method generally
show weak and delicate 3D networks, which complicate their handling and limit
their commercial implementation. Alternatively, various kinds of chemical additives
(e.g., polyvinyl alcohol (PVA), sodium alginate (SA), agar, cellulose, chitosan, or
CNTs) were employed to design mechanically stable GO foams via the template-
directed methods.

For example, a macroporous composite foam of GO-PVA was synthesized
through a process involving aqueous precursor solution freezing, solvent exchange
(in ethanol), and drying [65]. The presence of frozen ice crystals created a porous
structure of randomly oriented GO sheets surrounded by PVA. The yellow GO-PVA
foam was reduced further by heating at 95 °C for 1 h with a tannery mixture of
water/ammonia/glucose to obtain a black-colored rGO-PVA foam. GO-PVA and
rGO-PVA monolithic foams were tested for the removal of soybean oil, ethanol, or
the cationic MB dye from water. GO-PVA showed higher MB adsorption capacity
of 571 = 0.5 mg/g than rGO-PVA (81.0 mg/g) according to the Langmuir isotherm
model. The GO-PVA foam followed electrostatic type adsorption interaction for the
MB dye, while the rtGO-PVA showed a z—r stacking mechanism with adsorbed MB
molecules.

A biopolymer agar containing plenty of oxygen functional groups was used as
reinforcing agent to prepare a GO-agar aerogel (GO-A) by mixing GO with agar
suspension to obtain a hydrogel followed by freeze-drying [66]. The GO-A aerogel
had an adsorption capacity of 578 mg/g for cationic MB dye. The adsorption kinet-
ics follows the pseudo-second-order model. The adsorption mechanism was attrib-
uted to the electrostatic interactions between MB and the GO-A aerogel. Besides,
the small sheets of electrospun cellulose nanofibers (CNFs) were utilized to fabri-
cate a GO/nanofiber (G-CN) aerogel by an ice-templating freeze-dry technique to
prevent over-stacking of GO sheets and to enhance connectivity of the cell walls
[67]. The G-CN aerogel showed higher and selective adsorption capacity of
>800 mg/g toward cationic dyes such as crystal violet (CV), methylene green, MB,
or RhB in water solutions. However, the G-CN aerogel showed an insufficient
adsorption performance for the removal of the anionic indigo carmine (IC) dye.
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Three-dimensional printing is another emerging technique to design macro-
scopic graphene adsorbents toward dye removal applications. GO suspension is
mixed with chemical additives such as a polymer and silica powder to obtain a
highly viscous 3D printing ink [73]. Finally, the printing ink flows through a nozzle
under shear force and rapid pseudoplastic for dilatant recovery after deposition. For
example, Xiao et al. [71] fabricated a macroscopic rGO architecture by 3D printing
technique using L-cysteine as reducing agent (rGO-Cys). The 3D adsorbent was
tested to remove anionic, nonionic, and cationic dyes with conjugated aromatic
structure. The rGO-Cys exhibited a high adsorption capacity of 1005 = 1 and
1301 = 1 mg/g for the anionic indigo carmine (IC) or the cationic dye neutral red
(NR), respectively. The rGO-Cys also showed excellent adsorption performance
even for multiple dye contaminations (>3500 mg/g). The z—x stacking adsorption
mechanism was proposed for the high removal efficiency of rGO-Cys.

To summarize, GO sponge or graphene adsorbent foams prepared by template-
directed protocols showed a high adsorption capacity to remove organic pollutants
from water. However, a microporous network of GO foams with weak connections
between the GO nanosheets causes instability and release of nanosheets during pol-
lutant removal applications. While the CVD protocols are usually associated with a
complicated method, high production cost and have limited potential for an applica-
tion at large scale. Using soft or hard templating generally requires high-tempera-
ture calcination or complex etching processes.

11.3.2 Template-Free Design of Graphene Sorbents via Sol-
Gel Route

The template-free design of macroscopic graphenes is usually achieved by self-
concentration of physically or chemically modified GO sheets at the liquid—solid
interface (Table 11.2). These designs typically employ chemical additives as cross-
linkers (e.g., acid, metal ions, small, and macromolecules) to tune the gelation prop-
erties and mechanical stability of graphene hydrogels through alteration in attractive
or repulsive forces between the GO in aqueous solution (Fig. 11.3c, d) [82].
Interactive mechanisms to obtain 3D graphene hydrogel can be divided into two
basic categories: weak noncovalent bonding and strong covalent bonding [36]. For
example, noncovalent interactions include hydrogen bond and 7—z stacking between
GO and hydroxyl or oxygen-rich polymers such as PVA, polyethylene oxide (PEO),
polyvinyl pyrrolidone (PVP), or hydroxyl-propyl-cellulose (HPC) [83]. Ion-induced
mechanism using divalent and trivalent metal ions (Ca*?, Mg*, Cu*?, Pb*?, Cr*3,
Fe*?) was also proposed through coordination of metal ions and oxygen functional-
ities of GO (e.g., hydroxyl and carboxyl groups) [84]. Furthermore, covalent bond-
ing mechanisms include the interactions between hydroxyl and carboxyl groups of
GO and nitrogen containing organic molecules (e.g., melamine, polydimethyldial-
lylammonium chloride (PDDA), polyethyleneimine (PHI), cetyltrimethyl
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Table 11.2 Template-free designs of graphene sorbents to remove organic pollutants from water

Adsorbent Synthesis protocol | Major additives Pollutant gng/g) References

Graphene Sol—gel at 90 °C, DNA Safranin 960 [74]

hydrogel 5 min

GO-chitosan foam | Sol-gel and Chitosan RB5 1.0 [75]
vacuum dried

rGO-MWCNTs | Sol-gel 12 h, MWCNTSs and Vc | MB 191 [41]

aerogel critical dried

Graphene-GA Sol-gel at 95 °C, GA Calcein 1226 [50]

aerogel 8h

Graphene-GA Sol—-gel at 95 °C, GA MO 115 [50]

aerogel 8h

GO-PEI foam Sol-gel and freeze | PEI Amaranth | >800 [51]
dry

GO-PDA Sol-gel at 60 °C, PDA RhB 207.06 |[52]

hydrogel 6h

GO-PDA Sol-gel at 60 °C, PDA Nitrophenol | 324.89 | [52]

hydrogel 6h

GO-chitosan Sol-gel and freeze | Chitosan MB and EY | >300 [53]

hydrogel dry

GO/G/PVA Sol-gel for 12 h PVA & Oil 118 [54]

aerogel glutaraldehyde

N and S doped Sol-gel at 90 °C, NH;H,0 & MG 738.1 |[62]

rGO 3h glutathione

GO-gelatin Sol—gel at 95 °C Gelatin RhB 280 [26]

hydrogel

Graphene-PVA Sol-gel and freeze | PVA & LC Ionic dyes | — [59]

aerogel dry

PEI graphene Sol—gel at 90 °C, PEI Amaranth | 2043 [60]

aerogel 24 h

PEI graphene Sol-gel at 90 °C, PEI MO 331 [61]

aerogel 24 h

Graphene-CA Sol-gel at 90 °C Cysteamine MB 207.8 | [15]

aerogel

Graphene foam Hydrothermal Additive free MB 215.35 |[55]
180°C, 12 h

Graphene foam Hydrothermal Additive free (6\% 462 [56]
180°C, 12 h

Spongy graphene | Hydrothermal NH;-H,0/NaOH | Oil - [76]
180 °C, 24 h

Graphene sponge | Hydrothermal Thiourea RhB 72.5 [38]
180°C,5h

Graphene Hydrothermal Urea MB 50.76 | [35]

monolith 180°C,5h

Graphene Hydrothermal Divalent ions & Oil - [77]

monolith 95°C,5h PVA

(continued)
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Table 11.2 (continued)

Adsorbent Synthesis protocol | Major additives Pollutant gng/g) References
Graphene Hydrothermal Sodium ascorbate | Bisphenol | 204 [63]
monolith treatment

rGO/CNTs Solvothermal CNTs and ethanol  MB 81.97 [78]
aerogel 200 °C,6h

rGO/CNTs Hydrothermal CNT, PVP, EDTA | Oil 270 [79]
aerogel 120°C, 12 h

Graphene/a-- Hydrothermal Ferrous ions Oil - [80]
FOOH 95°C,5h

rGO-MOF Hydrothermal ZIF-67 and (6AY 1714.2 | [56]
monolith 180 °C, 24 h NH;-H,O

rGO-CNFs Hydrothermal TEMPO-CNFs & 'MB 227.27 |[81]
monolith 180°C,5h urea

ammonium bromide (CTAB), tetramethylammonium chloride (TMAC) [82]) or
biomolecules, DNA [58], and hemoglobin [85].

Physically cross-linked 3D hydrogels of GO also demonstrate through an
additive-free ultra-sonication technique to convert aqueous dispersions of GO into
3D hydrogels (Fig. 11.3a, b) [16]. In this process, sonication fractures the GO
nanosheets into freshly exposed smaller fragment sheet edges, which do not possess
the carboxylic functional groups. Those groups are known to stabilize the GO sheets
in solution (i.e., reduced repulsion force between GO sheets). It was proposed that
this nonchemical induced change in surface chemistry of GO leads to a gelation of
a cross-linked 3D hydrogel [16]. As-prepared hydrogels exhibit exceptionally low
critical gelation concentrations ranging from ~0.05 to ~0.125 mg/mL and a porous
network to host biomolecules as a carrier. However, mechanical properties and the
highly hydrophilic nature of a GO hydrogel may cause serious recontamination of
purified water after a pollutant removal application. Shi et al. [58] prepared gra-
phene hydrogel by heating GO suspension and DNA at 90 °C for 5 min and tested
it for the first time to remove a cationic organic dye, safranin, from water (Fig. 11.3e—
g). The authors suggested that the GO/DNA hydrogel can withstand various harsh
environments (e.g., acidic, alkaline, salty, or organic solvents) due to multiple non-
covalent and electrostatic interactions. The hydrogel exhibited an adsorption capac-
ity of 960 mg/g for safranin dye due to strong electrostatic attraction between the
cationic dye and the negatively charged GO/DNA. Furthermore, a large surface area
and porous structure were proposed to facilitate the diffusion and to increase adsorp-
tion affinity of dye molecules on the hydrogel [58].

A composite foam of chitosan and GO (GO-CS) with 3D-mesostructure was
fabricated by heating a sol-mixture at 150 °C under Ar atmosphere [75]. The GO-CS
foam was examined for the removal of 1 mg/L reactive black 5 (RBS) from water.
The interactions of electrostatic, hydrogen bonding and van der Waals interactions
between the rGO-CS and RBS5 molecules were proposed to be responsible for the
efficient removal of RBS (97.5%). In another study, a hybrid aerogel of MWCNTSs
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Fig. 11.3 Schematic (a) and optical images (b) of sonication assisted physically cross-linked GO
hydrogel. Reproduced with permission from [16]. Copyright 2012, Elsevier. Sol-gel transition
routes of chemically cross-linked graphene hydrogel using PVA (c¢). Acid, polymers, small mole-
cules, and metal ions (d). Reproduced with permission from [82]. Copyright 2011, American
Chemical Society. Formation of rapid GO hydrogel using single strain DNA, and inset SEM image
showing 3D morphology (e), time resolved digital (f) and UV spectra of dye safranin removal (g)
using GO/DNA hydrogel. Reproduced with permission from [58]. Copyright 2010, American
Chemical Society

and graphene was prepared via a sol-gel protocol using vitamin C (Vc) as a reduc-
ing agent [41]. The mechanically robust hydrogel was obtained after gelation for
12 h followed by treatment with supercritical CO,. The graphene-MWCNTSs aero-
gel possessed a surface area of 435 m*g and a pore volume of 2.58 cm*/g. It dem-
onstrated a decent sorption capacity of 191 mg/g MB, 180.8 mg/g fuchsine,
150.2 mg/g RhB, and 35.8 mg/g acid fuchsine. The electrostatic interactions
between oxygen functionalities of the hybrid aerogel and basic dyes was responsi-
ble for such excellent performance, while a removal of an acidic dye was associated
to z—x interactions. However, the use of supercritical CO, drying limits the upscal-
ing of this design to some extent. The use of different natural phenolic acids (e.g.,
mono-, di-, and tri-hydroxy gallic acids, GA) as reducing agents to synthesize
monolithic graphene hydrogel was also demonstrated by a sol-gel method [50].
Polyethylenimine (PEI) is another effective cross-linker to prepare a self-
assembled GO-PEI 3D foam by sol-gel and freeze-drying protocols. The as-obtained
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GO-PEI foam showed hierarchical morphology and large specific surface area
(476 m?/g) [51]. Two acidic dyes (amaranth and orange G) and one basic dye (RhB)
were tested for adsorption performance. Owing to its pore-rich and amine-rich
structure, the GO-PEI foam showed excellent adsorption performance for the ama-
ranth dye (800 mg/g). In addition, polydopamine (PDA) could be used to prepare a
PDA-modified graphene hydrogel (PDA-GH) via heating of a PDA and GO (2.0 mg/
mL) mixture [52]. The spontaneous polymerization of dopamine was proposed for
the formation of graphene hydrogel structures. The PDA-GH hydrogel was tested to
remove RhB dye from water. The PDA-GH showed a maximum adsorption capacity
of 207.06 mg/g for RhB, higher than that of the physically cross-linked graphene
hydrogel. The chemical structure of RhB with cationic atoms (N*) was found favor-
able for their adsorption on PDA-GH through electrostatic interactions. Macroscopic
hydrogels of GO-CS could also be prepared using chitosan (CS) [53], PVA [54], or
cysteamine (CA) [15] as cross-linker.

Generally speaking, an application of graphene in hydrogel forms usually
requires complex handling processes due to high water absorption, density, and
poor mechanical properties. Furthermore, large pore dimensions and complicated
recollections using post-filtration in water flow-through systems call for a more
rational design with robust stability and tunable porosity for water purification
applications.

11.3.3 Template-Free Design of Graphene Sorbents via
a Hydrothermal Pathway

A monolithic network produced by a hydrothermal reduction of GO is another alter-
native to create cross-linking sites between graphene sheets (Table 11.2). Xu et al.
[74] developed a bottom-up synthesis to fabricate a physically cross-linked rGO
hydrogel by a one-step hydrothermal method. The formation of a monolithic gra-
phene was driven by the 7z—z stacking interactions between graphene sheets. It was
proposed that these physical cross-linking sites were largely dependent on the GO
concentration and reaction time (Fig. 11.4). For example, a GO concentration of
2 mg/mL can produce a cylindrical 3D monolith type as compared to 0.5 mg/mL
GO suspension due to abundant cross-linking sites. Physically cross-linked gra-
phene foams (GFs) can also be prepared using different lateral dimensions of GO
sheets by a hydrothermal treatment at 180 °C for 12 h with a subsequent freeze-
drying [55]. The pore dimensions of GFs using different sheet sizes of GO were
ranked as: small sheet < medium sheet < large sheet. Consequently, the as-fabricated
GFs showed an MB adsorption performance in the order of 215.35 mg/g (small pore
size, S-GF) > 175.10 mg/g (medium pore size, M-GF) > 90.70 mg/g (large pore
size, L-GF). The MB molecules strongly adhered to the GF walls via electrostatic
attraction and 77—z interaction.
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Fig.11.4 Schematic illustration of a self-assembled graphene hydrogel (SGH) by an additive-free
hydrothermal reduction (a), optical images of SGH of different concentrations at 180 °C for 12 h
(b) and the products prepared with 2 mg/mL GO at 180 °C for different heating times. Reproduced
with permission from [74]. Copyright 2010, American Chemical Society
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Generally, the additive-free macroscopic adsorbent usually leads to poor struc-
tural strength due to loss of hydrogen bonding (i.e., physically cross-linked sites)
[76] and expansion of ice crystals upon direct heat or freeze-drying [35, 38].
Alternatively, various chemical additives have been tested (e.g., ammonia solution
[76], heteroatoms [35, 38], metal ions [77, 80], CNTs [41, 78, 79], polymers [86],
or metal organic frameworks (MOF) [9, 56]) as cross-linkers or dopants to improve
the mechanical and surface properties of 3D graphene adsorbents. For example,
Yang et al. [56] prepared a monolithic rGO hydrogel by hydrothermal treatment of
a GO suspension with ammonia solution (NH;3-H,O, 25-28 w/w %). The removal of
hydrophilic groups (-OH, —COOH, etc.) from the GO surface and a 7—z stacking
mechanism were proposed for the formation of the rGO hydrogel. This hydrogel
showed an adsorption capacity of 462 + 0.2 and 119 + 0.3 mg/g for CV and MO,
respectively.

Other chemical reduction routes for macroscopic rGO include the use of
NaHSOs;, Na,S, or hydroquinone during the hydrothermal process [56]. However,
the use of expensive or toxic reducing agents not only increases the cost, but also
requires prolonged purification time (i.e., dialysis) to remove excess reducing agent
and absorbed water during freeze-drying. Alternatively, the use of affordable and
nontoxic additives (e.g., urea [35] and thiourea [38], divalent ions [77], vitamin C
(Ve) or sodium ascorbate (Vc Na) [63]) as cross-linkers also yields macroscopic
graphene. For example, Zhao et al. [38] used thiourea as cross-linker and reducing
agent to design graphene sponge (GS). The GSs showed a tunable porous structure
and surface properties with enhanced mechanical strength (140 kPa at a strain of
82%). The GS was applied to remove MB, RhB, and MO dye pollutants from water
with specific sorption capacities of 184, 72.5, and 11.5 mg/g, respectively. The vari-
ability in the adsorption capacity was attributed to surface charge concentration
(i.e., electrostatic interaction) and specific surface area of graphene sponges [38].
Regeneration of GS using different alcohols (methanol or ethanol) showed poor
desorption performance for MB, but was suitable for desorption of RhB and MO
dye. In addition, the use of divalent ions (Ca?*, Ni**, or Co*") as cross-linker and/or
reducing agent allowed to fabricate a self-standing graphene monoliths by
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hydrothermal treatment [77]. In this case, the 3D monolith was further immersed
into a PVA solution before freeze-drying in order to strengthen the mechanical
properties of the monolithic graphene aerogel.

Generally speaking, the mechanical strength and dye removal performance of
monolithic graphene preparations prepared through a hydrothermal method are not
satisfying due to large pore dimensions in a few hundred to micrometer range sizes.
Furthermore, macroscopic 3D graphene designs usually produce reduced GO of
hydrophobic nature. The reduction of oxygen-containing functions from GO sheets
will result in a decreased mass transfer of water-soluble dyes and an insufficient
adsorption capacity. Given that, more efforts have been made to enhance the surface
and mechanical properties of existing monolithic graphene adsorbents using chemi-
cal dopants.

The chemical doping using other carbonaceous nanomaterial such as single- or
multi-walled CNTs is an effective approach to assemble 3D graphene composite
adsorbents with superior mechanical, pore morphologies and chemical properties
[41]. The hydroxyl groups of oxidized CNTs can act as hydrogen-bonding acceptor
associated with oxygen functionalities of GO [78]. Furthermore, CNTs doping also
enlarged the interlayer space between GO sheets [41, 79]. For instance, Ai and Jiang
[78] fabricated a hybrid monolith of graphene-CNTs (G-CNTs) by a solvothermal
method using a mixture of ethanol and water at 200 °C for 6 h. The reduction of
oxygen-containing functional groups and self-induced z—xz interactions was pro-
posed for the random stacking interactions between graphene and CNTs to form
self-assembled monoliths. The G-CNTs monolith showed an adsorption capacity of
82 + 0.3 mg/g for the cationic MB dye than CNTs (46.2 mg/g) [87], exfoliated GO
(17.3 mg/g) [34], and granular activated carbon (21.5 mg/g) [88]. The adsorption
kinetics was in accordance with a pseudo-second-order kinetic model, and a
Freundlich adsorption isotherm was applicable to the adsorption process.

Further efforts involve decoration with hydrophilic and affordable chemical
additives such as metal organic frameworks (MOF) [9, 56], polymers (PVA) [86], or
TEMPO-oxidized cellulose nanofibers (CNFs) [81] to improve the mechanical and
adsorptive performance of 3D graphene adsorbents. For example, an rtGO/PVA
composite aerogel was fabricated by a hydrothermal and template technique [86].
The rGO/PVA aerogel had a good adsorption performance toward a wide range of
dyes including cationic (i.e., RB, CV, MG, and MB), anionic (i.e., EY, AF, MO, and
AB), and nonionic dyes (OR) as well as aromatic drugs (i.e., PV and TC). The 7—=
interaction was proposed to be the major adsorption mechanism. The removal of
those compounds by the rGO-PVA aerogel was independent of dyes charge
properties.

Meanwhile, the graphene materials may also serve as support to host other func-
tional materials, which may endow the sorbents additional oxidative capabilities.
For example, the loading of nanoscale TiO, onto macroscopic rGO has been pro-
posed to serve as dual-functional materials for simultaneous adsorption and photo-
catalytic oxidation of organic pollutants from solution [13, 89]. Such design has
proven to be effective for the degradation of various dyes (e.g., MB, MO, RhB,
Congo red (CR), safranin, eosin Y (EY), and Azure B) from water [89]. It is worth
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mentioning that the potential release of metal ions in the course of the reaction may
be of concern from environmental perspective. This needs to be taken into consid-
eration to avoid secondary pollution. Moreover, if combining with other nanoscale
photocatalysts, the potential coverage of the incident light by the graphene sheets
seems inevitable. This may deteriorate the overall photocatalytic oxidation perfor-
mance. The integration of graphene with other advanced oxidation processes
(AOPs) may be promising, since the dye molecules adsorb the incident light signifi-
cantly. The integration of other processes like Fenton-like reactions or persulfate-
based oxidation processes would avoid the shortcoming caused by light adsorption.
These aspects should be considered, if designing other advanced dual-functional
systems.

11.4 OQOutlook and Summary

Currently, several companies are investing in the diverse applications of graphene
such as energy storage or wastewater treatment. Owing to the progress in mass pro-
duction technology, the costs for graphene and derivatives have decreased signifi-
cantly over the past decade. Though numerous studies suggested graphene-based
materials as promising adsorbent materials, their environmental applications still
face several challenges that need to be resolved further.

Firstly, the physicochemical properties of functional materials are dictated by
their microstructure. GO, for example, has a highly hydrophilic nature and its
nanoscale dimension make it inconvenient for practical applications. Certain GO
synthesis protocols still include toxic solvents, which need to be minimized.
Furthermore, most of the reports were conducted only under laboratory conditions
or at bench scale. Their applications were rather limited mainly to the removal of
one or a few dyes from synthetic wastewater. Such reported superior performance
may fail under real conditions for the treatment of industrial dyeing wastewater with
complex compositions. Moreover, the presence of large amounts of salts may sig-
nificantly deteriorate or impact the overall efficiency.

Secondly, the structural integrity of a macroscopic 3D hydrogel or aerogel pre-
pared by sol—gel route is still insufficient for flow-through systems. Harsh operating
conditions (e.g., high temperature, calcination, or chemical etching), expensive
chemical additives, or complex formation strategies have been observed in several
cases. Development of mechanically robust 3D graphene aerogels, fine-tuning their
surface functional groups and compositions, and exploring their sorption capacity
and kinetics deserve further investigations. Further systematic studies on the stabil-
ity, fate, and life cycle analysis of graphene-based materials cannot be overlooked
and should constitute the subject of future work. In addition, mechanic and theoreti-
cal approaches will provide new insight and understanding on the rational design of
advanced graphene-based sorbents for practical applications. This chapter may help
to improve the knowledge of a next-generation water remediation technology based
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on graphene materials and may provide the know-how of the rational design of
functional sorbents for environmental applications.
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