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Abstract

The research progress made in recent years in
removal of organic-inorganic pollutants from waste-
water using various types of carbon materials as
adsorbents such as carbon nanotubes, carbon nano-
fibers, graphenes, graphitic carbon nitride, fullerene,
activated carbon spheres, and carbon quantum dots
is reviewed. These carbon nanomaterials with hier-
archical structures are efficient and economical
adsorbents. The techniques of metal impregnation
and doping help to control the porosity and surface
area of nanomaterials. Electrostatic forces, p-p and
p-e interactions, van der Waals weak forces, and

oxygen-containing groups are considered responsi-
ble for the removal of pollutants from wastewater.
The carbon nanomaterial-based photocatalysts are
applied successfully in decomposition of persistent
dyes under visible light. Fe3O4 magnetic material is
employed as recyclable adsorbent after treatment of
wastewater. Freundlich and Langmuir models are
found more suitable to calculate the adsorption
efficiency and adsorption kinetics of pollutants. Cri-
teria and properties of carbon nanomaterials are
discussed that might play a significant role in reme-
diation of wastewater.
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1 Introduction

The growing menace of environmental pollution is a subject of
great concern as it is causing irreversible damage to human
lives across the globe. The primary sources of organic, inor-
ganic, and biological pollutants to terrestrial and aquatic bodies
are industrial effluents, anthropogenic emissions, and domestic
discharges. Water is an important necessity for the survival of
human lives on this earth as only 1 % of the total water is avail-
able worth drinking from rivers, lakes, and reservoirs. The scar-
city of fresh water is often attributed due to its contamination
by industrial effluents, colonial growth of microbes, and patho-
gens.

Ground and surface water is usually contaminated with
heavy metal pollutants that are released by vehicles, industries,
and by the seepage of acid mine drainage (AMD) systems. The
shortage of drinking water supplies is directly related to water-
borne diseases and poverty. For the sustenance of life on earth,
water should be preserved both globally and locally. Unlike bio-
degradable organic pollutants, heavy metal pollutants remain
persistent in water and need to be separated. The release of
heavy metal pollutants as a secondary by-product of emissions
into air, water, and soil is often a threat to human lives and eco-
logical systems. Thus, recovery and preservation of fresh water is
a matter of great concern due to increased population, industrial-
ization, urbanization, and variations in climatic parameters [1].

Traditionally, the treatment of wastewater is performed by
three main processes, i.e., primary, secondary, and tertiary
processes. The primary treatment process involves the separa-
tion of suspended solids from wastewater. The secondary treat-
ment process refers to the removal of biodegradable com-
pounds, and in the tertiary treatment process the non-
biodegradable compounds are eliminated from the wastewater.
To produce safe drinking water, numerous water treatment
techniques are commonly applied to remove the pollutants
from domestic and industrial wastewater [2]. To follow the
regulations to reduce liquid waste discharge and to reduce the
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cost of the products, most of the industries now have installed
wastewater treatment plants for the recovery of water for reuse
applications. In these plants, physicochemical methods includ-
ing chemical precipitation and biological treatment methods
are commonly employed. However, these methods are quite
effective in reducing the load of organic pollutants to a permis-
sible limit but often fail in reducing the load of heavy metal
pollutants to a permissible limit.

To eliminate the organic pollutants from wastewater, con-
ventional techniques such as biological processes, activated
carbon (AC) adsorption, ozonization, photocatalysis, and wet-
lands treatment methods are commonly used. But these con-
ventional methods are also associated with their own short-
comings of inefficiency and cost effectiveness.

The chemical precipitation process is cost-effective but
produces large amounts of sludge and secondary waste that
contribute an additional cost to this process. Conventionally,
the chemical precipitation process is carried out by precipitat-
ing metal pollutants as hydroxides or sulfides [3] despite of
accumulation of a large amount of metal hydroxide sludge in
nature. Besides this, it also needs an additional separation step
for the flocculation and sedimentation of resultant precipitates.
Further, the removal of heavy metal ions from wastewater is
not limited only to physicochemical methods but also other
separation techniques are suitable. The physicochemical meth-
ods have drawbacks in terms of generating products mostly in
impure forms due to being nonselective in their nature. On the
other hand, the selective separation techniques such as ion
exchange, membrane filtration, solvent extraction, and adsorp-
tion methods [4, 5] have become more useful as they are able
to yield products in purified forms. The technique of solvent
extraction in wastewater purifications is well established and
was initially applied by various industries for separation of
uranium and copper. But the adsorption process is found to be
more economical and a viable approach in simultaneous
removal of multiple pollutants using a wide range of adsorb-
ents.

Generally, adsorption is a dynamic equilibrium process in-
volving the attachment of adsorbates on a solid surface or to an
interface through van der Waals forces of attraction [6] or elec-
trostatic interactions [7]. In the adsorption process, the attach-
ment of adsorbates to a surface or interface takes place either
through physisorption or chemisorption processes. Owing to a
wide range of van der Waals weak forces of attractions between
adsorbates and adsorbents, physisorption is found to be non-
specific in nature.

So far, various type of adsorbents are in use for the treatment
of wastewater such as carbon nanotubes [8–10], graphenes and
its derivatives [11], natural zeolites, and modified organic
wastes [12]. Currently, the interest in using chemically modi-
fied organic wastes as adsorbents for the treatment of waste-
water has increased due to their cost effectiveness and biode-
gradability. The technique of modification of agricultural-based
organic substrates is simple and straightforward. However, the
modified organic substrates are nonselective and have low
affinity for targeted metal pollutants, and at the same time they
cause a significant decrease in the oxygen content of waste-
water prior to the separation of targeted heavy metal pollutants.
Thus, as a result of reduction the in oxygen content in waste-

water, the survival of aquatic life becomes a great challenge.
Various types of adsorbents are employed in the removal of
heavy metal ions from wastewater but most of these need an
additional step for their recoveries after completion of the
adsorption process. Sometimes these adsorbents also have limi-
tations of their regeneration and need a longer processing time.
Thus, there is a need to have a material or technique that
would overcome these limitations of macro-sized natural
adsorbents used in the treatment of wastewater and which are
able to fulfil the ever growing demand of fresh water for vari-
ous applications.

The application of nanotechnology and nanomaterials is a
scientific choice to overcome these limitations of conventional
macro-sized adsorbents that are commonly used in wastewater
treatment. Nano-sized adsorbents [13] are comparatively more
efficient in overcoming inherent limitations of macro-sized
adsorbents; hence, the application of nanotechnology has
become an effective way for the treatment of wastewater.
Recently, nano-sized photocatalysts have received great atten-
tion in the area of wastewater treatment [14] due to their
exceptionally high photocatalytic activity in decomposition of
organic pollutants using visible sunlight [15]. Thus, the devel-
opment of an efficient technique for the separation of heavy
metal ions and decomposition of organic water pollutants is a
topic for current research since the past two decades. Amongst
the various sources of pollutants, the textile and printing indus-
tries are the main sources of organic pollutants that are releas-
ing approximately 15 % of the world production of dyes as
effluents. The textile dyes, organic pollutants, and other com-
mercial colorants are usually persistent; hence, they need spe-
cial attention to ensure their degradation in wastewater to over-
come the scarcity of fresh water.

In view of the various problems of water pollutants and limi-
tations of existing methods, there is a need for careful planning
to carry out focused research to develop remedial and effective
methods for the removal of pollutants from wastewater, which
are discharged by various industries and causing adverse effects
on human health and ecosystems. Amongst the different types
of adsorbents used in remediation of water pollutants, carbona-
ceous nanomaterial is found to be quite suitable for the remov-
al of organic dyes and heavy metal ions pollutants from indus-
trial wastewater. This review highlights the potential of various
types of carbon nanomaterials that have been used frequently
in the treatment of wastewater during the last one decade.

2 Carbon Nanomaterials for Water
Treatment

The discovery of C60 has opened a new branch of carbon
chemistry, covering various types of carbon nanostructures
such as graphenes (2D), carbon nanotubes (1D), carbon quan-
tum dots, carbon nanofibers (CNFs), fullerenes (0D), nanopo-
rous carbons (NPCs), and activated carbon spheres (ACS).
Currently, these carbon nanostructures are also being used in
different applications ranging from storage of solar energy
[16, 17] to the fabrication of sensing devices [18]. Various car-
bon nanostructures such as carbon nanotubes (CNTs), graph-
enes (G), activated carbons (ACs), and activated carbon
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spheres (ACSs) are found potentially useful in remediation of
wastewater problems as efficient adsorbents as discussed in the
following sections of this review.

2.1 Carbon Nanotubes and Carbon Nanofibers

2.1.1 Carbon Nanotubes

CNTs are one-dimensional nanomaterials, which have perfectly
hexagonally connected carbon atoms with distinct thermal,
electrical, and mechanical properties. CNTs exist either as sin-
gle-walled CNTs (SWCNTs) or multi-walled CNTs (MWCNTs)
with concentric seamless graphene cylinders having an adja-
cent spacing of about 0.34 nm (Fig. 1). CNTs are hard and
stronger than any other known material due to the presence of
sp2 type carbon atoms to join through covalent bonding. The
oxygen-containing functional groups are easily introduced at
the surface of CNTs by chemical modification and also re-
moved easily by heating. The adsorption of pollutants on CNTs
is attributed to p-p interactions, hydrophobic interactions,
electrostatic and charge transfer interactions. The compatible
pore size and hexagonally arranged carbon atoms in CNTs pro-
vide strong and favorable interactions between CNTs and pol-
lutants. In addition to various properties of CNTs, the geome-
try of organic pollutants also influences the extent of
adsorption at the surface of CNTs, i.e., pollutant molecules with
planar structures are adsorbed stronger than those with non-
planar structures.((Figure 1))

CNTs have been used widely in removal of heavy metal ions
[19–22] and organic dyes [23–25] from water due to their ex-
cellent physical and chemical properties such as: small size,
high surface-to-volume ratio, low density, high porosity, hollow
structures, controllable pore size distribution, large surface
area, chemical inertness, high mechanical strength, electrical
conductivity, and outstanding water-transport property. Due to
high porosity and high surface-to-volume ratio, CNTs have re-
vealed an exceptionally high sorption capacity [26] as com-
pared to conventional granular and powdered activated carbon
(AC) [24]. The CNTs as nanoporous adsorbents are also used
effectively in removal of various biological contaminants and
to enhance the photocatalytic activities of TiO2 semiconductors
by controlling charge separation [27]. CNTs in combination
with TiO2 are able to enhance the decomposition of organic
pollutants in the presence of UV light radiation.

The adsorptive capacity and selectivity of CNTs for organic
dyes and metal ions from wastewater promoted an increasing
trend on creating required functionalities at their surfaces
[9, 28, 29]. During the last decade, the attention was also
focused to develop CNTs-based nanocomposites for the
removal of organic dyes and heavy metal ions pollutants from
wastewater [8, 30–32]. CNTs composites were developed for
the fabrication of permselective membranes for the desali-
nation of brackish water and treatment of wastewater, i.e., for
the separation of heavy metal ions and oil spillage from water
[33].

Nanocomposite photocatalysts with noble metals and bimet-
als (Ag or Pd/TiO2/CNT) were prepared by using CNTs in a
modified dry-mix metal-organic chemical vapor deposition
method (MO-CVD), and their photocatalytic activities were
evaluated by studying the decomposition of methylene blue
(MB) as a model probe reaction [34]. Results indicated that the
silver-titania CNT nanocomposites (Ag/TiO2/CNTs) with 2 %
Ag were the most efficient photocatalysts for the decomposi-
tion of MB (50 mg L–1) within a period of 4 h (92 %) in the
presence of the optimum amount of photocatalyst (1 g L–1).
This positive outcome was due to the plasmonic effect of added
Ag, which increased the photocatalytic activity of TiO2/CNTs
by about 10 %.

In comparison to Ag, palladium had only a little effect in
varying the photocatalytic activity of titania-CNT nanocompo-
sites (TiO2/CNTs) but in the presence of both metals together
(Ag and Pd), the photocatalytic activity of titania-CNT nano-
composites in degradation of MB was reduced significantly
[34]. The CNTs modified with polyamidoamine dendrimers
(PAMAM, G4) were also used successfully in the elimination of
Cu(II) and Pb(II) ions from wastewater having single and bina-
ry mixtures of metal ions in solution [35].

Lignin, a naturally occurring polymer, was grafted on CNTs
to prepare a 3D nanocomposite for the removal of Pb(II)
ions from wastewater [36]. The lignin-grafted 3D nano-
composite exhibited a high adsorption capacity for Pb(II) ions
(235 mg L–1) from wastewater, which was due to enhanced sur-
face area, pore size, and more oxygen-containing groups on
CNTs in comparison to pristine CNTs. The improved removal
efficiency of CNTs at high pH was due to the presence of a
large number of oxygen-containing groups, which facilitated
the removal of Pb(II) ions through electrostatic attractions.
The 3D structure of composites has also helped in the separa-
tion of CNTs after adsorption of Pb(II) ions.

The performance of CNTs indi-
cated the dependence on covalent/
noncovalent chemical interactions
that occur between heavy metal
ions and active sites on CNTs such
as exohedral, endohedral, and
open-end interactions, which are
created on functionalized CNTs
(Figs. 2a–d).

The physical adsorption on un-
functionalized CNTs possibly takes
place at available surface sites
on CNTs such as pores, intersti-
tial channels (ICs), and grooves
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Figure 1. Carbon nanomaterials used in treatment of wastewater.
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(Fig. 2d). The improved removal of various heavy metals ions
such as Cd(II), Cr(VI), Pb(II), Ni(II), and Cu(II) ions from
wastewater [37] clearly suggested that the adsorptive capacity
depends on various parameters of CNTs like surface area, pu-
rity, porosity, surface functionalities, active sites density, types
of CNTs, and also on the nature of adsorbates.Several reviews
on surface-functionalized MWCNTs clearly indicated that
these MWCNTs become more selective than pristine or oxi-
dized MWCNTs in removal of organic dyes [9], pharmaceuti-
cals [38], or heavy metal ions from wastewater [9, 29]. The sur-
face-functionalized MWCNTs with 2-aminobenzothiazole,
iminodiacetic acid, L-cysteine, and chitosan enabled increased
and selective removal of metal ions from wastewater [39–41].
Chitosan-modified MWCNTs proved to be useful in removal
of anionic pollutants such as phosphate, picric acid, and
anionic chromium(VI) due to electrostatic interactions with
amino functionality of chitosan and due to the presence of
size-selective porosity in removal of anionic pollutants from
waste water [42–44]. These studies clearly demonstrated that

biopolymers are able to produce MWCNT com-
posites, which have increased functionality and
porosity to allow for selective sorption of pollutants
from wastewater (Tab. 1).

The technique of metal doping is also employed
to improve the adsorption and photodegradation
properties of MWCNTs for the treatment of water
pollutants. A series of palladium-doped zirconium
oxide multiwalled carbon nanotubes nanocom-
posites (Pd-ZrO2-MWCNTs) were prepared and
tested for their photocatalytic degradation effi-
ciency for acid blue 40 dye in water using simulated
sun light [45]. The photocatalytic activity of these
nanocomposites loaded with 0.5 % Pd was found to
be significantly high (98 %) as compared to ZrO2

and ZrO2-MWCNTs photocatalysts within a period
of 3 h.

The adsorptive properties of CNTs are due to the
presence of various mechanisms such as p-p elec-
tron-donor-acceptor (EDA) interactions, electro-

static interactions, hydrogen bonding, and compatible pore
size. The EDA interactions are considered as predominant
driving force for the removal of organic pollutants or dyes
having benzene rings. Considering these attributes of CNTs, it
is clear that they are effective adsorbents though expensive.
However, the adsorptive properties of CNTs overweigh their
cost in comparison to conventional AC, which is both costly
and less effective in treatment of wastewater. If CNTs are not
considered as an alternative to the wide-spectrum AC, then
they cannot be ignored for surface chemistry, which can be
tuned to be a contaminant-specific adsorbent in wastewater
treatment.

MWCNTs were synthesized by the tubular microwave chem-
ical vapor deposition technique and used successfully for the
removal of Cd(II) and Cu(II) ions from wastewater. Various
adsorption parameters were investigated. The synthesized
MWCNTs exhibited highest adsorption capacities for Cd(II)
ions (88.62 mg g–1) than Cu(II) ions (99 mg g–1) within a pH
range of 5–5.5 at a dose of 0.1 g within a contact time interval
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Figure 2. (a) Adsorption sites at the surface of CNTs as side wall/exohedral;
(b) inside of CNTs as endohedral; (c) at the open end of CNTs created through
covalent/noncovalent functionalization of CNTs; (d) adsorption sites on unfunc-
tionalized CNTs.

Table 1. Efficiency of removal of organic/inorganic pollutants from wastewater by different forms of carbonaceous adsorbents.

Adsorbent Form of adsorbent Removal of dye/metal ions/oil/organic solvent Ref.

Carbon nanotubes
(CNTs)

CNT sheet 101.05 (Pb2+), 75.84 (Cd2+), 69.63 (Co2+,) 58.00 (Zn2+),
50.37 (Cu2+) [mg g–1]

[22]

MnO2/CNT 58.8 (Hg2+) [mg g–1] [31]

PAMAM-CNT 3333 (Cu2+), 4870 (Pb2+) [mg g–1] [35]

L-CNTs, lignin-CNT 235 Pb2+ [mg g–1] [36]

CNT-NH2 714 (AB), 666 (ABK) [mg g–1] [9]

Gel-CNT-MNPs 96.1 (RD), 76.3% (MB) [30]

Ag-TiO2/CNT 92 % (MB) [34]

O3-treated MWCNT 250 (AAP) [mg g–1] [38]

G/CNT beads (HPGCB) 521.5 (MB) [mg mL–1] [80]
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Continued Table 1.

Adsorbent Form of adsorbent Removal of dye/metal ions/oil/organic solvent Ref.

MWCNTs MWCNT-COOH 143–164 (Cr6+) [mg g–1] [44]

Carbazone/MWCNT 14.56 (Pb2+) [mg g–1] [29]

CS/MWCNTs 36.10 (PO4
3–) [mg g–1]; 90 % (PA) [42, 43]

MWCNT; PAC 409.4 (DB); 135.2 (DB) [mg g–1] [24]

ox-MWCNT-PER 257.73 (AZY), 45.39 (AZR) [mg g–1] [28]

Carbon nanofibers
(CNFs)

Fe-CNF 16 As5+ [mg g–1] [58]

CNFs 567 (MTC), 558 (MO), 493 (AR1) [mg g–1] [53]

Fe3O4@CNFs 94 % (MB), 75 % (RhB) [56]

A-Fe@CNFs 91 % (MB), 83 % (RhB) [57]

a-Fe@CNF1100 63 % (MB) [59]

CNFs 6.18 (CFN), 4.82 (BP), 0.68 (CP) [mmol g–1] [62]

Graphene (G) Sulfonated graphene (GS) 58 (Cd2+) [mg g–1] [74]

G-foam(CDGF) 90 (Cr6+) [mg g–1] [77]

Graphene/MgO 358.96 (Pb2+), 388.4 (Cd2+), 169.8 (Cu2+) [mg g–1] [78]

Graphene 153.85 (MB) [mg g–1] [71]

Sulfonated graphene (GS) 400 (Phen), 906 (MB) [mg g–1] [74]

Graphene hydrogel GH 308.3 (CFX) [mg g–1] [75]

Graphene-CNTs aerogels 100 % (MB), 270 % (MO) [83]

3D graphene foams 250 % (OL) and (OS) [84]

G nanoplates (CS/GNPs) 230.91 (MO), 132.94 (AR1) [mg g–1] [86]

Graphene aerogel (GA) 2.5 · 104 (diesel oil) [mg g–1] [100]

Graphene oxide (GO) GO-CS-PVA hydrogels 172.11 (Cd2+), 70.37 (Ni2+) [mg g–1] [11]

Few-layered GO (FGO) 1850 (Pb2+) [mg g–1] [88]

NiFe2O4-GO 25.0 (Pb2+), (Cr3+) 5.50 [mg g–1] [89]

GOx-microbots 95% (Pb2+) [90]

GO/cellulose membranes 15.5 (Co2+), 14.3 (Ni2+), 26.6 (Cu2+), 16.7 (Zn2+), 26.8 (Cd2+),
107.9 (Pb2+ [mg g–1]

[91]

GO-Zr-P 363 (Pb2+), 232 (Cd2+), 328 (Cu2+), 251 (Zn2+) [mg g–1] [92]

EDTA-mGO 508.4 (Pb2+), 268.4 (Hg2+), 301.2 (Cu2+) [mg g–1] [94]

GO-MnFe2O4 673 (Pb2+), 146 (As3+), 207 (As5+) [mg g–1] [97]

GO-PANI 1004 (Pb2+) [mg g–1] [102]

GO 294 (Cu2+), 345 (Zn2+), 530 (Cd2+), 1119 (Pb2+) [mg g–1] [106]

Graphene oxide 2273 (MB) [mg g–1] [72]

GO-PANI 544 (MB) [mg g–1] [102]

PVP/PCMC/GO/bentonite 172.14 (MB) [mg g–1] [103]

GO-CS 71.6 % (picric acid) [104]

GO 135.1 (MB), 66.7 (MO) [105]
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Continued Table 1.

Adsorbent Form of adsorbent Removal of dye/metal ions/oil/organic solvent Ref.

Reduced graphene
oxide (rGO)

ZrO(OH)1.33Cl0.66–rGO 44.14 (F–) [mg g–1] [76]

rGO-Fe3O4 30.68 (Pb2+) [mg g–1] [108]

rGO-Co3O4 208.8 (Cr6+) [mg g–1] [109]

rGO/NiO 198 (Cr6+) [mg g–1] [110]

rGO-thymine 128 (Hg2+) [mg g–1] [111]

rGO-Mn-TiO2 97.32 % (Cr4+) [112]

PDA/rGO/HNT 99.74 % (Cu2+), 99.01 % (Cr3+) [115]

rGO 476.2 (MG); 144.9 (MB), 243.9 (MO) [mg g–1] [87, 105]

MCM-41-rGO 909.1 (aspirin), 555.6 (acetaminophen) [mg g–1] [98]

rGO/CTAB 213 (DR80), 79 (DR23) [mg g–1] [107]

rGO/PC 17.57 (CCl4) [g g–1] [113]

CFA@(rGO/TNS)n 55.2 % (MB) [114]

PDA/rGO/HNT 99.72 % (MB), 99.09 % (CR) [115]

Graphitic carbon
nitrite (g-C3N4) (CN)

g-C3N4 7.4 Pb2+ [mg g–1] [122]

C3N4/TiO2-NT 37.1 % MB [27]

MCN-1 769 phenol [mg g–1] [123]

CN hydrogel 402 (MB) [mg g–1] [124]

GN (GO/CNdots) 33.6 % (RhB) [125]

O-g-C3N4 94.5 % RhB [126]

Fe3O4-ZnO@g-C3N4 95 % (SMX) [127]

g-C3N4-TiO2-GA 96.5 % (RhB) [130]

Co-g-C3N4 97 % (RhB) [131]

Activated carbons
(ACs)

PAC 99.4 % Cr6+ [41]

PAC 63.3 (Zn2+), 59.8 (Pb2+), 60.9 (Cu2+), 73.6 % (Cd2+) [mg g–1] [137]

AC 97–99 % (Ni2+, Co2+, Cd2+, Cu2+, Pb2+, Cr3+), 10 % (Cr6+) [152]

Thiol-AC 238 (Pb2+), 96 (Cd2+), 88 (Cu2+), 52 Ni2+ [mg g–1] [156]

Multipore AC (MPAC) 1.34 (Pb2+), 1.07 (Cd2+), 1.22 (Cu2+), 0.97 (Ni2+), 0.93 (Zn2+) [mmol g–1] [157]

Ag-AC; Cu-AC 95 % (Br–, I–); 4.92 % (NO3
–) [160, 164]

Fe-AC 4.7 As3+, 4, As5+, Hg2+ 4.6, 4.4 Pb2+ [mg g–1] [163]

CoFe2O4/AC 83.333 (Cr6+) [mg g–1] [167]

Fe2O3-TiO2@AC > 90 % (Cu2+ and As5) [169]

CASD-KOH, CASD-ZnCl2 1.0 (Cd2+), 1.6 (Ni2+), 0.2 (Cd2+), 0.3 (Ni2+) [mmol g–1] [174]

AC 0.062 (paracetamol) [mg g–1] [138]

Fe-AC 357.1 (MB) [mg g–1] [151]

La0.6Nd0.4FeO3@AC 99.81 % (MO) [165]

CoFe2O4/NOAC 95 % (AV49) [166]

TiO2/AC 93.2 % (RhB) [170]

TiO2/AC and TiO2/NC 98.80 %, 95.11 % (MeG) [171]
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of 35–50 min with an initial concentration of metal ions of
10 mg L–1 [46].

A cost-effective and promising alternative to nanobiocompo-
site membranes for the removal of dye from wastewater was
designed by covalent binding of Jicama peroxidase (JP) at the
surface of MWCNTs used in buckypaper/polyvinyl alcohol
(BP/PVA)-modified membranes. The modified membranes
were found effective in degradation of MB dye (64 %) in
wastewater without showing any variation in their removal effi-

ciency even after eight reuse applications. Studies indicated that
these membranes are able to have a notable impact on the
development of effective green and sustainable wastewater
treatment technologies [47]. The efficacy of these membranes
in removal of MB was confirmed by applying an artificial neu-
ral network approach coupled with particle swarm optimiza-
tion (ANN-PSO). The applicability of the approach was valid
as it provided a significantly high value of regression coefficient
R2 [48].
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Continued Table 1.

Adsorbent Form of adsorbent Removal of dye/metal ions/oil/organic solvent Ref.

Fullerene (F) Modified fullerene 70 (I–), 125 (Cu2+) [mg g–1] [181]

Polystyrene/fullerene 14.6 (Cu2+) [mmol g–1] [182]

Modified fullerene 329 (MB) [mg g–1] [181]

Nanoporous activated
carbon spheres (ACSs)

N2-CS (NCS) 279 (Cr6+) [mg g–1] [185]

Carboxyl-rich ACS 380.1 (Pb2+), 100.8 (Cd2+) [mg g–1] [186]

N/S-MCMs/Fe3O4 74.5 (Hg2+) [mg g–1] [187]

K-CS 276.09 (Cd2+) [mg g–1] [189]

ACS 227.7 (Cr6) [mg g–1] [190]

BGBH-C-K 469 (MB), 418 (MO) [mg g–1] [178]

Spherical carbon 236 (toluene) [g L–1] [184]

Porous ACS (PCNS) 3152 (MB), 1455 (MG), 1409 (RhB) [mg g–1] [188]

K-CS 382.15 (CR) [mg/g] [189]

Carbon quantum dots
(CQDs)

N-CQD 37 % (Cd2+), 75 % (Pb2+) [191]

Fe3O4/N-CQDs 303.03 (Pb2+) [mg g–1] [197]

PECQDs/MnFe2O4 91% (U6+) [mg g–1] [198]

CQDs/ZnAl-LDH 12.60 (Cd2+) [mg g–1] [200]

N-CQD 30 min (AB, AR), 90 min (E-Y, MB), 0 min (EBT, MO) [191]

CQDs/TiO2 95 min (MB) [192]

ZSH@CQDs 70.4 % (RhB) [193]

CQDs/NH2-MIL-125 100 % (RhB) [194]

CQDs/La2Ti2O7 99 % (RhB) [195]

NCDs/BiVO4 100 % (RhB), 90 % (tetracycline) [196]

rPET/MWNT/CQD 98 % (MB) [199]

Clay-carbon SBE@C 0.114 TCH [mmol g–1] [33]

Acetaminophen (AAP); Acid Black (ABK), Acid Blue (AB); Acid Red (AR); Acid Violet (AV); Alizarin Blue (AZB); Alizarin Red (AZR); Bisphenol
(BP); Cetyltrimethylammonium Bromide (CTAB), Chitosan (CS); Chlorophenol (CP); Ciprofloxacin (CFN); Coal Fly Ash (CFA); Congo Red (CR),
Direct Blue 53 Dye (DB); Direct Red (DR); Eosin Y (E-Y); Eriochrome Black T (EBT); Graphene Aerogel (GA); Graphene-like Porous CN Structure
(BGBH); Graphene Nanoplates (GNP), Halloysite Nanotubes (HNTs); Highly Porous G/CNTs beads (HPGCB); Impregnated AC (CASD); Layered
Double Hydroxide (LDH); Malachite Green (MG); Mesoporous Carbon Microspheres (MCMs); Mesoporous Carbon Nitride (MCN); Methyl Green
(MeG); Methyl Orange (MO); Methyl Thionine Chloride (MTC); Methylene Blue (MB); Natural Clay (NC); Oil (OL); Organic Solvent (OS); Phenan-
threne (Phn); Polyamidoamine Dendrimer (PAMAM); Polyaniline (PANI); Polycarbonate (PC); Polydopamine (PDA); Powered Activated Carbon
(PAC); Spent Bleaching Earth (SBE); recycled Poly(ethylene terephthalate) (rPET); Red Dye (RD); Rhodamine B (RhB); Sulfamethoxazole (SMX);
Tetracycline HCl (TCH).
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2.1.2 Carbon Nanofibers

Carbon nanofibers (CNFs) are a 1D form of carbon nanomate-
rials having low density and high length-to-diameter ratio.
Normally, CNFs have diameters between 3–200 nm and lengths
in micrometers. Generally, the solutions of cellulose, polyacryl-
onitrile, polyvinyl alcohol, poly(vinyl pyrrolidone), phenolic
resins, and polybenzimidazole are electrospun to produce
nanofibers, which by carbonization and activation produce
carbon nanofibers with hierarchical pore structures for multi-
functional integration [49]. The presence of high surface area,
porosity, and surface sites in CNFs make them suitable for the
adsorption of pollutants [50]. The surfaces of carbon nano-
fibers are functionalized easily through chemical modification
to make them selective adsorbents [51].

Electroactivated carbon nanofibers-peroxydisulfate (E-ACF-
PDS) have been used for efficient removal (98.78 %) of a persis-
tent organic pollutant such as carbamazepine (CBZ) in water
within 30 min of electrolysis, which is significantly high in
comparison to other activated carbon fibers. These results sug-
gested that the E-ACF-PDS process is potentially useful in
removal of CBZ from aqueous solution due to concomitant
adsorption of contaminants and increased formation of active
radicals on ACF.

Incorporated peroxydisulfate (PDS) was able to generate
more sulfate radicals at the surface of CNFs which enhanced
the degradation of CBZ efficiently [52]. Different types of
mesoporous CNFs were electrospun using phenolic resins as
precursor. The Pluronic F127 triblock copolymer was used as a
template and the amount of tetraethyl orthosilicate (TEOS)
was selected as 1, 2, and 3 g, respectively. The prepared C-1,
C-2, and C-3 CNFs had surface areas of 1088, 1176, and
1642 m2g–1, and the pore volume of these CNFs was 0.65, 0.78,
and 1.02 cm3g–1, respectively. These CNFs were applied suc-
cessfully for the removal of large-sized dye molecules from
wastewater [53].

The removal of the cationic dye methylthionine chloride
(MC) improved on increasing the solution pH but in the case
of anionic dyes (MO and AR1) the maximum removal was
observed at low pH. The C-3 CNF exhibited high adsorptive
capacity due to the presence of large-sized pores, which facili-
tated the removal of large-sized dye molecules. In one of the
studies of adsorption on CNF, a theoretical model was also
developed to correlate the adsorption of Pb(II) ions from
industrial wastewater on CNFs [54]. In these studies, the
adsorptive capacity of CNFs for Pb(II) ions was predicted to be
166.6 mg g–1, which was significantly more than found with
other adsorbents.

Magnetic CNFs with hierarchical porous structure were also
prepared using polybenzoxazine and Fe3O4 for wastewater treat-
ment. The inclusion of magnetic Fe3O4 facilitated the separation
of CNFs after adsorption was complete [55]. The polybenzoxa-
zine precursor-based magnetic porous CNFs (Fe3O4@CNF)
with hierarchical structures were prepared and used in the
removal of MB and RhB dyes from wastewater [56, 57]. The pre-
pared CNFs had an extremely large surface area (1885 m2g–1)
and high pore volume (2.083 cm3g–1), which enhanced the
adsorption of organic dyes, and the presence of magnetic sus-
ceptibility in CNFs allowed their separation after adsorption.

In other studies, Fe-metal and Fe nanoparticles filled carbon
nanofibers were prepared and used in removal of As(V) ions
[58] and other pollutants such as organic dyes and phenols
[59]. The Fe@CNFs and nano-Fe@CNFs carbon nanofibers
had high adsorptive capacities and were separated easily from
water using an external magnet. The electrostatic attraction
forces were considered responsible for the removal of As(V)
ions from wastewater, and hydrogen bonding and p-p inter-
actions were considered responsible for the elimination of
organic pollutants from wastewater.

The adsorption of As(V) ions on Fe-grown CNFs followed
the Freundlich model due to the presence of heterogeneous
active sites on the surface of these carbon nanofibers. Like
other carbon nanomaterials, the specific surface area, pore size,
and pore volume in CNFs were enhanced by a chemical activa-
tion process in the presence of various chemical agents such as
K2CO3, Rb2CO3, Cs2CO3, KOH, Li2CO3, Na2CO3, and NaOH.
The increase in surface area in CNFs had the following order
for the studied chemical activating agents: Cs2CO3 > Rb2CO3

> KOH > NaOH > Na2CO3 > Li2CO3 [60]. The observed trend
was due to the differences in the size of intercalated cations
such as Li(I) (0.12 nm), Na(I) (0.19 nm), K(I) (0.26 nm), Rb(I)
(0.3 nm), and Cs(I) (0.338 nm). This activation of CNFs not
only opened the already closed pores of CNFs but also pro-
duced additional new pores. The larger specific surface area
and pore volume enhanced the adsorptive properties of CNFs
by 2–3-fold for ciprofloxacin, 2-chlorophenol, and bisphenol
[61].

As studies on the adsorptive efficiency of CNFs in water
treatment are very limited, there is a need to intensify further
research on the development of CNFs with heterostructures
and porosities for the removal of pollutants from wastewater.
The development of eco-friendly and cost-effective CNFs may
open new avenues for research in the area of water treatment.

Microwave was applied to synthesize carbon nanotubes
(M-CNT) and carbon nanofibers (M-CNF). CNTs were tested
for the removal of dibenzothiophene (DBT) from a model
diesel fuel (MDF). The removal capacity of DBT by M-CNT
and M-CNF was 43 % and 35 %, respectively [62].

2.2 Graphene, its Derivatives, and Graphitic
Carbon Nitride

2.2.1 Graphene

Graphene is a two-dimensional carbon nanomaterial having a
layer of sp2-hybridized carbon atoms packed in a benzene ring
structure. The electron rich p-system and highly hydrophobic
surface make graphene a potential adsorbent in removal of dif-
ferent types of organic pollutants from wastewater. Graphene
and its derivatives are less costly and their adsorption capacities
are almost comparable to CNTs used as adsorbent. Therefore,
during the last decade, graphene and its derivatives have
attracted widespread attention to use them as efficient adsorb-
ents for the removal of pollutants from industrial wastewater.

Normally, water pollutants are oils, organic solvents, dyes,
metal ions, and drugs, which cause serious damage to human
health and ecological balance. To overcome these problems and

www.ChemBioEngRev.de ª 2021 Wiley-VCH GmbH ChemBioEng Rev 2021, 8, No. 5, 1–28 8

These are not the final page numbers! &&



to ensure the availability of fresh water, the graphene-based
nanomaterials are considered as efficient adsorbents in the re-
moval of pollutants from industrial and domestic wastewater.
Amongst the various types of carbon nanomaterials, the 2D
graphene (G), graphene oxide (GO), and reduced graphene
(rGO) were found to be highly effective in wastewater treat-
ment similarly to CNTs. The outstanding merits of graphene
(G) [63–65], graphene oxide (GO) [66, 67], and reduced gra-
phene oxide (rGO) [68, 69] are mainly due to the large surface
area, the presence of abundant active sites, and high selectivity
(Fig. 3).

Similarly to CNTs, graphene [5, 70] and its derivatives have a
high surface-to-weight ratio (~ 2600 m2g–1) and high chemical
stability, which qualify them to be as potential adsorbent in the
elimination of organic [71, 72] and heavy metal ions from
industrial effluents and domestic wastewater [71–73].

Liu et al. have reported on the efficient adsorption of MB
dye at the surface of graphene nanosheets at pH 10 [71]. The
improved dye uptake at high pH (~ 99.68 %) was due to the
formation of negatively charged GO, which considerably en-
hanced the electrostatic interactions with the cationic MB dye.
Despite of several advantages associated with graphene to act
as an adsorbent, it agglomerates and forms graphite due to
strong interplanar interactions and stacking. Therefore, surface
functionalization of graphene proved to be useful to prevent its
agglomeration. The surface functionalization of graphene with
cationic (CTAB) or anionic surfactants (sodium dodecyl sul-
fate, SDS) not only prevented the agglomeration of graphene
but also helped in increasing the adsorption of cationic or
anionic pollutants from wastewater.

In another study, sulfur-functionalized graphene sheets
(GSs) were prepared by diazotization of sulfanilic acid and then
used in the removal of aromatics and positively charged heavy
metal ions from wastewater [74]. The saturated adsorption
capacities of GS were 400 mg g–1 for phenanthrene, 906 mg g–1

for MB, and 58 mg g–1 for Cd(II) ions, which were much higher
than those obtained by rGO and GO owing to the presence of
multiple adsorption sites such as p-e interactions and electro-
static interactions with functional groups created on GS.

To improve the recovery and adsorbing capacity of graphene,
graphene aerogels were prepared and applied successfully in
selective separation of emulsified oil from wastewater. This
macrostructural form of graphene ensured the recovery of ad-
sorbents for reuse applications [5]. To utilize the benefits of
macrostructured graphene, 3D porous graphene hydrogels
(GHs) with super adsorption capacity for different types of
pollutants (antibiotics, dyes, and heavy ions) were prepared
and used effectively in wastewater treatment [75]. The high
porosity and water content both were considered responsible
for the observed super adsorption capacity of GHs.

In these studies, it was also found that buried water in GHs
played combinatorial roles such as in supporting media, trans-
port in nanochannels, and hydrogen bonding, which promoted
the adsorption of pollutants. This was due to strong interac-
tions of GHs buried water with pollutants via hydrogen bond-
ing than other types of water. The prepared GHs utilized the
advantages of graphene including its high chemical resistance
and excellent mechanical property and of hydrogel including
its high water content, porous structure, simple solution-based
processability, and scalability.

To enhance the adsorption properties of graphene, the zirco-
nium hybrid of graphene was prepared and used as potential
ion exchanger in theremoval of fluoride anions from waste-
water [76]. To increase the selectivity of graphene in the elimi-
nation of Cr(VI) ions, recently the cyclodextrin-functionalized
3D graphene was developed, which provided an improved and
selective separation of Cr(VI) ions from wastewater [77]. A
graphene-based 3D hybrid composite adsorbent was also de-
veloped using MgO to enable an efficient adsorption of heavy
metal ions from wastewater [78]. This 3D graphene architec-
ture provided an opportunity for complete removal of gra-
phene from treated water. The selectivity of graphene for
mono- and divalent cations is also assessed by controlling the
pore size in graphene [79].

To accomplish the need of an efficient adsorbent for the re-
moval of organic dye pollutants, negatively charged and highly
porous graphene/carbon nanotubes hybrid beads (HPGCBs)
with strong mechanical stability were prepared. These beads
proved to be an efficient adsorbent in removal of dyes as their
activation was accomplished in the presence of KOH. The
KOH activation created lots of nanopores (0.8–2 nm) on the
graphene network, which created a large specific surface area
(1270 m2g–1) to exhibit a maximum adsorption capacity of
521.5 mg mL–1 for MB [80]. Some studies indicated an expo-
nential increase in the uptake of cationic pollutants on increas-
ing the oxygen functionalities on graphene surfaces [81]. In a
recent study, the graphene composites exhibited high photoca-
talytic activity on adding titania, hence might be suitable in
degradation of dyes and organic pollutants of wastewater [82].

Resilient graphene aerogels (GAs) with high emulsified oil
adsorption capacities, excellent rebounding performance,
oil-water selectivity, and recycling abilities were prepared and
used efficiently in the selective separation of oils from emulsi-
fied diesel oil due to their high oil selectivity [83]. These
graphene aerogels have a maximum adsorption capacity of
2.5 · 104 mg g–1 for emulsified diesel oil through physical inter-
actions and were used repeatedly for at least ten times without
any loss in their adsorption capacity.

Three-dimensional graphene foams were prepared using the
seashell-based chemical vapor deposition (CVD) technique

[84], which shown 250-fold weight gain
properties for various types of oils and
organic solvents. These 3D graphene foams
were also employed in the fabrication of
binder-free, flexible Li-ion batteries, which
have a capacity of 260 mAh g–1. The con-
struction of 3D graphene-based adsorbents
was also tried in various studies as it is free
from restacking of graphene nanosheets
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but retains its intrinsic properties of 1D and 2D precursors
during the adsorption process [85].

Biopolymers are the most commonly used adsorptive mate-
rials for water contaminants. Due to their advantageous
adsorption properties, biopolymer-based graphene adsorbents
were also developed with various biopolymers. Recently, chito-
san spheres cross-linked graphene nanoplates (CS/GNPs) were
prepared and applied in the efficient removal of methyl orange
(MO) and AR1 anionic dye from wastewater [86]. The electro-
static interactions between dye molecules and amino groups of
chitosan along with p-p interactions between the benzene ring
of graphene and p-e electrons of dye molecules were consid-
ered responsible in the elimination of dye molecules from
wastewater.

2.2.2 Graphene Oxide (GO)

The oxidation of graphene to GO contributes to its solubility in
water due to the generation of oxygen-containing hydrophilic
functional groups at its surfaces such as hydroxyl, epoxy, and
carboxyl groups (Fig. 3). These oxygen-containing hydrophilic
functional groups promote the adsorption of positively charged
pollutants from wastewater [87]. Thus, GO was used in the
removal of pollutants from wastewater.A few-layered GO
(FGO) has been applied as an adsorbent in the elimination of
Pb(II) ions with a maximum adsorptive capacity of 1850 mg g–1

of Pb(II) ions at 20 �C, which is much higher than of original
graphene [88].

To evaluate the adsorption properties of GO in hybrid nano-
composites, GO-based hybrid nanocomposites with inverse
spinel nickel ferrite (GONF) were prepared and used in the
removal of Pb(II) and Cr(III) ions from wastewater by batch
adsorption technique [89]. GONF nanocomposites showed a
maximum adsorptive capacity of 25.0 mg g–1 for Pb(II) ions at
pH 5.5 and 45.5 mg g–1 for Cr(III) ions at pH 4 and 25 �C. The
maximum adsorptive capacity of GONF nanocomposites for
Pb(II) and Cr(III) ions was determined by the Langmuir
adsorption isotherm assuming monolayer chemisorption of
metal ions on homogeneous surfaces of GONF nanocompo-
sites. The maximum adsorptive capacity increased with higher
adsorption temperature. This is an indicative of endothermic
chemisorption by a process of complexation at inner-sphere
surfaces of GONF nanocomposites. The GONF nanocompo-
sites were recycled and reused at least for three cycles without
any significant loss in their adsorptive capacities.

To remove the toxic Pb(II) ions from contaminated waste-
water, GO-based self-propelled microboats (GOx-microboats)
as adsorbent were prepared, which had nanolayers of GO and
Pt/Ni layers to add a different functionality in microboats of
GO [90]. The adsorbed Pb(II) ions were recovered from GO
microboats by varying solution pH, and regenerated GO
microboats were reused for decontamination of wastewater.
The mobile GO microboats were able to remove 20 times more
Pb(II) ions than stationary GO microboats by reducing the
Pb(II) ions contamination down to 50 ppb in 60 min from the
original 1000 ppb Pb(II) ions contamination.

In order to perform an effective separation of heavy metal
ions such as Co(II), Ni(II), Cu(II), and Zn(II) ions from waste-

water, pressed and unpressed GO/cellulose composite mem-
branes were fabricated and used for separation of Cd(II) and
Pb(II) ions [91]. The pressed membranes were found to be
quite stable during separation of heavy metal ions as a function
of solution pH and simultaneous vigorous stirring solution.
Unpressed membranes exhibited low stability during adsorp-
tion. However, they were used successfully in filtration proc-
esses even at high flow rates. Results also indicated a maximum
separation of metal ions within a pH range of 4–8. The affinity
of these membranes in the separation of various metal ions had
the following order: Pb > Cu > Cd > Zn ‡ Ni ‡ Co.

GO-chitosan-poly(vinyl alcohol) hydrogels were used suc-
cessfully in the removal of Cd(II) and Ni(II) ions from aqueous
solution. The recovery of adsorbed ions was accomplished by
varying the swelling ratio of hydrogels [11]. The application of
GO as hydrogel ensured a complete removal of adsorbent from
water after treatment.

The zirconium- and phosphate-functionalized GO nano-
composites (GO-Zr-P) were prepared and employed in the
elimination of Pb(II), Cd(II), Cu(II), and Zn(II) ions from
wastewater [92]. In these nanocomposites, the flat and layered
portion of GO was varied due to added zirconium and phos-
phate. On addition of zirconium and phosphate, the prepared
sheets of GO-Zr-P nanocomposites became strongly wrinkled,
which increased their adsorptive capacity for Pb(II), Cd(II),
Cu(II), and Zn(II) ions in comparison to pristine GO. The
metal ions removal efficiency of GO-Zr-P nanocomposites was
about 99 % within a period of 20 min [92].

A combined approach of experimental and molecular
dynamics simulation was selected by Sarupria and co-workers
for the remediation of polycyclic aromatic hydrocarbon
contaminants by third-sixth generation polyamidoamine
(G3-G6-PAMAM) dendrimers and GO at its different oxida-
tion states [93]. The cooperative interactions of naphthalene
with dendrimers and GO enhanced the removal of naphthalene
from wastewater. The intramolecular interactions in naphtha-
lene molecules also influenced the adsorptive capacity of the
adsorbent.

To prevent the aggregation of magnetic GO (mGO) and to
increase its adsorptive capacity, EDTA-functionalized mGO
(EDTA-mGO) was also prepared and found to be an efficient
adsorbent in the removal of Pb(II), Hg(II), and Cu(II) ions
from water in comparison to the EDTA complex of GO
(EDTA-GO), ferric oxide (EDTA-Fe3O4), and mGO alone [94].
The chelating property of EDTA, increased electrostatic inter-
actions with abundant oxide functionalities [95] on GO
(Fig. 3), and magnetic properties of mGO in complex all to-
gether increased the adsorptive capacity of the EDTA-mGO
complex in the elimination of Pb(II), Hg(II), and Cu(II) ions
from wastewater. The EDTA-mGO complex was separated
easily due to its magnetic properties. The maximum adsorptive
capacity for Pb(II), Hg(II), and Cu(II) ions was found to be
508.4, 268.4, and 301.2 mg g–1, respectively, as determined by
the Langmuir isotherm. The adsorption of these metal ions was
proposed to be endothermic in nature.The GO-based mem-
branes were also applied for the separation of natural organic
matters (NOMs), which are always left over in wastewater after
water treatment [96]. In this study, a treated wastewater with
~ 5 mg L–1 dissolved organic carbon (DOC) was taken, which
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was reduced to £ 5 ppb after permeation of wastewater through
GO membranes at a flux rate of 65 L m–2h–1bar–1 under atmos-
pheric pressure. This suggested that GO membranes were able
to remove > 99.9 % of dissolved NOMs from treated waste-
water.

Like hybrids of graphene, the hybrids of GO monolayer
decorated with magnetic manganese ferrite nanoparticles were
also prepared and used in the removal of Pb(II), As(III), and
As(V) ions from wastewater [97]. The GO hybrids exhibited a
maximum adsorption capacity of 673 mg g–1 for Pb(II) ions,
146 mg g–1 for As(III) ions, and 207 mg g–1 for As(V) ions from
wastewater [97]. GO hybrid absorbents were also employed in
simultaneous removal of multiple heavy metal ions from waste-
water due to multifunctional properties of their surfaces.

Moodley and co-workers utilized four adsorbents, i.e.,
MCM-41, ASM41, and conjugates of GO (MCM-41-GO) and
reduced GO with MCM-41 (MCM-41-rGO). The conjugated
adsorbents were applied in the removal of acetaminophen and
aspirin from wastewater [98]. The GO and rGO encapsulated
in mesoporous silica (MCM-41) displayed improved adsorp-
tion capacity and also helped in separation after completion of
adsorption. The effect of adding a surfactant template (CTAB)
to ASM41 was also studied for the removal of acetaminophen
and aspirin from wastewater. The influence of various parame-
ters such as solution pH, initial concentration, contact time,
and adsorbent dose on the adsorption of acetaminophen and
aspirin in batch adsorption process was also examined. ASM41
and MCM-41-rGO had a maximum adsorptive capacity of
909.1 mg g–1, and 555.6 mg g–1 for aspirin and acetaminophen,
respectively. These adsorbents were regenerated easily for their
reuse applications.

Phosphorylated graphene oxide (PGO-400) was prepared by
reacting GO with phosphorus trichloride and triethylamine in
THF. It was found to be a renewable and recyclable adsorbent
in the removal of Rhodamine-B (RhB) from wastewater [99].
The extraordinary characteristics such as electronic, thermal,
cation-exchange, and water dispersibility properties together
were considered responsible for the increased efficiency of the
prepared PGO-400 adsorbent.

GO nanosheets were also used as a versatile de-emulsifier to
destabilize the oil-in-water emulsion at ambient conditions
[100]. The easy de-emulsification was an indicative for the
presence of a low amount of residual oil in separated water
(< ~ 30 mg L–1). By using the optimum amount of GO, a de-
emulsification efficiency of over 99.9 % can be achieved. The
de-emulsification ability of GO was due to strong interactions
between GO nanosheets and asphaltenes/resins molecules. The
distribution of GO nanosheets in oil or water phase after
de-emulsification proved to be dependent on the solution pH
or on the resultant amphiphilicity of GO nanosheets, which
also varied with solution pH.

The crumpled graphene oxide (CGO) is quite different in its
aggregation properties than GO. A multifunctional porous
nanocomposite of crumpled 3D graphene oxide was synthe-
sized and used to fabricate advanced water treatment mem-
branes by Fortner and co-workers [101]. The CGO is highly
resistant to aggregation and compression (i.e., p–p stacking-
resistant), hence it permits the entry of other multifunctional
particles in its 3D structures. The monomeric CGO was mixed

with TiO2 (CGOTI) and Ag (CGOAg) to form composite
nanoparticles, which displayed high separation efficiencies for
model organic and biological foulants.

The multifunctionality of CGOTl was further demonstrated
by studying in situ photocatalytic degradation of MO under
fast flow conditions. CGOAg composites showed excellent
antimicrobial properties for both biofilms and suspended
growth microbes in wastewater. Polyaniline (PANI)-based
composites of GO were also prepared and evaluated for their
adsorption capacity for Pb(II) ions, exhibiting high adsorptive
capacity for Pb(II) ions (1461 mg g–1) in comparison to pristine
GO (555 mg g–1) or PANI (625 mg g–1) at 25 �C [102]. The pre-
pared nanocomposites removed dyes and heavy metal ions
successfully from wastewater. The adsorption of heavy metal
ions and dyes by GO-PANI composites followed the Langmuir
model.

Clay composites of GO were also made by reinforcing GO
and bentonite clay in hydrogels of polyvinyl alcohol (PVA)/
carboxymethyl cellulose (CMC), which showed enhanced
adsorption capacity for MB (172.14 mg g–1) from wastewater in
comparison to hydrogel (83.33 mg g–1) at 30 �C [103]. This was
ascribed to the high surface area of GO and interactions
between MB and GO in the prepared composites. The adsorp-
tion of MB hydrogels followed pseudo-second-order kinetics,
and the data fitted well to the Langmuir adsorption isotherm.

Like graphene, GO nanosheets were also applied to prepare
composites with chitosan to take the benefit of naturally occur-
ring biopolymer in adsorption of pollutants from wastewater.
The electrostatic interactions between –OH groups of picric
acid and amino groups of chitosan, and hydrogen bonding all
together have increased the adsorption of picric acid on these
nanocomposites. The application of chitosan influenced the
surface area, total pore volume, and pore size of GO nanosheets
that helped in adsorption of picric acid at nanocomposites
[104]. These studies indicated that GO is more efficient in the
removal of heavy metal ions in comparison to organic pollu-
tants. This was due to the presence of a large amount of
oxygen-containing groups at the surface of GO in comparison
to graphene and rGO.

2.2.3 Reduced Graphene Oxide

Reduced graphene oxide (rGO) is another form of graphene
and produced by chemical reduction of GO in the presence of
various types of reducing agents such as sodium borohydrate,
hydrazine hydrate, amino acids, pyrrole, ascorbic acid, and
urea. The adsorption properties of rGO depend on defects/
edges and oxygen-containing functional groups. Similarly to
GO, the p–p interactions, hydrogen bonding, electrostatic
interactions, or van der Waals forces of attractions influence
the adsorption of pollutants on rGO. Like graphene and GO,
the rGO also follows the Langmuir adsorption isotherm and
pseudo-second-order kinetics. Many studies have confirmed
that rGO is also an excellent adsorbent for the removal of
heavy metal ions and organic pollutants. The p-p interactions
between the graphene skeleton of rGO and aromatic moieties
of malachite green (MG) dye and electrostatic interactions of
residual oxygen functionality of rGO with p-e clouds with
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positive centers of the MG dye influenced the adsorption of
MG dye on rGO [87].

Studies indicated that noncovalent and charge interactions
are stronger between rGO and the anionic dye (MO) in com-
parison to interactions with a cationic dye (MB) [105]. Simi-
larly, the adsorption of pharmaceuticals from industrial efflu-
ents on rGO is predominated by hydrogen bonding between
O/H of adsorbent and H/O and nitrogen/sulfur-containing
groups (electron-rich elements) on pharmaceutical adsorbates
[106], though p–p and electrostatic interactions contribute
equally to the adsorption of pharmaceuticals.

To prevent the agglomeration of rGO to graphene during
adsorption due to interplanar interactions and stacking, the
rGO nanosheets were modified with CTAB (rGO/CTAB) and
used successfully in the adsorption of anionic dyes (DR80 and
DR23) from contaminated water as CTAB facilitated the
interactions between dyes and rGO [107]. The recovery of
rGO nanosheets from wastewater for reuse applications is a
challenging task; hence, integration of magnetic nanoparticles
(Fe3O4) was carried out to expedite the recycling of adsorbent.
To overcome this problem, the nanocomposites of rGO using
ferric oxide (rGO-Fe3O4) were prepared by the one-pot
method, and provided a maximum adsorption capacity of
30.68 mg g–1 for Pb(II) ions from wastewater [108]. The nano-
composites after adsorption were recovered in a fast process. In
a similar kind of studies, the Fe3O4-rGO nanocomposites were
prepared and used as efficient adsorbents in the removal of
various pesticides from wastewater.

The electrostatic [95] and p-p interactions [13] are princi-
pally considered responsible for the adsorption of pesticides
and other contaminants on rGO-Fe3O4 nanocomposites. The
possible interactions of rGO with pollutants were explained by
taking MB dye molecules as an example (Fig. 4). The oxygen-
containing groups on rGO influence the interactions between
rGO and positively charged Pb(II) ions [87] similarly to GO
(Fig. 3).

To enhance the adsorptive capacity of rGO and to facilitate
its separation after adsorption, nanoparticles of rGO compo-
sites with cobalt oxide (rGO-Co3O4) were prepared by a one-
step method under mild conditions [109], which showed a

maximum adsorption capacity of 208.8 mg g–1 for Cr(VI) ions
from wastewater. These composite nanoparticles were sepa-
rated easily by using a magnet as they are ferromagnetic in
nature. For the removal of Cr(VI) ions, Yu and co-workers also
synthesized rGO nanocomposites with nickel oxide (rGO/NiO)
at room temperature, which were highly adsorptive in the
removal of Cr(VI) ions at pH 4.0 and 25 �C [110].

In another approach of surface functionalization of rGO,
grafting of thymine on rGO was carried out, which increased
the selectivity of rGO for the adsorption of Hg(II) ions as
compared to pristine rGO [111]. This enhanced affinity of
thymine-grafted rGO for Hg(II) ions is attributed to the forma-
tion of an rGO-thymine-Hg(II) complex, which increased the
adsorption capacity of Hg(II) ions to 128 mg g–1 from 60 mg g–1

on pristine rGO. The adsorption of Hg(II) ions on the rGO-
Thy complex followed pseudo-second-order kinetics and the
rGO-Thy complex allowed for 100 % efficiency in the removal
of Hg(II) ions from wastewater. The adsorption capacity of the
rGO-Thy complex remained unchanged up to four cycles with-
out an obvious decrease in its adsorption capacity for Hg(II)
ions. The volume of actual industrial wastewater treated with
the rGO-Thy complex in a fixed-bed column was found to be
significantly high (390 BV) for the removal of Hg(II) ions,
which indicated that rGO-Thy complex was quite efficient and
scalable to design a water treatment plant that can be used for
the handling of a civil sewage system.

The metal ion doping technique is also applied to increase
the active sites on rGO as adsorbent. To evaluate the metal ion
doping effect, Mn-doped TiO2 was grown at the surface of rGO
by the one-pot hydrothermal method and used successfully in
photocatalytic removal of Cr(VI) ions in the presence of sun-
light [112]. The deposition of Mn-doped TiO2 on rGO surface
displayed an increased removal efficiency of 97.32 % for Cr(VI)
ions in 30 min and 99.02 % in 60 min in the presence of sun-
light. The synergetic effect of rGO in adsorption of Cr(VI) ions
and photocatalytic activity of Mn-doped TiO2 in reducing
Cr(VI) ions finally improved the efficiency of rGO for the
removal of Cr(VI) ions from wastewater. The high photocata-
lytic activity of Mn-doped TiO2 in reduction of Cr(VI) ions in
the presence of sun light is mainly attributed to Mn doping.
This process of Mn doping created abundant photocatalytic
sites of Mn-TiO2 on the rGO surface which improved its pho-
tocatalytic efficiency. In this study, the adsorbed Cr(VI) ions
were first reduced to Cr(III) ions by photoelectrons that were
transported through the rGO and the resultant Cr(III) ions
remained adsorbed at the surface of rGO.

To evaluate the effect of porosity in the adsorption of the ad-
sorbate on rGO, Wang et al. [113] fabricated superhydrophobic
and superoleophilic porous reduced graphene oxide/polycar-
bonate (rGO/PC) monoliths having micro-nanoscale binary
structures via thermally impacted nonsolvent-induced phase
separation (TINIPS) method. The porous rGO/PC monoliths
showed excellent capacity and selectivity in the absorption of a
wide range of oils and organic solvents from wastewater. Fur-
thermore, these monoliths also displayed a strong stability
against acidic and alkaline media.

To prepare nanocomposites of rGO with core shell struc-
tures, recently, novel core@shell composites of rGO were pre-
pared by an alternate assembly of titania nanosheets (TNS) and
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rGO on coal fly ash (CFA) microspheres via the layer-by-layer
self-assembling process [114]. The synthesized core@shell com-
posites (CFA@(rGO/TNS)n) were applied successfully in the
photodegradation of MB by UV irradiation. The tight wrapping
of TNS and rGO on the CFA surface reduced the recombina-
tion of electrons and holes charge carriers. The photocatalytic
activity of nanocomposites depends on the number of wrapped
layers of rGO/TNS core shell nanocomposites on CFA. The
rGO in the nanocomposites helped in providing a large surface
area, in causing fast transfer of charge carriers, and in reducing
the rate of recombination of charge carriers, which ultimately
improved the light harvesting efficiency of the prepared core-
shell nanocomposites.

Like fly ash, the cellulose acetate membrane is also used as a
support for rGO composite membranes. In this approach,
polydopamine (PDA)-modified composite membranes of rGO/
halloysite nanotubes (rGO/HNTs) were fabricated on commer-
cial cellulose acetate (CA) membranes (PDA/rGO/HNT-CA)
by Liu et al. [115]. The flux of wastewater from PDA/RGO/
HNT membranes indicated a significant improvement on
increasing the amount of HNT in composite membranes. In
these composite membranes, the dopamine was used to
strengthen the adhesion between rGO and HNT. The poly-
dopamine-modified rGO/HNT membranes exhibited a high
adsorption capacity for dyes, heavy metal ions, and were highly
efficient in the separation of oils from emulsions. The retention
of MB, congo red (CR), Cu(II), and Cr(III) ions by polydop-
amine-modified rGO/HNT membranes was 99.72 %, 99.09 %,
99.74 %, and 99.01 %, respectively, and the oil separation rate
from emulsion was about 99.85 % on using 0.15 g PDA/RGO/
HNT membranes. The high retention efficiency for MB and
CR was attributed to the enhanced adsorption by rGO/HNT
membranes due to the difference in electronegativity and phys-
ical sieving effects. The high retention efficiency for Cu(II) and
Cr(III) ions was assigned to the presence of electrostatic attrac-
tions and to the possibility of ion exchange and surface com-
plexation. These HNT-reinforced membranes of rGO also
retained high antifouling properties even after three cycles.

Graphene (G), GO, and rGO nanosheets were also employed
for adsorption of nitroaromatic explosives (NACs) including
m-dinitrobenzene, nitrobenzene, and p-nitrotoluene [116]. The
hydrophilic GO nanosheets showed the lowest adsorption
capacity for explosives but rGO nanosheets displayed the high-
est adsorption capacity due to the presence of more defect sites
than GO or G nanosheets, which was 10–50 times greater than
CNTs. Various interaction modes including p-p electron
donor-acceptor interactions between p-electron-deficient phe-
nyls of NACs and the p-electron-rich matrix of graphene, and
electrostatic and polar interactions between oxygen-containing
groups/edges/defects of graphene and –NO2 groups of NACs
led to improved adsorption of NACs.

To analyze the effect of ionic strength of wastewater on
adsorption of water pollutants, the adsorption of sodium dode-
cylbenzenesulfonate (SDBS) on rGO was studied [45]. The ad-
sorption of SDBS on rGO was completed in much shorter time
from aqueous media in the presence of sodium chloride, and
adsorption was explained by proposing a dual site mechanism.

To evaluate the effect of biopolymers, the adsorption proper-
ties of biopolymer-modified rGO were investigated, which

varied significantly with the properties of the solvents. This
provided another way to influence the adsorption properties of
adsorbents by taking different types of solvents. To analyze the
effect of solvent properties on adsorption, the adsorption stud-
ies were carried out by varying the self-assembled structures of
biopolymers in the presence of different solvents [117]. The
adsorption properties of biopolymer-modified rGO exhibited
variation due to differences in self-assembled structures of
chlorophills on the surface of rGO.

These studies clearly indicate that rGO is a potential adsorb-
ent and may be used effectively in the treatment of wastewater.
Like other derivatives of graphene, the adsorption properties of
rGO are largely influenced by various parameters such as defect
sites, which are comparatively more in rGO than GO.

2.2.4 Graphitic Carbon Nitride

Graphitic carbon nitride (g-C3N4) is the most stable allotrope
of polymeric carbon nitride stacked with 2D structures. It is
thermally and chemically stable along with high biocompatibil-
ity and also used as medium-gap (2.7 ev) organic semiconduc-
tor. This environmentally benign material is prepared easily
and only made of carbon and nitrogen elements. These proper-
ties have qualified g-C3N4 for diverse applications, such as for
the removal of pollutants and to act as metal-free photocatalyst
in the treatment of wastewater [118, 119]. The g-C3N4 derived
from urea possesses a larger surface area (40 m2g–1) than that
obtained from dicyandiamide and melamine (37 m2g–1). The
g-C3N4 synthesized from urea (UCN) has a larger pore size
than g-C3N4 synthesized by melamine (MCN). The g-C3N4

develops a negative charge at its surface in aqueous solution
that facilitates the adsorption of cationic dyes (MB) and metal
ions [120, 121]. It has a sheet-like morphology with a thickness
of ~ 1–10 nm and lateral thickness of ~ 1–3 mm. The g-C3N4

nanosheets with high surface area (~ 109 m2g–1) and abundant
surface active sites are conducive for photocatalytic decomposi-
tion of pollutants in wastewater [122].

The morphology of g-C3N4 varies on using different precur-
sors for its synthesis [120]. In comparison to defect-free
g-C3N4, the defect-rich g-C3N4, electron-rich nitrogen atoms
and the presence of functional groups all together facilitate the
adsorption of pollutants at its surface and enhance the photo-
catalytic activity of g-C3N4 in degradation of pollutants [123].
The better applicability of the Langmuir adsorption model in
adsorption of organic dyes on g-C3N4 suggested the presence
of a homogeneous monolayer of dye molecules at the surface
of g-C3N4 [120]. However, in contrast to cationic dyes, the
adsorption of heavy metal ions such as Pb(II) ions followed the
Freundlich adsorption model better than the Langmuir adsorp-
tion model [121].

The increased adsorption of Pb(II) ions on g-C3N4 at high
pH is ascribed to the increased negative charge density at its
surface due to the formation of OH– ions, which increased elec-
trostatic interactions with metal ions in the treatment of waste-
water. The adsorption of Pb(II) ions followed pseudo-second-
order kinetics. The g-C3N4 is also used in the development of
selective hydrogels for the treatment of water. The hydrogels
exhibited improved selective adsorption of cationic dyes due to
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increased negative charge and surface area (190 m2g–1) of
g-C3N4 in hydrogels in comparison to pristine g-C3N4

(~ 50 m2g–1) [124]. The observed adsorption selectivity of
hydrogel for cationic dyes is found useful in the elimination of
cationic dyes from a mixture of cationic and anionic dyes and
also in the removal of gel after completion of the adsorption
process.

In addition to 3D hydrogel structures, composites of g-C3N4

were prepared that allowed for increased photocatalytic
decomposition of organic pollutants in comparison to pure
g-C3N4 [125]. To enhance the interactions with the adsorbate,
g-C3N4 is produced with improved oxygen functionalities,
which showed better dispersion and efficient removal of pollu-
tants from wastewater [126].

Besides adding surface functionality to g-C3N4, architectural
modifications in g-C3N4 [127] such as porosities were also in-
troduced to enhance its efficiency in the removal of pollutants
by increased surface area and interactions with pollutants.
These modifications were introduced by doping g-C3N4 with
noble metals/metal ions, which led to improved photocatalytic
decomposition of pollutants due to the larger surface area of
g-C3N4 in comparison to pure g-C3N4 [128, 129]. The g-C3N4-
based aerogels with enhanced porosity were also prepared
using TiO2 and graphene (g-C3N4-TiO2-G), which provided an
increased adsorptive and photocatalytic decomposition of RhB
dye in aqueous solution in comparison to pure g-C3N4 [130].
This has been attributed to the higher porosity of g-C3N4 by
added graphene (G) and due to the significant reduction in
combinatorial charge carriers in TiO2. Similarly to these stud-
ies, recently cellulose-derived hierarchical composites of
g-C3N4 were also prepared in combination with TiO2 (g-C3N4/
TiO2-nanotube), which displayed a higher photocatalytic activ-
ity than pure g-C3N4 [27].

To produce artificial enzymes or nanozymes based on
g-C3N4, cobalt-doped graphitic carbon nitride (Co-g-C3N4)
composites were fabricated by the one-pot thermal condensa-
tion method using urea and different amounts of cobalt chlor-
ide. With the addition of cobalt to g-C3N4, the prepared com-
posites exhibited a higher peroxidase-like activity than pure
g-C3N4. Based on the highly enhanced peroxidase-like activity,
the Co-g-C3N4 composites were used to explore their applica-
tions in degradation of RhB in wastewater. The Co-g-C3N4

composites showed an eleven times higher rate of decomposi-
tion of RhB than in the presence of pure g-C3N4. These results
led to the development of efficient artificial peroxidases for the
removal of various types of contaminants from wastewater
[131].

Recently, phenol-modified g-C3N4 was also created, which
allowed for enhanced environmental remediation of different
chromophoric organic pollutants in aqueous solution [15].
These studies clearly indicated that surface functionalization
and hierarchical modification of g-C3N4 are the key factors that
improve adsorptive and photocatalytic properties of g-C3N4

and can be used for the development of efficient adsorbents for
the removal of pollutants from wastewater. Thus, g-C3N4 is a
low-cost carbon nanomaterial with graphitic and high mechan-
ical properties. The chemical and thermal stabilities of g-C3N4

also contribute towards its environmental friendliness in the
removal of pollutants from wastewater. It has great potential to

develop efficient adsorbents for the treatment of wastewater
loaded with different types of organic and inorganic pollutants.

2.3 Activated Carbon and Nanoporous Carbon

2.3.1 Activated Carbon

The activated carbon (AC), also known as activated charcoal, is
a low-cost material with high strength and easy regeneration
properties. It is produced with characteristic micro/nanopores
and large surface area (> 3000 m2) using various types of bio-
mass such as rice husk, palm and coconut shells, tobacco stem,
wood saw dust, pear seed cake, olive stones, bamboo etc.
[132, 133] as well as from sewage sludge of civil municipalities
after following some protocols [134].

Water treatment using AC is an efficient technique in com-
parison to traditional adsorbent-based techniques due to the
ease of its availability, simplicity in its design and operation,
and efficient capacity in removal of persistent dyes and pollu-
tants from wastewater [135, 136]. AC is also employed in effi-
cient removal of pesticides from treated drinking water. It is
able to incorporate nanoscale features and due to its tailorable
chemical properties it continues to remain one of the most
favored adsorbent in water treatment techniques in many
countries. AC plays a decisive role in removing contaminants
such as organic constituents, residual disinfectants, fats, oils
and grease, heavy metal ions from industrial wastewater [137],
and for elimination of pharmaceuticals from wastewater of
hospitals [138]. AC is also applied in water treatment plants to
control the taste of water [139] and for removal of gases and
odors [140]. In addition, AC is found useful in improving and
protecting other water treatment processes, such as reverse
osmosis and ion exchange separations, from possible damage
to membranes due to oxidation or organic fouling.

The beneficial physicochemical and adsorbate-specific sur-
face properties of AC (Fig. 5), such as specific surface area, pore
size, and pore size distributions [141], have made AC an ideal
adsorbent for the removal of pollutants from the effluents of
different industries, e.g., pharmaceutics, fertilizer plants, petro-
leum, cosmetics, automobiles, and textiles [142]. The adsorp-
tion capacity of AC depends on its various textural properties
such as surface area, porosity (Fig. 5), pore size, and charge on
dye molecules.

The presence of functionalities and graphitic domains also
influence the adsorptive properties of AC. Usually, AC is a
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highly porous material that helps in removal of contaminants
from wastewater primarily through surface adsorption process
[143]. Besides removing a variety of contaminants from waste-
water, it is also capable for disinfection of water from bacteria
and viruses [144]. Similarly, it is not only used in removing
COD, BOD, and TSS of wastewater and as stabilizing agent but
also in maintaining the optimum pH of water for the survival
of aquatic life [145]. The adsorption capacity (%) of AC gener-
ally depends on contact time, pH, and temperature like other
adsorbents. Its high mechanical strength makes it well-suited
for periodic cleaning, regeneration, and reuse applications
[133].

The AC produced through pyrolysis and chemical treatment
of organic materials has pore diameters between > 50 to < 2 nm
[146]. The adsorption at the surface of AC takes place via p–p
interactions, hydrogen bonding, as well as with van der Waals
forces [147]. The high surface-to-volume ratio in AC is also
considered responsible for its improved ability to adsorb a large
number of pollutants including various types of organic dyes
and heavy metal ions [24]. As AC is reactivated easily, its low
operational cost increases the return on investment (ROI) and
ensures continuous operation of water treatment plants.
Currently, AC is also used in point-of-use (POU) devices in
commercial and home applications [148].

Though prepared graphene or AC-based composites for
water purification are found costly and impractical for com-
mercial sale, there is a high probability that composites may act
as a platform to evolve the next-generation water purification
method, with high performances and versatile capacities at
POU.

AC proved also to be suitable in the treatment of wastewater
streams with low concentrations of pollutants at extremely low
cost and high efficiency due to the presence of large micro-
porosity and surface area [149].

In some studies, two types of granular activated carbon
(GAC) obtained from bituminous carbon (BC-GAC) and coco-
nut shell (CS-GAC) were used in post-treatment processes of
wastewater treatment plants (WWTPs) to enhance the elimina-
tion of left-over organic micropollutants (OMPs) [150]. The
GAC filters were found versatile in selective removal of OMPs
during the treatment of secondary effluents of different quality
[150]. The AC, in combination with nanostructured metals, is
also applied in the removal of organic pollutants from waste-
water, with high adsorption efficiency and ease of separation
from treated wastewater [151].

The AC obtained from civil sewage sludge is used efficiently
in the elimination of Cu(II) ions from wastewater with a maxi-
mum adsorption capacity above 50 % [134]. The AC prepared
from apricot stone is found suitable in the removal of Zn(II),
Ni(II), Co(II), Cd(II), Cu(II), Pb(II), and Cr(III) ions from
wastewater with a removal efficiency of above 97 % [152]. The
AC carbon produced from pear seed cake was employed
successfully for removing of MB with an adsorption capacity of
260 mg g–1 [153].

The chemical modification or formation of composites using
AC proved to be effective methods in neutralization of harmful
effects of water-borne pathogens [154].

Currently, a number of significant advancements have taken
place to improve the water purification processes by modifying

the treatment process based on ACs. In particular, the chemical
modification of AC enhanced its adsorption efficiency for
organic and inorganic pollutants [155]. The presence of oxygen
and carboxylic functionality on AC promotes the adsorption of
cationic dyes due to electrostatic interactions. Similarly, AC is
produced with other functionalities through chemical modifi-
cations to improve its adsorptive properties. In this regard, the
AC of civil sewage sludge was functionalized with sulfur and
used successfully for the removal of Pb(II), Cd(II), Cu(II), and
Ni(II) ions from wastewater. The adsorption capacity of
sulfur-functionalized AC was found to be 238.1, 96.2, 87.7, and
52.4 mg g–1 for Pb(II), Cd(II), Cu(II), and Ni(II) ions, respec-
tively [156]. The agricultural-based AC with multisized pores
(MPAC) and large surface area provided adsorption capacities
of 1.34, 1.07, 1.22, 0.97, and 0.93 mmol g–1 for Pb(II), Cd(II),
Cu(II), Ni(II), and Zn(II) ions, respectively, from wastewater at
30 �C [157]. In another approach of AC application, compo-
sites of AC and zeolite were prepared and used to maintain the
solution pH [145].

Advanced nanocomposites for efficient purification of waste-
water were developed using CNTs, graphene, and AC [158].
These nanocomposites were also found useful in the fabrication
of size-selective membrane filters for removal of pollutants by
blocking their flow through the membranes [159].

Studies indicated that pristine and silver-impregnated ACs
were efficient in removal of bromide and iodide ions from
wastewater, i.e., removal of bromide ions by silver-impregnated
AC (95 %) as compared to pristine AC (26 %) [160]. The AC
impregnated with silver nanoparticles had an antibacterial
effect in the treatment of wastewater [161, 162]. Iron-impreg-
nated ACs had a high adsorptive capacity in the removal of
various types of heavy metals ions, such as Ar(III), Ar(V),
Hg(II), and Pb(II), in comparison to pristine ACs [163].

A green synthetic method to impregnate copper oxide in
AC-based nanoparticles is developed using Moringa oleifera
leaves extract. The copper oxide-impregnated AC nanoparticles
were taken as an adsorbent in the removal of nitrate ions from
wastewater with an adsorption capacity of 60 % at pH 2 and
pH 5.5 [164]. As there are enough possibilities for leaching of
impregnated metals from composites, metal-impregnated AC
as adsorbent is not used in point-of-use water purification
devices until metal leaching issue is not resolved.

A series of AC-based perovskite nanocomposites
(La1–xNdxFeO3@AC) were developed for the treatment of
wastewater through electrochemical decomposition of MO dye.
The La0.6Nd0.4FeO3@AC nanocomposite anode exhibited a
removal efficiency of 99.81 % and 96.66 %, respectively, for MO
and COD in 10 min [165].

The cobalt-doped ferrite nanocomposites of AC (CoFe2O4/
NOAC) were synthesized by a facile autocombustion method,
which showed a removal efficiency of > 80 % of dye at pH 6.5,
within a time period of 55 min at room temperature with an
adsorbent dosage of 50 mg [166]. The nanocomposites were
separated easily due to their magnetic properties. Due to the
high adsorption capacity and low cost of the prepared adsorb-
ent, the nanocomposites were found to be well-suited and
effective in the removal of AV49 from wastewater [166].

Carya peels-based AC was employed to prepare cobalt-
doped ferrite nanocomposites (CoFe2O4/AC) by hydrothermal
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method for efficient removal of Cr(IV) ions from wastewater
[167]. A similar type of nanocomposites (CoFe2O4/AC) was
generated by ultrasound method and applied successfully in
the adsorptive removal of maxilon red [168]. These studies
clearly indicated that species-specific surface affinity can be
introduced on the surface of AC nanocomposites by selecting
an appropriate method of their preparation.

An AC-based 3D nanocomposite fiber membrane as visible
light photocatalyst was fabricated by a modified electrospin-
ning process [169]. The electrospun mesoporous AC fiber
membranes had a specific surface area of 184.8 m2g–1 along
with abundant mesopores. The prepared membranes were
found to be highly adsorptive and photocatalytic in the remov-
al of MO. These nanocomposite membranes were also applied
for eliminating Cu(II) and As(V) ions from a simulated waste-
water, having a removal efficiency of over 90 % for Cu(II) and
As(V) ions. The prepared nanocomposite fiber membranes
were reused for more than ten times without any variation in
their properties; hence, they are suitable for the treatment of
organic or heavy metal ions in wastewaters [169].

Photocatalytic composite nanoparticles based on AC and
TiO2 (TiO2/AC) were employed in the degradation of RhB dye
at room temperature in the presence of UV radiation [170].
The results indicated that anatase TiO2 nanoparticles were dis-
tributed homogeneously at the surface of AC on calcination at
500 �C. The composite nanoparticles had an efficiency of
93.2 % in the removal of RhB. The morphological structures
and photocatalytic activity of composite nanoparticles were
dependent on the loading of TiO2 [170]. The TiO2 nanopar-
ticles on AC in natural clay (NC) composites displayed a high-
er photocatalytic activity in the degradation of MG dye in
aqueous medium on UV irradiation than TiO2 alone [171].
However, the degradation of MG was found to be slightly more
at high pH in the presence of TiO2.

In some studies, the application of microwave heating was
also tried as a viable method in the preparation of AC with
significantly improved capacity for the removal of certain
pollutants. The application of microwave heating is able to
influence the surface area and pore size distribution in AC
[172]. This method is quite beneficial in terms of low power
consumption in the production of ACs in a short period.

These studies clearly indicated that AC is an efficient and
cost-effective adsorbent in the removal of pollutants from
wastewater in comparison to other adsorbents. AC was found
to be efficient in the elimination of various adsorbates from
wastewater and it can be prepared by using low-cost raw mate-
rials and by following simple protocols of its preparation.
These attributes of AC have made it a preferred material for
water treatment due to its wide availability, low cost, and low
sensitivity to moisture. Its removal efficiency can be tailored by
improving its surface area, pore size, pore structures, and pore
size distribution. Similar to ACs, biochars also proved to be
well-suited in wastewater treatment as indicated by magnetic
biochar produced from discarded waste using microwave heat-
ing [173]. The prepared biochar had a maximum removal effi-
ciency of 96.17 % for Cd(II) ions from wastewater, suggesting a
suitable adsorbent comparable to AC.

2.3.2 Nanoporous Carbons

The nanoporous carbon (NPC) is like AC but without com-
plete activation. The carbonaceous materials are mainly catego-
rized as macroporous (pore size 50–1000 nm), mesoporous
(pore size 2–50 nm), and microporous/nanoporous (pore size
< 2 nm). If carbon is populated with nano-sized pores, then it is
called nanoporous carbon. The carbonization of various pre-
cursors such as wood, coal, fruit peel, or polymers at high tem-
perature or by chemical treatment methods allows to produce
porous carbons with controlled surface area, porosity, and sur-
face functionalities. The pore size also depends on the type of
chemical agents used for activation. For example, ZnCl2-im-
pregnated carbon activation at 600 �C produces microporosity,
whereas KOH-impregnated carbon activation under identical
conditions yields carbon with high pore size distribution [174].

Generally, NPCs are synthesized via pyrolysis and physical
and/or chemical activation at high temperatures [175]. How-
ever, the high-temperature activation is associated with some
drawbacks such as creation of defects and graphitization, which
are overcome by using hard or soft templates and by carrying
out carbonization by thermosetting or thermally unstable
compounds. The application of hard or soft templates also
facilitates the synthesis of NPCs with controlled pore size dis-
tribution [176]. The hard template method usually needs pre-
synthesized organic or inorganic templates, whereas the soft
template method is based on creation of nanostructures via
self-assembly of organic molecules. The amphiphilic surfac-
tants and block copolymers are commonly employed in soft
template-driven synthesis of NPCs.

The pore structures in carbon shown significant improve-
ments on activation with microwave and steam as observed
during the formation of magnetic Co-Fe-impregnated porous
carbon obtained from rice straw [177]. This indicated that
porous carbons of different pore sizes can be produced by
microwave or steam activation for the removal of dyes or
pollutants of different sizes usually present in industrial waste-
water.

In a recent study, the Bengal gram beans husk (BGBH) was
converted to graphene-like lamellar structures along with
abundant micropores after chemical activation with KOH
(BGBH-C-K) [178]. The resultant microporous carbon was
found potentially useful in the removal of anionic dyes (i.e.,
MO) from wastewater. In these studies, the adsorption kinetics,
equilibrium isotherm, and effect of temperature were studied
to understand the adsorption of MO on BGBH. The BGBH
adsorbent was also selected to investigate the adsorption of
MG, MB, and Congo red (CR) dyes to examine the effect of
pore size and surface charge of the studied dyes. The surface
area and porosity of BGBH-C-K was compared with meso-
porous carbons obtained in the presence of ZnCl2 or FeCl3 as
activating agents (BGBH-C-Zn/Fe). The BGBH-C-Zn/Fe nano-
porous carbon exhibited thick-sheet-like structures with wide
pore size distribution.
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2.4 Fullerene, Activated Carbon Spheres, and
Carbon Quantum Dots

2.4.1 Fullerene

Fullerenes are the zero-dimensional spherical form of carbon
nanomaterials made of a certain fixed number of carbon atoms
arranged in pentagons and hexagons at their surfaces. They
have a high surface area and are prepared easily by various
cost-effective methods. They are environmentally friendly in
their nature and possess electron-accepting properties, which
make them attractive adsorbents for the removal of environ-
mental pollutants from wastewater [179, 180]. The interactions
of p-electrons of fullerene with contaminants have a driving
force for the adsorption of pollutants from wastewater. Despite
of potential properties of fullerenes as adsorbents, their applica-
tions in water treatment are reported scarcely.

The adsorption of pollutants on fullerenes is influenced by
the size of its self-assembled structures. The nano-sized self-
assembled aggregates of fullerene (C60) showed improved
adsorption of 1,2-dichlorobenzene (1,2-DCB) and naphthalene
in comparison to macro-sized fullerene aggregates [179]. It is
believed that the adsorption of adsorbates on fullerene takes
place due to penetrating properties of adsorbates in spaces/
defects available on the surface of fullerene nanoclusters
besides benefiting from the large surface area of fullerenes. The
adsorption and desorption on fullerene exhibit the formation
of a hysteresis loop, which is assumed due to the existence of
two types of adsorptions of contaminants, one at the external
surface and the other at internal surfaces of aggregates of the
fullerene.

The trace amount of fullerenes in combination with other
materials like AC, lignin, and zeolites was used to fabricate
nanocomposites, which showed increased adsorptive properties
for pollutants [181]. The addition of fullerene in composites
increased the hydrophobic character, which made composites
better adsorbents for pollutants and allowed for improved
reuse application. Alekseeva et al. conducted a comparative
study of fullerene and its nanocomposite with polystyrene for
the removal of Cu(II) ions [182]. The adsorption of Cu(II) ions
on fullerenes was explained by the Langmuir adsorption model.
These studies indicated that fullerenes have the potential to
develop as efficient adsorbents for the treatment of wastewater.

2.4.2 Activated Carbon Spheres

Activated carbon spheres (ACSs) belong to a zero-dimensional
form of carbon nanomaterials, which display numerous advan-
tages over powdered or granulated AC used as a support for
the catalyst [183] or as an adsorbent [184]. The AC spheres
have a large surface area (2000 m2g–1), high micropore volume
(1.0 cm3g–1), minimum surface energy, controllable pore size
distribution, high mechanical strength, smooth surfaces, and
low moisture contents. The AC spheres are prepared in differ-
ent sizes such as nano-, meso-, and microspheres for various
applications. The common raw materials or precursors taken
for the preparation of ACSs are pitch, polymeric resins, ligno-

cellulose, and carbohydrates. The precursors are mostly car-
bonized at about 800–900 �C, and subsequent activation is
carried either physically using steam/CO2 or chemically with
alkalis or acids.

The nitrogen-containing carbon spheres (NCSs) are pre-
pared by activation of ZnCl2-impregnated spheres of a polymer
of m-phenylenediamine and hexamethylenetetramine. The
as-obtained ACSs had a diameter of about 0.6–1.2 mm and high
surface area (1237 m2g–1) and were used successfully for the
removal of Cr(VI) ions from wastewater [185]. The ACSs pro-
vided a maximum removal capacity of 279 mg g–1 Cr(VI) ions
at pH 2.0. The Cr(VI) ions removal efficiency of ACS reached
to 99.9 % on using a dose of 12 g L–1 in the treatment of real
acidic electroplating wastewater. Further, ACSs exhibited a
removal efficiency of > 90 % Cr(VI) ions at the end of repeated
six runs.

Carboxyl-rich ACSs were prepared with a by-product of the
pulp refining industry and used in eliminating Pb(II) and
Cd(II) ions from wastewater [186], having adsorption capaci-
ties of 380.1 and 100.8 mg g–1 for Pb(II) and Cd(II) ions,
respectively. Magnetic and N/S co-doped ACS (N/S-MCMs/
Fe3O4) were fabricated by the silica template method using cys-
teine and Fe3O4 as source of sulfur and magnetic properties
[187]. The prepared ACSs had a maximum adsorption capacity
of 74.5 mg g–1 of Hg(II) ions from wastewater and ACSs were
removed easily by an external magnetic field. The hydrother-
mally processed and chemically activated ACSs were applied
for the adsorption of MB, MG, and RhB dyes [188] with maxi-
mum adsorption capacities of 3152, 1455, and 1409 mg g–1 for
MB, MG, and RhB, respectively. In addition, ACSs exhibited a
good reusable property after five consecutive cycles.

ACSs with abundant oxygen-rich functional groups were
synthesized by a simple hydrothermal method of carbonization
of glucose precursor and were employed for adsorptive removal
of Cd(II) ions and photocatalytic degradation of CR dye [189].
The prepared ACSs had a large surface area of 1125.91 m2g–1

and maximum adsorption capacities of 276.09 and
382.15 mg g–1 for Cd(II) ions and CR, respectively. The photo-
catalytic degradation of CR was achieved with 95 % removal
efficiency within 90 min. The adsorption data were fitted suit-
ably to a Freundlich isotherm and adsorption kinetics were of
pseudo-second order.

Recently, ACSs were also prepared by ZnCl2 activation of a
precursor prepared by the Mannich reaction between lignocel-
lulose and polystyrene [190]. The prepared ACSs were applied
successfully in the separation of Cr(VI) ions from wastewater,
having a surface area and average pore size of 769.37 m2g–1 and
2.46 nm, respectively. The prepared ACSs had a maximum ad-
sorption capacity of Cr(VI) ions of 227.7 mg g–1 at an initial pH
of 2 at 40 �C. At lower pH, the functional groups of the ACS
surface were protonated by abundant hydrogen ions, which
provided opportunities for electrostatic interactions with nega-
tively charged Cr2O7

2– ions. The adsorbed Cr(VI) ions were
reduced to Cr(III) ions by electron donor groups of ACSs and
remained adsorbed at the surface of ACSs. However, at high
pH the ACSs became negatively charged; hence, the extent of
Cr(VI) ion adsorption dropped to 19.42 mg g–1 at pH 9.0. The
adsorption kinetics and isotherm fitted well to Elovich and
Langmuir models, respectively.
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These studies clearly indicated that carbon nanomaterials in
the form of spheres are efficient in adsorption and removal of
pollutants from wastewater due to their large surface area and
by added surface functionalities. This demonstrates that there
is an abundant scope for further research to produce carbon
spheres with controlled size and pore size distribution to act as
selective adsorbent for the removal of pollutants from waste-
water.

2.4.3 Carbon Quantum Dots

Carbon quantum dots (CQDs) are a class of carbon nanoparti-
cles having a size of around 10 nm. They are less toxic, biocom-
patible, chemically stable, cost-effective, eco-friendly, with high
water dispersibility, and are produced easily by a hydrothermal
method using sustainable raw materials. The high surface area
(1690 m2g–1) and the presence of oxygen-containing functional
groups at their surfaces makes them effective adsorbents for
the removal of pollutants [191] and effective photocatalysts
[192] for the degradation of pollutants in wastewater. CQDs
associated with ZnSn(OH)6 were used successfully as photo-
catalysts for the purification of water in the presence of visible
sunlight [193].

The photocatalytic activity of CQDs in degradation of organ-
ic pollutants showed an increasing trend on supporting them
at metal organic framework structures (NH2-MIL-125) [194].
The photocatalytic activity of metal organic framework struc-
tures-supported CQDs (CQDs/NH2-MIL-125) was evaluated
by studying the decomposition of RhB solution (10 mg L–1) at
90 �C using UV irradiation, resulting in almost 100 % RhB
removal within 120 min. CQDs also displayed increased photo-
catalytic activity when supported on La2Ti2O7 [195]. These
results revealed that the presence of CQDs reduced the recom-
bination of electron-hole pairs, hence, the degradation capabil-
ity of photocatalysts was increased significantly.

To overcome the challenge of fast recombination of charge
carriers and limited light utilization, a binary composite was
prepared by incorporating BiVO4 on nitrogen-doped CQDs
through p-p and hydrogen-bond interactions [196]. The pre-
pared binary composite was employed as an efficient photoca-
talyst as electron transfer properties of CQDs increased the
separation of charge carriers and reduced the rate of their
recombination. The incorporation of BiVO4 with nitrogen-
doped CQDs improved the range of light utilization of photo-
catalysts from UV-light to visible-light region.

Similarly, CQDs were loaded on TiO2 nanofibers (CQDs-
TiO2NFs), which allowed for 100 % degradation of MB dye in
95 min in comparison to 71 % degradation of MB in the pres-
ence of TiO2 nanofibers in the same period [192]. The TiO2

nanofibers were able to generate electron-hole pairs in visible
light and CQDs played the role of acceptors and transporters
for photo-generated electrons. This ultimately increased the
photocatalytic activity of CQDs in decomposition of MB in
wastewater.

To increase the efficacy of CQDs for the removal of organic
and inorganic pollutants from wastewater, CQDs were also
doped with nitrogen, which improved the interactivity between
pollutants and CQDs by increasing the available surfaces and

edges of CQDs for the adsorption of pollutants from waste-
water [191]. The nitrogen-doped CQDs (N-CQDs) demon-
strated an improved removal of Cd(II) and Pb(II) ions as 75 %
and 37 %, respectively, from wastewater due to the combined
effect of both nitrogen and oxygen functionality at the surface
of N-CQDs.

In another study for the development of magnetic CQDs
adsorbents, the nitrogen-doped CQDs (N-CQDs) were pre-
pared using citric acid and dicyandiamide and conjugated with
iron oxide (Fe3O4) [197]. The prepared conjugate of iron oxide
and nitrogen-doped CQDs (N-CQDs-Fe3O4) were taken as
adsorbent in the removal of Pb(II) ions from wastewater. The
interaction of empty d-orbital of Pb(II) ions with lone pair of
electrons on nitrogen of N-CQDs was considered responsible
for the enhanced adsorption of Pb(II) ions on iron oxide conju-
gated N-CQDs from wastewater.

To improve the efficiency for the removal of pollutants and
separation of CQDs after adsorption, polyethyleneimine-func-
tionalized CQDs were used to fabricate a magnetic nanocom-
posite adsorbent using MnFe2O4 (PECQDs/MnFe2O4) [198].
The prepared nanocomposite provided a removal efficiency of
91 % for U(VI) ions despite of strong electrostatic repulsion be-
tween the positively charged surface of the nanocomposite and
U(VI) ions in wastewater. This indicated that the residual oxy-
gen-containing functionality of CQDs was able to overcome
the electrostatic repulsion of U(VI) ions to show ultimate ad-
sorption of U(VI) ions on the nanocomposite. The adsorption
capacity of CQDs composites showed a decreasing trend on
reducing the solution pH due to enhanced adsorption of pro-
tons in comparison to metal ions [199]. However, at higher
solution pH, the adsorption was enhanced due to the formation
of a negatively charged surface of the composites.

A composite with various functionalities was prepared using
CQDs and zinc-aluminium layered double hydroxide ZnAl-
LDH (CQDs/ZnAl-LDH) for the adsorption of Cd(II) ions
[200]. The prepared composite had a maximum adsorption
capacity of 12.60 mg g–1 for Cd(II) ions in 20 min. The adsorp-
tion data fitted well with the Freundlich adsorption model indi-
cating that the surface of composites was heterogeneous in
nature. These studies suggested that CQDs are potentially use-
ful adsorbents in the removal of heavy metal ions and are able
to reach increased photocatalytic activity in the decomposition
of organic pollutants from wastewater. The development of
CQds composites with different functionalities and porosities
may be a focus for further research for wastewater treatments.

3 Techniques of Removal of Pollutants

Although there are various processes for the removal of pollu-
tants from wastewater, such as ion exchange, assimilation,
complexation, reverse osmosis, biodegradation, flocculation,
membrane filtration, chemical precipitation, biosorption, coag-
ulation, predation/ingestion, and solvent extraction (Fig. 6), the
process of adsorption is considered best due to its efficient
removal of pollutants, cost effectiveness, and sensitivity in
removal of trace levels of pollutants from wastewater
[144, 201]. For adsorption of pollutants, the carbon nanomate-
rials showed great potential in the removal of organic and
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inorganic pollutants from wastewater due to the presence of a
large surface area, surface functionality, and recyclability of
adsorbents. The chemical properties of carbon nanomaterials
provide the control of various adsorption parameters such as
loading capacity for pollutants, recovery of pollutant through
variation of solution pH, and temperature. These properties of
carbon materials make them efficient and preferred adsorbents
in comparison to other adsorbents [202].

The degradation of pollutants using semiconductor-based
carbon composites on irradiation with visible and ultraviolet
radiations also opened a suitable way in the elimination of
wastewater pollutants [203]. The spaces/defects in carbon
nanoclusters and the low aggregation tendency of carbon-based
nanomaterials make them appropriate and potential adsorb-
ents in the removal of pollutants from wastewater [204].

3.1 Characterization of the Removal of Pollutants
on Carbon Nanomaterials

The removal of organic and inorganic pollutants by carbona-
ceous materials is confirmed by evaluating the properties of
adsorbents after adsorption by using one of the various tech-
niques of characterization, such as X-ray diffraction (XRD),
Fourier transformed infrared spectroscopy (FT-IR), UV-visible
spectroscopy (UVS), X-ray photoelectron spectroscopy (XPS),
electron microscopy (FESEM, TEM), atomic absorption spec-
troscopy (AAS), vibrating sample magnetic properties (VSM),
gel permeation chromatography (GPC), differential scanning
calorimetry (DSC), thermal analysis (TA), and by measurement

of electrical conductivity of adsorbents after adsorption. These
methods are able to provide in-depth information on structural
variation or alternation in physical properties of the adsorbents
after adsorption.

The evaluation of the residual amount of adsorbates in solu-
tion after adsorption is also employed to confirm the extent of
adsorption that took place through interactions between ad-
sorbents and adsorbates. These techniques are quite sensitive
in exacting the amount of pollutants that has been adsorbed on
the surface of carbonaceous materials.

To get information on the type of adsorption, the adsorption
data are fitted in various adsorption models. The adsorption
data of carbonaceous materials are frequently fitted in com-
monly used adsorption models such as Freundlich, Langmuir,
and Dubinin-Radushkevich adsorption models to calculate the
maximum amount of pollutants adsorbed per unit weight of
carbonaceous adsorbent. The fitting of adsorption data in these
models also is helpful to confirm the type of adsorption at the
surface of absorbents or about adsorption that occurred
through a pore adsorption process. Adsorption data help in as-
certaining the types of interactions that were operating between
adsorbents and pollutants. Besides the extent of adsorption,
these data also are valuable in evaluating the type of kinetics
that was followed by pollutants in the adsorption process. The
adsorption data of pollutants on carbonaceous adsorbents
mostly followed pseudo-first-order (PFO) and pseudo-second-
order (PSO) kinetics as given by Elovich and demonstrated
dependence on intraparticles diffusion (IPD) kinetic.
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3.2 Mechanisms of Adsorption of Pollutants

The adsorption of pollutants on carbon materials takes place
through various interactions as illustrated schematically in
Fig. 7.

The physical adsorption of pollutants depends on the physi-
cochemical properties of carbon adsorbents such as specific
surface area, surface functionality, hydrophobicity, and due to
various types of interactions, e.g., electrostatic, p-p, p-e, and
hydrogen bonding. The adsorption of metal ions on carbona-
ceous materials usually takes place through various adsorption
mechanisms like electrostatic interaction, ion exchange, com-
plex formation [205], pore filling, hydrogen bonding, and
p-hydrogen interactions [206]. The adsorption of organic pol-
lutants occurs through hydrophobic interactions such as n-p
and p-p electron donor-acceptor interactions, and Lewis acid-
base interactions [69]. The p-p electron donor-acceptor inter-
actions are observed during the adsorption process between
target pollutants and aromatic regions of carbon nanomaterials
(e.g., p-electron-depleted and p-electron-rich rings) [207, 208].

The adsorption of pollutants through pore-filling mecha-
nism depends on the total pore volume of the porous network
of the carbon nanomaterial and also is dependent on the size of
pollutants [209]. The p-p stacking interactions are attributed
to the sorption of aromatic compounds on the surface of
carbon nanomaterials containing aromatic rings such as gra-
phenes [210]. The electrostatic interactions are usually encoun-
tered during the adsorption of ionic and ionizable compounds
on carbon nanomaterials [211]. The weak van der Waals forces
of attractions and hydrogen bondings between functional
groups on the carbon nanomaterial and functional groups of
adsorbates are also considered responsible for the adsorption
od pollutants on carbon materials. The ion exchange and com-
plexation processes take place in the presence of organic cati-
ons or metal ions associated with the structure of carbon nano-
materials [212]. The ion exchange mechanism is the main
mode of interaction between multivalent cations and carbon
nanomaterials [213, 214].

The adsorption capacity of carbon nanomaterials depends
on various parameters including surface functionalities, purity,
porosity, surface area, density of active sites, type of carbon
nanomaterials, and nature of pollutants. The adsorption of
pollutants on carbon nanomaterials mainly occurs through
chemical and physical interactions between adsorbents and
pollutants at active sites including internal adsorption sites,
interstitial channels, grooves, and active sites present on the
external surface of carbon materials.

The mechanisms of adsorption of pollutants on carbon ma-
terials are discussed in various reviews available in literature.
The adsorption mechanisms for the removal of inorganic pol-
lutants from wastewater using graphenes and their derivatives
are discussed in detail by Yusuf et al. [215]. It was indicated
that surface area and pore size distribution in graphene, includ-
ing total internal surface area, are important variables that in-
fluence the adsorption capacity of graphenes. The adsorption
of pollutants on graphene also takes place due to p-stacking
interactions besides hydrogen bonding [216]. The adsorption
of anionic pollutants has been explained through electrostatic
interactions and specific and nonspecific interactions that are
prevalent at low pH [215].

The results of a comparative study for the removal of MB on
various carbon nanomaterials, including AC, GO, and CNTs,
indicated that the adsorption of MB on carbon-based adsorb-
ents was influenced significantly by a large surface area, p-p
electron donor-acceptor interactions, and electrostatic attrac-
tions between cationic dye and negatively charged adsorbents
[217]. It was also stated that the adsorption might be a rate-
limiting step for the exchange of electrons between adsorbent
and adsorbate molecules. Solid-liquid separation mechanisms,
such as flocculation and/or precipitation, are important proc-
esses, which are used by carbon nanomaterials in the removal
of heavy metal ions from wastewater [218].

Various studies clearly revealed the effectiveness of carbon
nanomaterials in the elimination of pollutants from waste-
water. The removal of pollutants may also possible through
adsorption and degradation processes at the surface of carbon

nanomaterials. In some studies, the main mecha-
nism of removal of pollutants is photocatalytic deg-
radation as observed in the presence of g-C3N4 or
CQDs, whereas the adsorption mechanism is con-
sidered as accessorial process [157, 209, 220].

The photocatalytic decomposition of organic
pollutants takes place through a mechanism which
is based on photoexcited electrons of the photo-
catalysts such as g-C3N4 or fullurene/CQDs and
their composites which are able to generate holes
(h+) and exited electrons (e–) in the conduction
band. In aqueous media, the hydroxyl radicals are
formed by the interaction of holes (h+) with water
molecules, which take part in oxidation of organic
pollutants in wastewater [221]. Thus, carbon-based
materials are able to remove pollutants by either
one of the mechanisms or through a combination
of two mechanisms depending on the properties of
adsorbent and adsorbates.
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4 Conclusions

The growing water pollution is a subject of great concern as it
is causing scarcity of fresh and drinking water across the globe.
Industrial effluents and domestic discharges are the prime
sources of organic and inorganic pollutants such as dyes, pesti-
cides, toxic heavy metal ions, fertilizers, and pharmaceuticals,
which pose potential health hazards to human lives. Though
various techniques have been used for the removal of pollu-
tants and water-soluble dyes from wastewater, adsorption has
been found to be an economically viable approach specially
using carbon nanomaterials. These studies indicated that nano-
forms of carbon such as graphene (G) and its derivatives (rGO)
have outstanding properties in the removal of pollutants due to
their favorable dimensional structures in comparison to low-
dimensional nanocarbons such as CNTs, CNFs, CQDs, fuller-
ene and ACS, which have limitations in terms of aggregation
or restacking in solution during their applicatio.

To overcome these limitations of the low-dimensional form
of carbon nanomaterials, the development of 3D nanostruc-
tures, such as composites and hydrogels of carbon nanomateri-
als, are the subject of current studies. However, this approach
needs to be developed at large scale to overcone the existing
challenges of aggregations and to retain their intrinsic proper-
ties such as porosity and large surface area for adsorption
besides facilitating their separation from wastewater for reuse
applications.

To enhance species-specific removal of pollutants from mix-
tures of multiple pollutant systems, surface functionalization
needs to be encouraged, which is not yet practiced at large
scale. Carbon nanomaterials with multiple surface functional-
ities may facilitate simultaneous removal of different adsorbates
and their recoveries by controlling the pH or temperature-
dependent interactions between adsorbates and functionalized
carbon nanomaterials. Metal doping and activation processes
need to be precised to control the surface area and hierarchical
structures in carbon nanomaterials in order to improve the
adsorptive properties and size selectivity for pollutants. Cur-
rently, activation of carbon nanomaterials is carried out at high
temperature (< 500 �C); hence, activation methods need to be
developed to affect the activation at low temperature in order
to avoid the adverse effect of high-temperature activation on
physicochemical properties of carbon nanomaterials.

In sum, the treatment of wastewater using different nano-
forms of carbons provides ample opportunities for further
research to improve their cost-effective efficiency in removal of
pollutants in comparison to routinely used adsorbents.
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Abbreviations

AC activated carbon
ACS activated carbon sphere
BGBH Bengal gram beans husk
CBZ carbamazepine
CGO crumpled graphene oxide
CGOTI CGO mixed with TiO2

CNF carbon nanofiber
CNT carbon nanotube
CR Congo red
CS/GNP chitosan spheres cross-linked graphene nanoplate
CTAB cetyltrimethylammonium bromide
CVD chemical vapor deposition
DOC dissolved organic carbon
EDA electron-donor-acceptor
FGO few-layered GO
G graphenes
GAC granular activated carbon
GH graphene hydrogel
GO graphene oxide
GONF GO-nickel ferrite
GS sulfur functionalized graphene
HNT halloysite nanotube
HPGCB highly porous graphene/carbon nanotubes hybrid

beads
MB methylene blue
MC methylthionine chloride
MG malachite green
mGO magnetic GO
MO-CVD metal-organic chemical vapor deposition
MWCNT multiwalled CNT
NAC nitroaromatic explosive
NC natural clay
NCS nitrogen-containing carbon sphere
NOM natural organic matter
NPC nanoporous carbon
OMP organic micropollutant

PAMAM polyamidoamine dendrimer
PANI polyaniline
PDA polydopamine
PVA polyvinyl alcohol
rGO reduced graphene oxide
RhB rhodamine-B
SDS sodium dodecyl sulfate (anionic surfactant)
SWCNT single-walled CNT
TEOS tetraethyl orthosilicate
Thy thymine
TNS titania nanosheets
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