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Abstract

Nanotechnology is an advanced field of science having the ability to solve the variety of environmental challenges
by controlling the size and shape of the materials at a nanoscale. Carbon nanomaterials are unique because of their
nontoxic nature, high surface area, easier biodegradation, and particularly useful environmental remediation. Heavy
metal contamination in water is a major problem and poses a great risk to human health. Carbon nanomaterials are
getting more and more attention due to their superior physicochemical properties that can be exploited for advanced
treatment of heavy metal-contaminated water. Carbon nanomaterials namely carbon nanotubes, fullerenes, graphene,

graphene oxide, and activated carbon have great potential for removal of heavy metals from water because of their
large surface area, nanoscale size, and availability of different functionalities and they are easier to be chemically
modified and recycled. In this article, we have reviewed the recent advancements in the applications of these carbon
nanomaterials in the treatment of heavy metal-contaminated water and have also highlighted their application in
environmental remediation. Toxicological aspects of carbon-based nanomaterials have also been discussed.

Keywords: Carbon nanotubes (CNTs), Multiwall carbon nanotubes (MWCNTSs), Single-wall carbon nanotubes (SWCNTs),
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Introduction

Pollution is termed as the presence of undesirable chem-
ical entity/entities preventing the natural process or
causing adverse effects to living organisms and the envir-
onment [1-3]. Industrialization and immense increase in
population leading to growing urbanization cause the
increase in pollution at an alarming rate [2, 4]. Improv-
ing the water, soil, and air quality is an immense chal-
lenge of the modern era. Identification and treatment of
environmental pollutants and their prevention is a key
step in the protection of the environment. Material sci-
ence plays a vital role in realizing the clean environmen-
tal goal, and materials science technology has progressed
exponentially in the last decade especially nanomaterials
[1, 5]. The pure and clean water is getting scarce due to
industrialization, and the world is facing a shortage of
clean water especially in the developing world [6]. Water
contaminants can be organics, bacteria, viruses, dyes,
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and heavy metal ions such as lead, cadmium, zinc,
nickel, arsenic, chromium, and mercury with nonbiode-
gradable nature posing a great risk to human health.
Heavy metal ions can cause many adverse effects like
cancer, kidney damage, hepatitis, miscarriages, anemia,
encephalopathy, and nephritic syndrome [7-10]. Lead
ions are released in the environment generally from
metal mining industries of acid lead batteries, paper,
glass, and polishing industries. Cadmium is generally
found in water discharged from electroplating designing
of batteries, photovoltaic cell, metallurgy process, and
fabric factories [11]. Nickel ions can cause skin diseases
when contacted with jewelry trashing, zips, watches,
coins, etc. Chromium metal ions (VI) cause diseases like
liver damage, nephritis, and stomach distresses, and Cr
(VI) ions are also the major cause of nasal mucous ulcer
[12]. Figure 1 shows the adsorption of heavy metal ions
on the carbon nanomaterial (graphene), and Fig. 2 high-
lights the different sources of heavy metal contamination
in the environment. Because of these severe adverse
effects, removal of heavy metal ions from water is of

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made.


http://crossmark.crossref.org/dialog/?doi=10.1186/s11671-019-3167-8&domain=pdf
http://orcid.org/0000-0002-0470-6292
http://creativecommons.org/licenses/by/4.0/
mailto:mzobir@upm.edu.my

Baby et al. Nanoscale Research Letters (2019) 14:341

Page 2 of 17

J ‘
'] gl 244
Py N Crre ¥ i

r VRS -
\.\ r*‘ " f"‘( r ‘t\\ 7 0> “\ .\
- - N .‘ 7 » .r
FnE g Ty 2ly o
N TESE LR S > e
b -

Heavy metal contaminated water

r

® e o5

Hg2+ Cr6+ Pb2+ Cd2+ As3+ Water Molecule

materials can also do the same

Fig. 1 Graphical abstract showing that the heavy metal-contaminated water purification process using graphene and other carbon-based

Graphene Purified water

J

prime importance for saving the human lives from such
problematic health issues. Toxic metal ions could be re-
moved by numerous methods, like ion exchange, reverse
osmosis, precipitation filtration, biosorption, coagulation,
and extraction [13, 14]. Adsorption is considered as the
best method as it is cost-effective, highly efficient, and
easy to operate for removing trace levels of heavy metal
ions [15]. Different materials have been applied for water
treatment such as plant adsorbents and organic nature
materials especially humic acid which has been widely
applied for water disinfection and for the removal of
heavy metal ions [8, 16—-19]. Wang et al. have compre-
hensively reviewed the humic acid and its nanocompos-
ite in water treatment [20].

Nanotechnology platform finds application almost in
every field such as environmental science, health sciences,
electronics, industrial separation, portable water treatment
large/small scale plants, catalyst, energy storage, and en-
ergy generation [21-23]. Nanomaterials provide a special
platform for the purification of contaminated water due to
the high surface area of nanosorbents and their capability
of chemical modification and easier regeneration. Nano-
materials are being exploited more and more for the
removal of different types of pollutants namely organics,
metal ions, biological contaminants, and arsenic from the
water [24-27]. Carbon nanomaterials namely graphene,
graphene oxide, carbon nanotubes, fullerenes, and activated

carbons have been widely used in energy storage, sensors,
electronics, water purification, drug delivery, disease diag-
nosis, etc. owing to their exceptional chemical, mechanical,
thermal, and electrical characteristics. In this article, we
have tried to review the latest advancement in the applica-
tion of carbon nanomaterials namely fullerenes, carbon
nanotubes (CNTs), graphene, graphene oxide, and activated
carbon in purification heavy metal ion-contaminated water.

Human Health and Heavy Metal Toxicity

The heavy metals are usually defined based on their
atomic weights; however, term heavy metals are also re-
ferred to elements toxic to living creatures [28]. Certain
heavy metals are lethal to the human health and other
living creatures in their different forms and doses
(Table 1). Frequently, heavy metals are thought of as
toxic; however, lighter metals may likewise be lethal, for
example, beryllium and lithium. Not all heavy metals are
poisonous to health, as some are fundamental, for ex-
ample, iron and Cr (III). Most commonly known toxic
metals are Pb, Cd, Cr, Mn, Hg, As, and radioactive
metals. Radioactive metals have both radiological and
chemical toxicity. Heavy metal toxicity has turned out to
be a major threat, and there are many health risks asso-
ciated with them. The lethal impact of these metals is
the fact that they do not have any biological role; how-
ever, they may mimic as an element of the body and
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interfere with the metabolic and other biological pro-
cesses. Some metals like aluminum can easily be elimi-
nated by the excretion system, while certain metals
accumulated in the food chain and body. Metal-induced
toxicity depends on dose, exposure route, and contact
time (e.g., acute or chronic). Details of toxicity associated
with different heavy metals are given below.

Toxicity of Mercury (Hg)

Mercury (Hg) is a d-block element with an atomic number
80 and is in liquid form under standard conditions.
Mercury is found in deposits of mercuric sulfide called

Table 1 Adverse effect of heavy metals on human health

cinnabar. Mercury pollution is caused by pharmaceutical
industries, pulp and paper preservation, caustic soda pro-
duction industry, agriculture industry, etc. [47]. Mercury is
the most toxic heavy metal in the environment, and mer-
cury poisoning is called pink disease also known acrodynia.
Mercury can combine with organic and inorganic com-
pounds. Elevated exposure levels of mercury in any form
can damage the kidneys, brain, developing fetus, etc. [48].
The environmental protection agency has declared methyl
mercury and mercuric chloride as carcinogenic. Mercury
exposure can also cause lung damage, skin rashes, memory
problems, and hair loss. The World Health Organization

S. No Metal ion Adverse effects on human health

1 Hg' Liver damage, neural damage, gastrointestinal toxicity, neurotoxicity, and nephrotoxicity [29-31]

2 Pb** Neural damage, kidney damage, gastrointestinal diseases, decrease in male sperm count in men,
and abortions in women [33, 34]

3 cd*t Kidney failure, bone disorders, chronic anemia, and cancer of the prostate, kidney, hematopoietic
system, liver, and stomach [37, 38]

4 Cror Cancer of respiratory tract and stomach, and liver damage [39, 40]

5 As>* Cancer, liver and kidney failure, respiratory problems, diabetes, miscarriages, neural damage, and
cardiovascular problems [42-44]

6 nt Stomach cramps, fever, vomiting, nausea, and diarrhea [49]
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(WHO) has set the standard for drinking water with lower
levels of mercury to 0.01 mg/1 [29].

Toxicity of Lead (Pb)

Lead (Pb) is an element with an atomic number of 82
and is considered as a heavy metal with silvery bluish
appearance which turns dull gray by the action of air
[30]. There are various sources of lead pollution, mainly
wastes of battery industries, fertilizers and pesticides,
metal plating and finishing operations, exhaust, additives
in gasoline, pigment in automobiles, and smelting of
ores. This heavy toxic metal is becoming an environ-
mental and health concern around the globe due to its
widespread use [31]. Lead (Pb) is a carcinogenic element
declared by the Environmental Protection Agency
(EPA). Lead poisoning is a term used for its toxicity, and
it may be acute or chronic. Lead poisoning can cause
mental retardation, birth defects like autism, allergies,
dyslexia, paralysis, brain damage, and kidney damage
and may also result in death [32].

Toxicity of Arsenic (As)

Arsenic is a metalloid element having an atomic number
of 33 and occurs in mineral form commonly in combin-
ation with sulfur, some other metals, salts of iron,
calcium, sodium, and copper, and also in pure elemental
form [33]. The water is contaminated by arsenic-based
pesticides, deposits of natural minerals, and inappropri-
ate disposal of arsenic-based reagents or chemicals.
Arsenic in the form of arsenate and arsenite is lethal to
the environment and living creatures. Arsenic disturbs
protoplasm of the cells by interacting with the sulphy-
dryl group of the cells causing respiration malfunction-
ing and affecting mitosis and cell enzymes [34].

Toxicity of the Cadmium (Cd)

Cadmium has an atomic number of 48 and is bluish-white
soft metal having chemical properties similar to mercury
and zinc of group 12 [30]. They are being produced from
smelting of its ores, electroplating, batteries, plasticizers,
alloys, pigments, nuclear industry, and cigarette smoke.
Generally, cadmium is present at low levels in the envir-
onment; however, industrial wastes have greatly increased
those levels. Cadmium-induced toxicity can cause damage
to the kidneys, respiratory systems, and skeleton and is
carcinogenic to humans [30, 33]. Cadmium is ranked the
seventh most toxic metal by the Agency for Toxic
Substances and Disease Registry (ATSDR) [34].

Toxicity of Chromium (Cr)

Chromium (Cr) is an element having an atomic number
24, with steely gray appearance [35]. Chromium occurs
in different states, e.g., divalent, tetravalent, pentavalent,
and hexavalent states; however, trivalent and hexavalent
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forms are the most stable. Chromium (III) is an essential
nutritional supplement for humans and animals [35].
However, chromium (VI) form is highly toxic and car-
cinogenic in nature [36, 37]. Chromium is produced in
environment matrices (air, water, and soil) from differ-
ent sources, e.g., wastewater and air mainly released
from metallurgical and chemical industries. The hexava-
lent chromium Cr (VI) is an industrial pollutant estab-
lished as a human carcinogen [38, 39]. Concentration of
Cr (VI) in ground water and surface water is exceeding
and the World Health Organization (WHO) has set the
limit of 50 pg per liter [40].

Toxicity of Zinc (Zn)

Zinc (Zn) is an element having an atomic number 30
and placed in group 2 of the periodic table. Although
zinc is an essential trace metal for humans, excessive
absorption of zinc can suppress the iron absorption.
Zinc ions are highly toxic to plants, vertebrate fishes,
invertebrates, etc. [41-43].

Classification of Carbon Nanomaterials Based on
their Dimensions

The nanomaterials having all the three dimensions less
than 100 nm are termed as zero-dimensional (0-D)
nanomaterial; examples are fullerene and quantum dots
[44]. The nanomaterials having only one dimension lar-
ger than 100 nm and two dimensions smaller than 100
nm are termed as one-dimensional (1-D) nanomaterials,
e.g., nanotubes of carbon and titanium [45, 46]. The
nanomaterials whose two dimensions are greater than
100 nm are termed as two-dimensional nanomaterials, a
famous example is graphene. Three-dimensional mate-
rials whose all dimensions are greater than 100 nm are
termed as three-dimensional (3-D) materials; examples
are graphite and some composites of nanomaterials [46].
Figure 3 shows some representative famous structure
carbon materials with different dimensions, e.g., fuller-
ene 0-D, single-wall carbon nanotube 1-D, graphene 2-
D, and graphite 3-D.

Application of Fullerenes in Environmental Remediation
and Water Purification

Fullerenes were discovered in 1985 from interstellar
dust, and they have a closed-caged pentagonal and hex-
agonal ring structure, represented with the formula of
Cy0 1 m where m is an integer [49]. They have a hydro-
phobic character, high electron affinity and high surface
to volume ratio, and surface defects. These unique phys-
icochemical properties make them an ideal material for
various applications such as semiconductors, electronics,
biomedical sciences, solar cells, sensors, cosmetics, artifi-
cial photosynthesis, and surface coatings [50—52]. Brunet
et al. showed that hydrophilic functionalized fullerenes
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(Cso) have also been applied for the killing of the patho-
genic microorganisms in water by utilizing a photocata-
Iytic process. Fullerenes are also ideal clean green
materials for hydrogen storage as fullerene molecules
can easily be converted to C—C bonds to C—H because
of the lower bond energies of the carbon and hydrogen
[27]. The fullerenes have been reported to have the max-
imum storage 6.1% hydrogen because of their chemistry
and cage molecular structure, and the fullerene structure
can easily be reversed back because of the higher C-C
bond energies [3, 53, 54]. Conductive layers of carbon
are applied on the electrode surface of super capacitors,
and their capacitance relies on the surface area, pore size
distribution, and electrical conductivity [55, 56]. Carbon-
based nanomaterials provide higher electrical conductiv-
ity than orthodox available materials due to the higher
surface area [57]. Fullerene-based composite materials
have been reported to show higher specific capacitance
of 135.36 Fg~' than the pure graphene material which
was not hybridized with fullerene. In addition to this,
fullerene-based composite exhibited better retention
time rate of 92.35% even after a 1000 charge /discharge

circle [58]. Fullerenes have also been utilized in lithium
ion batteries as anode and provide better efficiency with
replacement of nondegradable metallic anodes, thereby
proving to be beneficial in terms of efficiency and an en-
vironmentally friendly material. The physicochemical
properties of fullerenes also make them suitable candi-
dates for the extraction of different species from the
aqueous media [59, 60]. Pickering et al. designed water-
soluble fullerene compounds and successfully applied
them as sensitizer to produce reactive oxygen species
(ROS) in water upon irradiation of visible and ultraviolet
radiations. The ROS can photodegrade the organic con-
taminants in water, and in addition to this, the water-
soluble fullerenes (fullerols) also act as anti-oxidants. Most
importantly, fullerols can easily be removed from water
after performing the function of photodegradation [53].

It is believed that fullerenes adsorbed species by the
penetration of adsorbates in the spaces/defects between
the carbon nanoclusters, and in addition to the defects,
lower aggregation tendency and large surface area make
them useful nanomaterials to be applied for adsorption
of heavy metal ions from water [61, 62]. Alekseeva et al.
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conducted comparative studies of fullerene and
nanocomposite-polystyrene film for the removal of Cu**
ions; they found that fullerenes showed better efficiency
[60]. They have also found that fullerenes follow the
Langmuir model of adsorption for Cu?* ions [60]. They
established that the Cu®** removal efficiency of fullerenes
is higher in the first case, and the equilibrium isotherm
of the Cu** adsorption on the fullerene fits the Langmuir
model. Although fullerenes have great potential for water
adsorption application, their cost is too high which
restricts their utilization. However, the trace amount of
fullerenes can be used to fabricate other materials like ac-
tivated carbon, lignin, and zeolites to increase their effi-
ciency of adsorption [63]. The fabrication of fullerene
increases the hydrophobic character that makes materials
better to be applied in adsorption and also helps in easier
recycling [64]. Antibacterial material has been reported to
be formed by grafting fullerene Cqo with polyvinylpyrroli-
done (PVP) which has the potential to be applied in water
disinfection. Membrane technology is getting more and
more attention in the purification of salts, organic matters,
particles, and gases from water. Membrane performance
depends on the composition of material as it is responsible
for reactivity, selectivity, and mechanical strength. Fuller-
enes have strong potential to be applied in membrane
technology because of their easy of functionalization, high
electron affinity, great strength, ability to tailor size, etc.
Fullerenes can be handy in grafting the nano-adsorbents
to improve their adsorption efficiency.

Biocompatibility of Fullerenes

Fullerene-based nanomaterials have been exploited for
biomedical application, and different studies have revealed
their biocompatibility with living organisms. It has been
used as a bioreceptor as well as a biosensor and also
exploited in biomedical engineering, and it has been re-
ported to be biocompatible with living systems [65—69].
The fullerene is a nontoxic material which can be
exploited for filtration, adsorbents, and membrane stuff
for environmental and water treatment applications.

Carbon Nanotubes (CNTs)

Carbon nanotubes were discovered by Lijima in 1999, and
they can be a single-wall (SWCNTs), e.g., layered rolled
up graphene, or multiwall carbon nanotubes (MWCNTs),
e.g., multilayered rolled up graphene [70]. The CNTs have
been the focus of the nanotechnology research since their
discovery due to their unique physicochemical properties.
These cylindrical nanostructure allotropes of carbon are
being applied in electronics, semiconductor, field emis-
sion, energy storage, catalysis, biomedical, air and water
filters, etc. Their diameter can be of 1 nm to several nano-
meters with a large specific surface area (150-1500 m*/g),
and they possess mesopores which make them the ideal
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candidate for the removal of heavy metal ions via adsorp-
tion [71, 72]. In addition to this, CNTs can easily be func-
tionalized with various organic molecules which can make
them specific for the selection of adsorbates and their
adsorption capability could be improved [73]. The sorp-
tion mechanism of heavy metals by CNTs relies on the
surface feature, electrochemical potential, and ion ex-
change process [11, 73].

Environmental Application of CNTs/CNT-Based Green
Technology
There is an immense increase in global energy demand,
and a lot of efforts are given to develop a simple, eco-
nomical, and environmentally friendly material for reli-
able technologies for energy resource materials. Solar
energy is produced by solar electric conversion and solar
thermal conversion [74]. However, low efficiency of ther-
mal conversion in solar collectors is the major hurdle.
Nanofluids of carbon are being widely applied in solar
thermal conversion because of their good performance
as solar absorbers [75]. Carbon nanotube-based photo-
voltaic cells (PVCs) got much attention of scientists as
they can be p-type semiconductors with excellent mobil-
ity and their combination with electron donors is a new
and unique idea [76, 77]. The organic photovoltaic de-
vices can be easily designed by the fabrication of CNTs
with polymers [78]. CNT -Si (p-n) heterojunction-based
solar cells have been designed resulting in excellent con-
ductive and transparent films. In addition to this, CNTs
with n-type gallium arsenide (n-GaAs) has also been re-
ported with better efficiency of 3.8% for green laser and
desk lamp [79]. CNTs have also been widely exploited
energy storage devices working on the principles of elec-
trochemical double-layer capacitors (EDLCs) like ultra-
capacitors [80]. Incorporation of CNTs in electrodes of
ultracapacitors resulted in much improvement in life-
span having more than 300,000 cycles [81]. In addition
to this, super capacitor CNTs have also been utilized in
diodes instead of conventional transistor as they can
make perfect p-n junctions because of their excellent
mechanical and electrical properties [58]. CNTs have
also been widely utilized in advanced sensor technology
as they can improve the sensitivity, selectivity, response
time, cost-effectiveness, and lifetime of the chemical and
biosensors [90]. These results suggest better CNTs to be
ideal materials with excellent mobility and better effi-
ciency with no negative impact on the environment
which is a major drawback with most commonly applied
metallic-based p-type materials.

Application of CNTs in Photocatalysis Photocatalysis
is one of the advanced technologies being applied for the
wastewater treatment which utilizes semiconductors [82].
Variety of semiconductor materials are being applied
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namely Fe;O4 ZnO, and TiO,; however, quantum effi-
ciency of these materials is not high, and in addition to
this, their ultraviolet photo response is also slow [83].
CNTs are promising advanced materials for the catalysis
because of their improved quantum efficiency, nano-size,
high chemical stability, hollow tube structure, and ex-
tended light adsorption region due to their large specific
surface area [84]. Gao et al. designed ultrathin network
photocatalyst-based SWCNTSs-TiO, and successfully ap-
plied for the purification of water from oil [85]. Park et al.
decorated titania on aerogel of SWCNTs and successfully
applied for the removal of methylene blue from water
[86]. Zhao et al. fabricated MWCNTs-TiO, and applied
for the photodegradation of methylene blue [87]. Xu et al.
designed photocatalysts by the combination of hydroxy-
MWCNTSs and PbO, nanocrystalline anode and applied it
successfully for the removal of pyridine from water [88].

SWCNTs in the Purification of Heavy Metal-Contaminated
Water

SWCNTs are one-dimensional (1-D) carbon nanomater-
ials made up of a hollow tube with walls being one atom
thick. This 1-D material exhibits exceptional physico-
chemical properties due to its unique structure.
SWCNTs are being widely applied in different fields
such as semiconductors, electronics, biomedical sciences,
chemical, and biosensors [44, 89-93]. SWCNTs are also
widely used for the environmental pollution control be-
cause of their porous structure, high surface area, easier
surface functionalization, and nanosize. These properties
of SWCNTs are very promising for their application in
water treatment. Alijani et al. designed SWCNT-based
nanocomposite by fabricating them with magnetite co-
balt sulfide, and resulting nanocomposites were applied
for the removal of mercury; results showed high adsorp-
tion of more than 99.56% within a shorter period of 7
min [94]. In comparison to this, SWCNTs alone were
found to adsorb 45.39% mercury [94]. Anitha et al.
conducted a molecular dynamic simulation of bare
SWCNTs and their functionalized counterparts, e.g.,
SWCNTs-OH, SWCNTs-NH,, and SWCNTs-COOH
for the adsorption capacities of heavy metal ions, e.g.,
Cd**, Cu®*, Pb**, and Hg*" from aqueous media. The
results revealed that the SWCNTs-COOH have much
adsorption capacities of about 150-230% higher com-
pared to bare SWCNTs. The SWCNTs-OH and
SWCNTs-NH were found to be weak in adsorption as
they just showed 10-47% higher adsorption compared
to SWCNTs [95]. SWCNTs-COOH have also been re-
ported for the adsorption of Pb**, Cu®**, and Cd** ions
with adsorption capacity of 96.02, 77.00, and 55.89 mg/g,
respectively. In comparison to this, non-functionalized
SWCNTSs were found to adsorb 33.55, 24.29, and 24.07
mg/g, for the Pb** Cu®*, and Cd*" ions respectively
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[96]. Zazouli et al. designed SWCNT nanocomposites by
functionalization them with L-cysteine. They applied the
designed nanocomposites for the removal of mercury
from water. The adsorption efficiency of the designed
SWCNTs-cysteine was found to be 95% [97]. Gupta
et al. designed SWCNTs-polysulfone nanocomposite-
based membrane and applied for the removal of heavy
metals. Incorporation of SWCNTSs resulted in a reduc-
tion in pore size of the membrane and smoother surface.
The designed membrane was found to show high rejec-
tion capability for metal ions and removed 96.8% Cr*°®,
87.6% As*?, and 94.2% Pb*? ions. The membrane with
no SWCNTSs showed only 30.3%, 28.5%, and 28.3% re-
jection for Cr*®, As*?, and Pb*? ions respectively. These
results show the improvement in the efficiency of the
membrane due to the incorporation of SWCNTSs [98].
Dehghani et al. applied SWCNTs for the removal of
Cr*® ions from the water and evaluated the effect of dif-
ferent parameters, e.g., contact time, initial pH, and ini-
tial Cr*® ion concentration on the adsorption capacity.
It was observed that adsorption efficiency was depending
on pH, maximum efficiency was found at pH 2.5, and
adsorption follows the Langmuir isotherm model [99].
These studies suggested that the single-wall carbon
nanotubes are suitable for the treatment of heavy metal-
contaminated water.

MWCNTs in the Purification of Heavy Metal-Contaminated
Water

Carbon nanotubes having multiple rolled layers of gra-
phene are called multiwall carbon nanotubes (MWCNTs),
as shown in Fig. 4. The MWCNTSs exhibit unique proper-
ties such as high surface area, high electrical, thermal con-
ductivity, and high tensile strength [100]. Because of these
physicochemical properties, they are widely applied in
electronics, solar cells, sensors, and biomedical sciences
[101-103]. The MWCNTs have also been widely applied
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in water treatment, and especially heavy metal ions are
adsorbed by chemical interaction with functional groups
of MWCNTs. The oxidized MWCNTs have been re-
ported to have high adsorption capacity and efficiency for
the Cr®*, Pb**, and Cd*" ions from the water [104, 105].
The metallic ion adsorption also depends on pH value,
and this property can be applied for the desorption of ions
by changing the pH, and MWCNTs can re-utilize. Some
studies have revealed that plasma-oxidized MWCNTs
have the better adsorption properties than chemically oxi-
dized ones; this can be ascribed to higher number oxygen-
ated functional groups present on the surface of the
carbon nanotubes. Furthermore, it has been reported that
plasma-oxidized MWCNTSs can be easily recycled and
reused [72, 106].

The composite material of MWCNTSs has also been
utilized for the adsorption of heavy metal ions from
water. The MWCNTs-Fe,O3, MWCNTs-ZrO,,
MWCNTSs-Fe304, MWCNTs-Al,O3, and MWCNTs-
MnO,-Fe,O3 nanocomposites have been successfully ap-
plied for the removal of the heavy ions of Cr®*, As®*,
Ni**, Pb**, and Cu®" ions from water [107-110]. The ex-
perimental conditions of solutions, including pH and
metal ion concentrations, can affect the adsorption char-
acteristics of MWCNTs, and the Freundlich adsorption
model satisfied with their experimental data [81, 111].
The adsorption efficiency of functionalized MWCNTs
increased comparative to other materials of organics ox-
ides, and it is also predicted that functionalized
MWCNTs are 20 times more effective in metal ion ad-
sorption than unoxidized MWCNTSs [112]. It is generally
believed that links of ions and carbon nanotube polar
surface occurrence are the main mechanism of sorption,
[113, 114]. Oxidized MWCNTs have also shown excep-
tionally high sorption capacity and efficiency for Pb**,
Cd**, and Cr®" from the water. The sorption efficacy of
MWCNTs with acid treatment increases the potential to
remove lead, chromium, and cadmium ions with oxygen
functional group making the complexes of ions or pre-
cipitates of salts on the surfaces [115]. Adsorption of
MWCNTs treated with concentrated HNOj; increases
significantly mainly due to oxygen functional groups cre-
ated on the surface of acidified nanotubes that can react
with metal ions to form complex or salt precipitates on
the surface. The MWCNT composites with certain com-
pounds like iron (III) oxide, zinc oxide, and aluminum
oxide are formed by a coprecipitation method, and
resulting composites are successfully applied for the re-
moval of chromium, nickel, lead, copper, and arsenic
ions. The adsorption efficiency of these nanocomposites
was found to be dependent on the pH value and
temperature, and the sorption process can be accom-
plished by changing these parameters [116, 117]. De-
pending on the pH and temperature, the sorption
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capacity of these composites varied from 10 to 31 mg/g.
The adsorption process for these nanocomposites was
well described by the Langmuir model [118]. The nano-
composites of oxidized multiwalled MWCNTs with
manganese oxide/iron (III) oxide are reported to remove
Cr®" ions with maximum adsorption capacity of 186.9
mg/g with the maximum removal capacity of 85% at the
optimum pH 2.1 studies. Their promising adsorption
was due to the surface polarity of the adsorbents. It has
also been reported that plasma-oxidized MWCNTs are
better in adsorption compared to chemically oxidized
ones as the prior ones have more oxygenated functional
groups [119]. Plasma-oxidized technique has also been
reported for the formation of nanotubes with titanium
oxide and manganese dioxide and utilized for the re-
moval of lead ions from water. The results showed that
these hybrid systems can act as an effective adsorbent
for the lead ions in the first case; the adsorption capacity
was 137 mg/g, and in the second case, it was 78.74 mg/g
[120]. In a heterogeneity adsorbent surface, sites com-
bined twice are fitted in the isotherms models of the
Langmuir-Freundlich equation that was used to differen-
tiate between two types of adsorption sites with greater
and lesser energy affinities for the Ni** ions [121]. It is
believed that nickel ion sorption mainly occurs at the
sites of energy with modified nanocomposites of
MWCNTs and the nano-modification leads to a 20% in-
crease in the adsorption capacity at small (up to 0.1 mol/
1) equilibrium adsorbate concentrations. Another modifi-
cation reported for MWCNTs is their functionalization
with hydroxyquinoline and their application for the re-
moval of copper, lead, cadmium, and other toxic ions
[122]. The carbon nanotubes alone as well as in their ox-
idized and in their composite forms have tremendous
ability to adsorb the heavy metal ions, and a lot of re-
search is in progress for their applications in purification
of water. Elsehly et al. applied commercial MWCNTs
for the removal of the manganese and iron which could
reach 71.5% and 52% respectively with a concentration
in aqueous solution of 50 ppm of these metal ions [123].
In another study, CNT-based nanocomposites have been
applied for the removal iron and manganese from the
water [124].

Biocompatibility of CNTs Carbon nanotubes have
great potential to be applied for multidisciplinary fields
like drug delivery, diagnosis, biosensors, electronics,
semiconductors, and environmental remediations [125].
Different studies revealed the biocompatibility of CNTs
as it has been widely exploited for biomedical applica-
tions [126, 127]. Carbon-based materials like CNTs are
safe to be applied for the environmental remediation
and in particularly for water treatment.
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Graphene Based Material for Environmental Remediation

Graphene-based material for the adsorption of gaseous
contaminants

Carbon dioxide (CO,) has been the environmental
concern because of its immense effect in global warming
[128]. Nanomaterials have been found to be promising
materials as compared to conventional materials both
with respect to cost and efficiency [129]. Graphene-
based materials have been utilized for the adsorption of
gaseous contaminants [130]. Gosh et al. showed the
successful application of graphene-based nanomaterials
for the capture of CO, and H,. A single layer of gra-
phene has been reported to capture 37.93% of CO,
[130]. Graphene has been reported to selectively adsorb
CO, as compared to methane (CH,) and nitrogen (N,)
gases. Selectivity of graphene oxide (GO) for CO, can be
attributed to higher dipole moment of carbon dioxide
which can easily interact with polar oxygenated func-
tional groups of CO, [74, 131]. Other studies have
also been reported for tuning the graphene chemistry
for the improved selectivity of the desired gaseous
contaminant [75, 131].

Graphene Oxide in Removal of Organic Dyes from
Water

Graphene-based nano-adsorbents are excellent ad-
vanced materials for the removal of the organic contami-
nants from the water because of their nano-scaled size,
high surface area, ability to interact via pi-pi stacking,
hydrogen bonding, and electrostatic interactions [26]. In
comparative adsorption studies of GO and graphite
using methylene blue and malachite green as standard
organic dyes, it was found that GO showed much better
adsorption than graphite [26]. GO has also been utilized
for the removal of cationic dyes namely methylene blue
(MB), crystal violet (CV), and rhodamine B (RhB) from
water. It was found that the higher the initial dye
concentration, the higher will be the adsorption with
adsorption capacities of 199.2, 1954, and 154.8 mg g "
for MB, CV, and RhB, respectively [76]. GO has also
successfully applied for the removal of anionic dyes like
Acid Orange 8 (AO8) and Direct Red 23 (DR23) from
aqueous solutions [77].

Graphene-Based Photocatalytic Materials for Water
Decontamination

Although adsorption can remove the contaminant from
water, the adsorption technique is unable to destroy/de-
grade the contaminants and disposal step is required [77].
Photocatalysis is a useful approach for water remediation/
wastewater treatment for the complete degradation and
mineralization of organic/biological contaminants [78].
Graphene-based photocatalysts have been reported for
their improved activity because of their high surface area,
nanosize, and more electronic movements as compared to
the traditionally used materials [78, 132]. Rommozzi et al.
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designed reduced graphene oxide (rGO) with a greener re-
duction method using glucose and ammonium hydroxide
and successfully designed a photocatalyst which is visible
by the fabrication with TiO,. The designed rGO-TiO2
photocatalyst was successfully applied for the refractory
dye named Alizarin Red S (ARS) [133]. In other studies,
graphene oxide fabricated with TiO, and ZnO exhibited
much photodegradation of methylene blue as compared
to TiO5/ZnO alone [79, 80].

Graphene and Graphene Oxide-Based Adsorbents for the
Purification of Heavy Metal-Contaminated Water
Graphene is one-atom-thick-layered hexagonal lattice of
carbon atoms and is known as the thinnest material with
the strength of 200 times than steel. Graphene was discov-
ered in 2004 by Sir Andre Geim and Sir Konstantin
Novoselov, who were awarded a Nobel prize for their
discovery in 2010. Graphene (2-D) is being used widely in
almost every field such as in touch screens, mobiles,
LCDs, semiconductors, computer chips, batteries, energy
generation, water filters, supercapacitors, solar cells, and
biomedical and environmental sciences [134—137]. These
2-D graphene-based materials are getting more and more
attention in water treatment due to their unique physico-
chemical characteristics namely electronic properties, high
surface area, thermal mobility, high mechanical strength,
and tunable surface chemistry [118, 134, 138, 139]. Tabish
et al. designed porous graphene and applied it as an
adsorbent for the removal of heavy metal ions as well as
other pollutants from water. They applied this porous gra-
phene material for As®* removal from water and found
80% efficiency. The material was found to retain its water
treatment properties after regeneration and recycling
[138]. Guo et al. designed a nanocomposite of partially re-
duced graphene oxide by its fabrication with Fe3O, via in
situ co-precipitation method and applied it for the re-
moval of Pb** ions from water. The designed nanocom-
posite was found to be excellent in removing the Pb**
ions from aqueous solution with an adsorption capacity of
373.14 mg/g [140]. Zhang et al. functionalized the reduced
graphene oxide with 4-sulfophenylazo (rGOs) and applied
it for the removal of a variety of heavy metal ions from
aqueous solution. The designed material showed the
maximum adsorption capacity of 689, 59, 66, 267, and
191 mg/g for the Pb**, Cu®*, Ni**, Cd**, and Cr’* respect-
ively [141]. Diana et al. designed a graphene-based self-
propelled microbot system whose structure was made up
of nanosized multilayered consisting of graphene oxide,
nickel, and platinum. Each layer performed a different
function, e.g., graphene oxide captures the heavy metal
Pb** ions, the middle layer of Ni enables the control of
microbots with the help of external magnetic field, and
the inner layer of platinum helps the engine in self-
propelling [142]. The designed system was found to
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remove the 80% of the Pb>* water solution. Figure 5 shows
the schematic illustration of the working principle of
microbots. Yang et al. designed hydrogen beads using gra-
phene oxide and sodium alginate (GO-SA) and success-
fully applied them for the removal of Mn>* ions from the
aqueous solution with excellent adsorption capacity of
56.49 mg/g [9]. Zheng et al. designed nanocomposites by
fabrication of zinc oxide with tea polyphenol with reduced
graphene oxide (TPG-ZnO). Designed material was ap-
plied for the removal of heavy metal ions with an added
advantage of antibacterial properties [143]. They applied
this material for the removal of Pb** ions from aqueous
solution with adsorption efficiency of 98.9%, and the ad-
sorbent was found to possess antibacterial properties
against Streptococcus mutans with 99% eradication [143].
Mousavi et al. designed nanocomposites of graphene
oxide with iron oxide magnetite nanoparticles Fe;O, and
applied them for the removal of Pb>* ions from water and
the material showed 98% removal efficiency with a cap-
acity of 126.6 mg/g [144]. Considering functionalized gra-
phene as an adsorbent to remove Pb** ions from an
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aqueous medium, the highest record of Pb** ion re-
moval over graphene is 406.6 mg/g at pH of 5.0 in 40
min [145]. Graphene-hydrogel lingo sulfonate function-
alized nanocomposites having oxygenated functional
groups making the surface highly polar reported to in-
crease the rate of adsorption of Pb** ions with max-
imum efficacy of 1308 mg/g with the equilibrium
reached in 40 min. Awad et al. modified graphene oxide
with chloroacetic acid (GO-COOH) and ethylenedi-
amine (GO-amino). The designed systems were applied
for the removal of mercury (Hg2+) from water and
found that the nanocomposites (GO-COOH) and (GO-
amino) have an adsorption capacity of 122 mg/g and
230 mg/g. In addition to this, designed systems retained
their adsorption efficiency after the recycling process
[146]. Yan et al. designed magnet graphene oxide for
the rapid removal and separation of Fe (II) and Mn (II)
from micropolluted water [147]. Ali et al. designed
graphene-based adsorbent successfully for the removal
of noxious pollutants namely Cu (II), Pb (II), Fe (II),
and Mn (II) [148].
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Fig. 5 Scheme of GOx-microbot-based approach for lead decontamination and recovery. a Decontamination of polluted water using GOx-
microbots fabricated by electrodeposition of nanolayers of graphene oxide (GOx), Pt/Ni layer, Ni magnetic layer, and Pt catalytic inner layer. The
decontamination strategy for lead ions can be carried out by two different techniques: self-propulsion of the GOx-microbots in the presence of
H,O, or by using an external rotating magnetic field. b Recovery of lead ions from the GOx-microbots in the presence of acidic media [117]
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Biocompatibility of Graphene-Based Nanomaterial
Graphene-based nanomaterials have been applied in dif-
ferent fields like electronics, chemical sensors, biosen-
sors, drug delivery, theragnostic, and other related
biomedical fields. These studies also report the cytocom-
patibility of graphene-based materials both by in vitro as
well as in vivo animal studies [122, 133, 149—152]. These
findings suggest that the graphene-based materials are
safe for the environmental remediation application as
they are just used for the removal and degradation of
pollutants and are not consumed by humans directly.

Activated Carbon in Environmental Remediation

Activated carbon is a fabulous material because of its high
surface area, highly porous structure, and ease of prepar-
ation with variety of starting materials. Because of its ideal
physicochemical properties, it has wide application in en-
vironmental remediations in different industries like
pharmaceutics, fertilizer plants, petroleum, cosmetics, au-
tomobiles, and textiles [153] It is also widely applied for
the adsorption of gases, solvent recovery, and wastewater
treatment especially for the removal of organic dyes/other
pollutants; not only this, but it is also used as a catalyst in
biodiesel production. It is also applied as a low-cost ma-
terial for the treatment and removal of water containing
COD, BOD, and TSS and stabilizing and maintaining the
optimum pH for biological uses [154—156]. Maguana et al.
prepared activated carbon from the pear seed cake and
successfully applied it for the removal of methylene having
an adsorption capacity of 260 mg/g [157]. Antonio et al.
prepared activated carbon from the kenaf plant and
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applied it successfully for the treatment of the wastewater
of hospitals containing paracetamol as the main pollutant
[158]. The above literature suggests that the activated car-
bon is the pretty useful economical material which can
easily be prepared and it has immense application in en-
vironmental remediations.

Activated Carbon as Adsorbents in the Purification of
Heavy Metal-Contaminated Water
Activated carbon (AC) is also known as activated char-
coal, and this of type carbon material is formed under
some treatment protocols resulting in micro/nanopores
and having the large surface area of more than 3000 m>
[159]. The AC is produced on a large scale from coal,
wood, and agricultural wastes [160]. In addition to its
porous nature (as shown in Fig. 6), AC also has a high
mechanical strength which enables its applications in
catalyst support, capacitors, electrodes, and gas storage
and most importantly used as the adsorbent for removal
of metal ions, organic wastes, and gases from water
[160-162]. The high mechanical strength of activated
carbon enables its periodic cleaning, regeneration, and
reutilization [160]. Abeer et al. reported the preparation
of AC from apricot stone and its application in removal
of Zn*? and AI"? jons with removal efficiency of 92%
[163]. Ebrahim et al. designed AC from sewage sludge,
applied it for the removal of Cu*? ions from water, and
found that the designed material showed maximum ad-
sorption capacity of above 50% [164].

Li et al. prepared the AC from sewage sludge produced
from the wastewater treatment plant and functionalized it

Micro ,/////
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Fig. 6 Different types of pores in activated carbon
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S. Adsorbent Metal ions Contact time Optimum pH  Adsorption capacity Reference
No in hours for adsorption  (mg/g)/efficiency (%)
1 SWCNTs ng+ 1.50 7.94 41.66 mg/g Alijani et al. 2018
[72]
2 SWCNTs-Fe304-CoS Hg2+ 0.11 526 1666 mg/g Alijani et al. 2018
[72]
3 SWCNTs-polysulphone (membrane) Cro* Flux through 26 96.8% Gupta et al. 2015
As membrane 87 6% [84]
Pb%* 94.2%
4 SWCNTs crte 1.00 2.5 2.35mg/g Dehghani et al.
2015 [85]
5 MWCNTs Crte 1.00 25 126 mg/g Dehghani et al.
2015 [85]
6 Functionalized MWCNTs Pb?* 6.00 9.0 93% Farghali et al.
. 2017 [91]
Ni 83%
cu?t 78%
Cd** 15%
7 Functionalized MWCNTs crt 3.00 6.0 99.83% Ahmad et al. 2015
[102]
8  AlLOs-MWCNTs Pb?* 1.00 70 90% Gupta et al. 2011
[103]
9 Fullerene (C6) cu*t 033 Not 14.6 mmol/g Alekseeva et al.
monitored 2016 [58]
10 Porous graphene As 3t 1.00 7.0 90% Tabish et al2018
[67]
11 rGO-Fes0, Pb** 0.16 6.0 373.14mg/g Guo et al. 2018 [69]
12 Reduced GO-sulfophenylazo (rGOS) Pb%* 0.16 50 689 mg/g Zhang et al.2018
cu’r 59 mg/g [e)
Ni%* 66 mg/g
cd** 267 mg/g
ot 191 mg/g
13 Tea polyphenols—rGO-ZnO Pb?* 1.83 7.0 98.9% Zheng et al. 2018
[118]
14 GO-Fes0O4 Pb”* Not mentioned 6.1 126.6 mg/g Mousavi et al.
2018 [119]
15 GO-iminodiacetic acid Hg2+ 333 5.0 230 mg/g Awad et al.2018
[121]
16 GO-COOH Hg** 0.83 50 122 mg/g Awad et al.2018
[121]
17 Activated carbon (from apricone) Al 2.00 6.0 92.86% Abeer et al. 2018
n?t 6.5 93.88% [126]
18  Activated carbon (sewage sludge) cu?t 12.00 Not 50.6% lbrahim et al.
mentioned 2018 [127]
19  Activated carbon (sewage sludge) Pb**, Cd**, Cu?, 24 50 238.1 mg/g, 962 mg/g, Lietal 2018 [128]
Ni* 87.7mg/g 524 mg/g
20  Multipore activated carbon (long-root Pb’*, Cd?t, Cu’, 250 6.0 Cao et al2019
Eichhornia crassipes) Ni?* Zn?* [129]
21 Spent activated carbon (AC) Pb’ 2.00 8.0 95% Dong et al. 2018
cd”* [130]
86%
22 Commercial activated carbon Colj+ Pb%*, Zn** 0.25 Not 7843% M. Bali et al. 2018
" )
Cu 075 mentioned 64.75% [168]
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Table 2 Effect of different parameters on the process of metal ion adsorption (Continued)

S. Adsorbent Metal ions Contact time Optimum pH  Adsorption capacity Reference
No in hours for adsorption  (mg/g)/efficiency (%)

0.75 70.77%

0.75 67.07

with sulfur [165]. They applied sulfonated AC for the re-
moval of Pb**, Cd**, Cu**, and Ni** ions from water. The
adsorption capacity of metal ions were found to be 238.1
mg/g, 96.2 mg/g, 87.7 mg/g, and 52.4 mg/g for Pb**, Cd**,
Cu®*, and Ni** respectively [165]. Cao et al. designed mul-
tipore activated carbon (MPAC) with a large surface area
using the agricultural waste of long-root Eichhornia cras-
sipes and applied it for removing heavy metal ions, e.g.,
Pb**, Cd**, Cu®*, Ni**, and Zn*". They found that at 30 °C
adsorption capacity being 1.34 mmol/g, 1.07 mmol/g, 1.22
mmol/g, 0.97 mmol/g, and 0.93 mmol/g for Pb**, Cd**,
Cu*, and Ni** respectively [166]. Dong et al. investigated
the application of spent activated carbon (AC) for heavy
metal ion removal from water and found high adsorption
capacity of 95% and 86% for Pb** and Cd** ions respect-
ively [167]. M. Bali et al. [168] applied commercial AC for
the removal of heavy metal ions and found that adsorption
equilibrium of Cd** ion took 15 min while for Pb**, Zn**,
and Cu®" it took 45 min with percentage removal of 64%
for all these ions and with Cd** being the highest [10].
Kongsuwan et al. prepared the activated carbon from the
agricultural waste of eucalyptus bark. They applied it for
the removal of Cu®" and Pb** from water with maximum
removal capacity of 0.45 and 0.53 mmol per gram of AC
respectively, with adsorption being the main mechanism
of ion uptake [169]. AC poultry litter has also been re-
ported and applied for the treatment of heavy metal-
contaminated water and found that for 1kg of poultry
litter AC adsorbs 404 mmol, 945 mmol, 236 mmol, and
250-300 mmol of Cu?*, Pb*" Zn>*, and Cd** ions re-
spectively [170]. This adsorption is significantly higher
than the commercially available AC derived from coconut
and bituminous. The AC of wood saw dust of rubber plant
has also been reported for the removal of heavy metal ions
of Cr*® from water with adsorption capacity of 44 mg/g
[171]. AC formed from Moso and Ma bamboo was found
to be highly efficient in removing the heavy metal ions,
ie., Pb*" Cu**, Cr**, and Cd** with the maximum adsorp-
tion capacity of more than 90% removal [172]. Naser et al.
prepared AC from rice husk and applied them for the re-
moval of Cu®* from aqueous solution, and maximum cap-
acity was found to be 33.92%. Similar results have also
been reported for the removal of Cu** from the AC
formed from Palm shell [173]. AC of love stones has been
reported for the adsorption of Cd*? and Ni*? with ad-
sorption capacity of 1.85mg/g and 0.67 mg/g respectively

in two different studies [174, 175]. AC prepared from olive
stone using the microwave method has been applied for
the removal of Fe** Pb** Cu®" Zn** Ni**, and Cd**from
wastewater. Another study reported on the olive stone AC
prepared via microwave to remove a group of metal ions
from synthetic wastewater: Fe>*, Pb**, Cu®>" Zn**, Ni**,
and Cd** with removal efficiency of more than 98% [176].
Tamarind wood AC has been reported for the highest ad-
sorption capacity of above 97% for Pb** from water [177].
Activated carbon has been applied as an adsorbent for the
removal of Fe (II) and Mn (II) with great efficiency [178,
179]. The activated carbon is easy to synthesize, is
cheaper, and is the most promising material for the ad-
sorption of heavy metal ions and can be prepared at a
large scale from a variety of carbon sources especially
form agricultural waste. In addition to easier preparation,
AC can easily be functionalized. Table 2 summarizes the
effect of different parameters on the process of metal ion
adsorption.

Biocompatibility of the Activated Carbon

Different studies have been conducted for the biocom-
patibility evaluation of the activated carbon materials
prepared form different carbon sources. Activated car-
bon has been applied for the treatment of cystitis and
was found to be effective and nontoxic compared to the
antibiotics being applied [180]. Biocompatibility of acti-
vated carbon can be attributed to its inertness, and it
has also been functionalized and fabricated with other
materials to confer on the disinfection properties [181].
The activated carbon is also given orally to human be-
ings as a sorbent for the removal of toxins from the hu-
man body and has also been utilized in biomedical
applications [182, 183]. These studies strongly suggest
the biocompatibility of the activated carbon.

Conclusion

In this review, environmental and special purification of
heavy metal from heavy metal contaminants by the ap-
plications of carbon nanomaterials, namely fullerene car-
bon nanotubes, graphene, graphene oxide, and activated
carbon discussed. These carbon nanomaterials have been
utilized in the purification of heavy metal-contaminated
water with great success. The reason behind the success-
ful application is due to their fascinating properties like
high surface area, ease of recycling, and easiness to
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desorb the adsorbed metal ions; only using mineral acid
solution and regenerated material can be reused with re-
tention of adsorption capability. In addition to these
properties, the carbon nanomaterials can easily be fabri-
cated with other nanomaterials and are easy to be func-
tionalized resulting in multifunctional nano-adsorbent.
Carbon-based materials are highly biocompatible with
living organisms and environment. There is also an im-
mense effect of different parameters such as pH, contact
time, and type of adsorbents on the process of metal ion
adsorption. Based on this literature review, it can be
concluded that carbon nanomaterials have fascinating
physicochemical properties and have great potential to
be exploited in the environmental remediation and water
purification.

Abbreviations

AC: Activated carbon; GO: Graphene oxide; MWCNTs: Multiwall carbon
nanotubes; r-GO: Reduced graphene oxide; SWCNTs: Single-wall carbon
nanotubes

Authors’ Contributions

MZH is the principal investigator and guide during the project, provided the
funding and facilities, and edited the manuscript. RB did the research work,
did the characterization, and wrote the manuscript. BS assisted in data
analysis, did some characterization, and edited the manuscript. All authors
read and approved the final manuscript.

Funding

The study was supported by research grants from the Ministry of Higher
Education of Malaysia, namely Fundamental Research Grant Scheme (FRGS),
Universiti Putra Malaysia Project (GP/IPS/2015/5524841), and UPM-MOHE
Nanomite grant vot no. 9443100, and they are gratefully acknowledged.

Availability of Data and Materials
All data are fully available without restriction.

Competing Interests
The authors declare that they have no competing interests.

Author details

"Education Department Sukkur IBA University, Sukkur, Sindh 65200, Pakistan.
2MSCL, Institute of Advanced Technology, University Putra Malaysia, 43400
Serdang, Selangor, Malaysia.

Received: 1 May 2019 Accepted: 30 September 2019
Published online: 11 November 2019

References

1. Wu Y et al (2019) Environmental remediation of heavy metal ions by novel-
nanomaterials: a review. Environ Pollut 246:608-620

2. Poorva Mehndiratta AJ, Srivastava S, Gupta N (2013) Environmental
pollution and nanotechnology. Environ Pollut 2(2):10

3. Ayawei Nimibofa EAN, Cyprain AY, Donbebe W (2018) Fullerenes: synthesis
and applications. J Mater Sci Res 7(3):16

4. Zhang X et al (2017) Mussel-inspired fabrication of functional materials and
their environmental applications: progress and prospects. Appl Mater Today
7:222-238

5. Mauter MS, Elimelech M (2008) Environmental Applications of
Carbon-Based Nanomaterials. Environ Sci Technol 42(16):5843-59

6. World Health Organization (WHO) and the United Nations Children’s Fund
(UNICEF), Progress on drinking water, sanitation and hygiene, A. Grojec,
Editor 2017: Switzerland

7. Sardans J, Montes F, PefAuelas J (2011) Electrothermal atomic absorption
spectrometry to determine As, Cd, Cr, Cu, Hg, and Pb in soils and
sediments: a review and perspectives. Soil Sediment Contam Int J 20(4):
447-491

12.

20.
21.

22.

23.
24.
25.

26.

27.

28.
29.

30.

32.

33

Page 14 of 17

Baby Shaikh R, Saifullah B, Rehman FU (2018) Greener method for the
removal of toxic metal ions from the wastewater by application of
agricultural waste as an adsorbent. Water 10(10):1316

Yang X et al (2018) Removal of Mn (ll) by sodium alginate/graphene oxide
composite double-network hydrogel beads from aqueous solutions. Sci Rep
8(1):10717-10717

TIili, M.B.AH. Removal of heavy metals from wastewater using infiltration-
percolation process and adsorption on activated carbon. Int J Environ Sci
Technol, 2018

Xiangtao Wang YG, Yang L, Han M, Zhao J, Cheng X (2012) Nanomaterials
as sorbents to remove heavy metal ions in wastewater treatment. J Environ
Anal Toxicol 2:154 2012. 2

Moreno-Castilla C et al (2004) Cadmium ion adsorption on different carbon
adsorbents from aqueous solutions. Effect of surface chemistry, pore
texture, ionic strength, and dissolved natural organic matter. Langmuir
20(19):8142-8148

Fu F, Wang Q (2011) Removal of heavy metal ions from wastewaters: a
review. J Environ Manag 92(3):407-418

Huang Q et al (2018) Synthesis of polyacrylamide immobilized
molybdenum disulfide (MoS2@PDA@PAM) composites via mussel-inspired
chemistry and surface-initiated atom transfer radical polymerization for
removal of copper (Il) ions. J Taiwan Inst Chem Eng 86:174-184

Czikkely M et al (2018) Review of heavy metal adsorption processes by
several organic matters from wastewaters. Water 10(10):1377

Hankins NP, Lu N, Hilal N (2006) Enhanced removal of heavy metal ions
bound to humic acid by polyelectrolyte flocculation. Sep Purif Technol
51(1):48-56

Parvin A, Hoque S (2016) Removal of Pb and Zn from industrial effluent
using humic acid. Bangladesh J Sci Ind Res 51(4):5

S. Mazzuoli, AT, F. Bartolini, S. Loiselle & C. Rossi Applications of humic acids
in the treatment of heavy metal contamination ed. CRCA.BE. A. Donati
2004, Italy: WIT Press

Huang Q et al (2018) Preparation of polyethylene polyamine@tannic acid
encapsulated MgAl-layered double hydroxide for the efficient removal of
copper (1) ions from aqueous solution. J Taiwan Inst Chem Eng 82:92-101
Tang W-W et al (2014) Impact of humic/fulvic acid on the removal of heavy
metals from agueous solutions using nanomaterials: a review. Sci Total
Environ 468-469:1014-1027

Zeng G et al (2018) Surface modification and drug delivery applications of
MoS2 nanosheets with polymers through the combination of mussel
inspired chemistry and SET-LRP. J Taiwan Inst Chem Eng 82:205-213

Zeng G et al (2016) Facile preparation of carbon nanotubes based
carboxymethyl chitosan nanocomposites through combination of mussel
inspired chemistry and Michael addition reaction: characterization and
improved Cu2+ removal capability. J Taiwan Inst Chem Eng 68:446-454
Liu Y et al (2018) A facile strategy for preparation of magnetic graphene
oxide composites and their potential for environmental adsorption. Ceram
Int 44(15):18571-18577

Al-Senani GM, Al-Fawzan FF (2018) Adsorption study of heavy metal ions
from aqueous solution by nanoparticle of wild herbs. Egypt J Aquat Res
44(3):187-194

Bozbas SK, Boz Y (2016) Low-cost biosorbent: Anadara inaequivalvis shells
for removal of Pb (Il) and Cu (Il) from aqueous solution. Process Saf Environ
Prot 103:144-152

Bradder P et al (2011) Dye adsorption on layered graphite oxide. J Chem
Eng Data 56(1):138-141

Brunet L et al (2009) Comparative photoactivity and antibacterial properties
of C60 fullerenes and titanium dioxide nanoparticles. Environ Sci Technol
43(12):4355-4360

Appenroth K-J (2010) Definition of "heavy metals” and their role in biological
systems, in soil heavy metals. Springer Berlin Heidelberg, Berlin, pp 19-29
WHO.,, Guidelines for drinking-water quality. 2004, Joint FAO/WHO Expert
Committee on Food Additives,: Sixty-fi rst meeting, Rome, 10-19 June 2003.
Jaishankar M, Tseten T, Anbalagan N, Mathew BB, Beeregowda KN (2014) Toxicity,
mechanism and health effects of some heavy metals. Interdiscip Toxicol 7(2):12
Sharma P, Dubey RS (2005) Lead Toxicity in Plants. Braz J Plant Physiol 17:18
Martin S, Griswold W (2009) Human health effects of heavy metals. Environ
Sci Technol Briefs from Citizens 15:6

Waalkes M, W.Z, Rodriguez E. Cadmium. In: Sullivan JB Jr. Krieger GR. ,
Clinical environmental health and toxic exposures. Vol. 2nd Edition. 2001:
Lippincott Williams & Wilkins



Baby et al. Nanoscale Research Letters

34.
35.
36.

37.
38.

39.
40.
41.
42.

43,
44,

45.
46.

47.

48.

49.
50.

51.

52.

53.

54.
55.
56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

(2019) 14:341

Jaishankar M et al (2014) Toxicity, mechanism and health effects of some
heavy metals. Interdiscip Toxicol 7(2):60-72

Martin S, Griswold W (2009) Human health eff ects of heavy metals. Environ
Sci Technol Briefs Citizens 5:6

Zhitkovich A, Importance of chromium-DNA adducts in mutagenicity and
toxicity of chromium (VI). Chem Res Toxicol 2005. 18(1): 8

Wilbur S, AH, Fay M, , Toxicological profile for chromium, 2012

Agency for Toxic Substances and Disease Registry (ATSDR). Atlanta, G.U.S.D.
o.HaH.S, Public Health Service, Toxicological Profile for Chromium.

Jacobs, JT, Testa SM, Overview of chromium (VI) in the environment: background
and history. 2005: Chromium (V) handbook. Boca Raton:CRC Press 22

Velma V, Vutukuru SS, Tchounwou PB, Ecotoxicology of hexavalent chromium
in freshwater fish: a critical review. Rev Environ Health, 2009. 4(2): 16

Rout GR, Das P (2003) Effect of metal toxicity on plant growth and
metabolism: I. Zinc Agronomie 23(3):11

Brita, TAD.S, Muyssen, Karel, A. C Janssen, Colin R., Mechanisms of chronic
waterborne Zn toxicity in Daphnia magna. Aquatic Toxicology. , 2006. 77(4): 9
Fosmire GJ (2006) Zinc toxicity. Am J Clin Nutr 51(2):3

Han X et al (2016) Interactions between carbon nanomaterials and
biomolecules. J Oleo Sci 65(1):1-7

Lee K, Mazare A, Schmuki P (2014) One-dimensional titanium dioxide
nanomaterials: nanotubes. Chem Rev 114(19):9385-9454

Singh RP (2011) Prospects of nanobiomaterials for biosensing. Int J
Electrochem 2011:30

Morais S, CF.,, Pereira ML, Heavy metals and human health, in
Environmental health - emerging issues and practice ed. A. Jacques
Qosthuizen Edith Cowan University 2012, Australia

Alina M, Azrina A, Mohd Yunus AS, Mohd Zakiuddin S, Mohd Izuan Effendi
and Muhammad Rizal R, Heavy metals (mercury, arsenic, cadmium,
plumbum) in selected marine fi sh and shellfi sh along the Straits of
Malacca. Int Food Res J 2012. 19(1): 5

Kroto HW et al (1985) C60: Buckminsterfullerene. Nature 318:162

Bakry R et al (2007) Medicinal applications of fullerenes. Int J Nanomedicine
2(4):639-649

Madhura Mohan G, Ravindra SR (2015) Fullerenes: chemistry and its
applications. Mini-Reviews in Organic Chemistry 12(4):355-366

Mohajeri A, Omidvar A (2015) Fullerene-based materials for solar cell
applications: design of novel acceptors for efficient polymer solar cells — a
DFT study. Phys Chem Chem Phys 17(34):22367-22376

Pickering, KD., Photochenistry and eenvironmental applications of water
soluble fullerene compounds, in Civil and Environmental Enginnering 2005,
Rice University: Houstan Texas. 113

Vidyaev DG, Savostikov DV, Boretsky EA, Verkhorubov DL (2016) Hydrogen
sorption by carbon nanostructured materials. Jr Indust Pollut Control 32:4
Li X, Wei B (2013) Supercapacitors based on nanostructured carbon. Nano
Energy 2:14

Genc R et al (2017) High-capacitance hybrid supercapacitor based on multi-
colored fluorescent carbon-dots. Sci Rep 7(1):11222

Shen Y et al (2011) Assembly of carbon nanotubes and alkylated
fullerenes: nanocarbon hybrid towards photovoltaic applications. Chem
Sci 2(11):2243-2250

Ma J et al (2015) Synthesis of C60/graphene composite as electrode in
supercapacitors. Fullerenes, Nanotubes and Carbon Nanostructures 23(6):
477-482

Zhang BT et al (2013) Application of carbon-based nanomaterials in sample
preparation: a review. Anal Chim Acta 784:1-17

Alekseeva OV, Bagrovskaya NA, Noskov AV (2016) Sorption of heavy metal
ions by fullerene and polystyrene/fullerene film compositions. Protection
Metals Phys Chemistry Surfaces 52(3):443-447

Kaneko K et al (1993) Defect-associated microporous nature of fullerene C60
crystals. J Phys Chem 97(26):6764-6766

Lucena R et al (2011) Potential of nanoparticles in sample preparation. J
Chromatogr A 28(4):620-637

Samonin W, Nikonova VY, Podvyaznikov ML (2014) Carbon adsorbents on
the basis of the hydrolytic lignin modified with fullerenes in producing.
Russ J Appl Chem 87(2):190-193

Samonin W, Nikonova VY, Podvyaznikov ML (2008) Sorption properties of
fullerene-modified activated carbon with respect to metal ions. Prot Met
44(2):190-192

Yanez-Sedefio P, Campuzano S, Pingarrén JM (2017) Fullerenes in
electrochemical catalytic and affinity biosensing: a review. C 3(3):21

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9.

92.

93.

Page 15 of 17

Cha C et al (2013) Carbon-based nanomaterials: multifunctional materials for
biomedical engineering. ACS Nano 7(4):2891-2897

Pilehvar S, De Wael K (2015) Recent advances in electrochemical biosensors
based on fullerene-C60 Nano-structured platforms. Biosensors 5(4):712-735
Moussa, F,, 5 - [60] Fullerene and derivatives for biomedical applications, in
Nanobiomaterials, R. Narayan, Editor 2018, Woodhead Publishing. 113-136
Partha R, Conyers JL (2009) Biomedical applications of functionalized
fullerene-based nanomaterials. Int J Nanomedicine 4:261-275

Vidu, R, et al, Nanostructures: a platform for brain repair and augmentation.
Front Syst Neurosci, 2014. 8(91):1-24

Gupta VK, Agarwal S, Saleh TA (2011) Chromium removal by combining the
magnetic properties of iron oxide with adsorption properties of carbon
nanotubes. Water Res 45(6):2207-2212

Burakov AE et al (2018) Adsorption of heavy metals on conventional and
nanostructured materials for wastewater treatment purposes: a review.
Ecotoxicol Environ Saf 148:702-712

Vinod Kumar Gupta IT, Sadegh H, Shahryari-Ghoshekandi R, Makhlouf ASH,
Maazinejad B (2015) Nanoparticles as adsorbent; a positive approach for
removal of noxious metal ions: a review. Sci Technol Dev 34:20

Mishra AK, Ramaprabhu S (2012) Nanostructured polyaniline decorated
graphene sheets for reversible CO2 capture. J Mater Chem 22(9):3708-3712
Zhang Y et al (2018) CO2 adsorption behavior of graphite oxide modified
with Tetraethylenepentamine. J Chem Eng Data 63(1):202-207

Jin Q-Q et al (2012) Adsorptive removal of cationic dyes from aqueous
solutions using graphite oxide. Adsorption Sci Technol 30(5):437-447
Konicki W et al (2017) Adsorption of anionic azo-dyes from aqueous
solutions onto graphene oxide: equilibrium, kinetic and thermodynamic
studies. J Colloid Interface Sci 496:188-200

Ravelli D et al (2009) Photocatalysis. A multi-faceted concept for green
chemistry. Chem Soc Rev 38(7):1999-2011

Pan G et al (2018) Preparation of modified graphene oxide nanomaterials
for water and wastewater treatment. IOP Conference Series Earth Environ
Sci 170:032074

Li B et al (2012) ZnO/graphene-oxide nanocomposite with remarkably
enhanced visible-light-driven photocatalytic performance. J Colloid Interface
Sci 377(1):114-121

Pyrzynska K, Bystrzejewski M (2010) Comparative study of heavy metal ions
sorption onto activated carbon, carbon nanotubes, and carbon-
encapsulated magnetic nanoparticles. Colloids Surf A Physicochem Eng Asp
362(1):102-109

United Nations Children’s Fund (UNICEF) Progress on household drinking
water, sanitation and hygiene 2000-2017: and hygiene | 2000-2017: Special
focus on inequalities. New York: UNICEF. p. 1-138

Tan CW, Tan KH, Ong YT, Mohamed AR, Zein SH, Tan SH (2012) Energy and
environmental applications of carbon nanotubes. Environ Chem Lett 10(3):9
Mauter MS, Elimelech M (2008) Environmental applications of carbon-based
nanomaterials. Environ Sci Technol 42(16):5843-5859

Gupta RK et al (2017) Qil/water separation techniques: a review of recent
progresses and future directions. J Mater Chem A 5(31):16025-16058

Park H-A et al (2016) High visible-light photochemical activity of titania
decorated on single-wall carbon nanotube aerogels. RSC Adv 6(27):
22285-22294

Duan Q et al (2016) Preparation and photocatalytic performance of
MWCNTSs/TiO2 nanocomposites for degradation of aqueous substrate. J
Chem 2016:8

Xu Z et al (2017) Hydroxyl multi-walled carbon nanotube-modified
nanocrystalline PbO2 anode for removal of pyridine from wastewater. J
Hazard Mater 327:144-152

Bilu Liu FW, Gui H, Zheng M, Zhou C (2017) Chirality-controlled synthesis
and applications of single-wall carbon nanotubes. ACS Nano 11(1):23
Yamada K et al (2014) Single walled carbon nanotube-based junction
biosensor for detection of Escherichia coli. PLoS One 9(9):e105767
Chaudhari AA et al (2016) A novel covalent approach to bio-conjugate
silver coated single walled carbon nanotubes with antimicrobial peptide. J
Nanobiotechnol 14(1):58-58

Lamberti M et al (2015) Carbon nanotubes: properties, biomedical
applications, advantages and risks in patients and occupationally-exposed
workers. Int J Immunopathol Pharmacol 28(1):4-13

Lefebvre J et al (2017) High-purity semiconducting single-walled carbon
nanotubes: a key enabling material in emerging electronics. Acc Chem Res
50(10):2479-2486



Baby et al. Nanoscale Research Letters

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

106.

108.

11

112

115.

117.

118.

119.

(2019) 14:341

Alijani H, Shariatinia Z (2018) Synthesis of high growth rate SWCNTs and
their magnetite cobalt sulfide nanohybrid as super-adsorbent for mercury
removal. Chem Eng Res Des 129:132-149

Anitha K, Namsani S, Singh JK (2015) Removal of heavy metal ions using a
functionalized single-walled carbon nanotube: a molecular dynamics study.
J Phys Chem A 119(30):8349-8358

Moradi O, Zare K, Yari M (2011) Interaction of some heavy metal ions with
single walled carbon nanotube. Int J Nano Dimension 1(3):203-220

Zazouli MA et al (2014) Evaluation of L-cysteine functionalized single-walled
carbon nanotubes on mercury removal from aqueous solutions. J
Mazandaran Univ Med Sci 24(111):10-21

Shweta Gupta DBCNM (2015) Metal removal studies by composite
membrane of polysulfone and functionalized single-walled carbon
nanotubes. Sep Sci Technol 50(3):9

Mohammad Hadi Dehghani MMT, Bajpai AK, Heibati B, Tyagi |, Asif M, Agarwal
S, Gupta VK (2015) Removal of noxious Cr (VI) ions using single-walled carbon
nanotubes and multi-walled carbon nanotubes. Chem Eng J 279:8

Poulsen SS et al (2017) Multi-walled carbon nanotube-physicochemical
properties predict the systemic acute phase response following pulmonary
exposure in mice. PLoS One 12(4):e0174167

Tan CM et al (2012) Applications of multi-walled carbon nanotube in
electronic packaging. Nanoscale Res Lett 7(1):183-183

Andrews R et al (2002) Multiwall carbon nanotubes: synthesis and
application. Acc Chem Res 35(12):1008-1017

Hung Thang B et al (2014) Application of multiwalled carbon nanotube
nanofluid for 450&#x2009;W LED floodlight. J Nanomater 2014:6

Robati, D., Pseudo-second-order kinetic equations for modeling adsorption
systems for removal of lead ions using multi-walled carbon nanotube. J.
Nanostruct. Chem,, 2013. 3(1)

. Farghali AA et al (2017) Functionalization of acidified multi-walled carbon

nanotubes for removal of heavy metals in aqueous solutions. J
Nanostructure Chem 7(2):101-111

Yu XY et al (2011) Adsorption of lead (1) on O (2)-plasma-oxidized
multiwalled carbon nanotubes: thermodynamics, kinetics, and desorption.
ACS Appl Mater Interfaces 3(7):2585-2593

. Yang S et al (2009) Adsorption of Ni (Il) on oxidized multi-walled carbon

nanotubes: effect of contact time, pH, foreign ions and PAA. J Hazard Mater
166(1):109-116

Ntim SA, Mitra S (2012) Adsorption of arsenic on multiwall carbon
nanotube-zirconia nanohybrid for potential drinking water purification. J
Colloid Interface Sci 375(1):154-159

. Tang, W-W., Zeng, G-M, Gong, J-L, Liu, Y, Wang, X-Y, Liu, Y--Y, Liu, Zh-F,

Chen, L, and X-R. Zhang, Tu, D-Zh, , Simultaneous adsorption of atrazine
and Cu (Il) from wastewater by magnetic multi-walled carbon nanotubes.
Chem. Eng. J, 2012. 211: 9

. Luo, C, Tian, Z, Yang, B, Zhang, L, Yan, S, Manganese dioxide/iron oxide/

acid oxidized multi-walled carbon nanotube magnetic nanocomposite for
enhanced hexavalent chromium removal. Chem. Eng. J. 2013. 234: 11
Stafiej A, Pyrzynska K (2007) Adsorption of heavy metal ions with carbon
nanotubes. Sep Purif Technol 58(1):49-52

Chao, HNT-P, Adsorption and desorption of potentially toxic metals on
modified biosorbents through new green grafting process. Environ Sci
Pollut Res, 2018. 25, (13): 19

. Rao GP, Lu C, Su F (2007) Sorption of divalent metal ions from aqueous

solution by carbon nanotubes: a review. Sep Purif Technol 58(1):224-231

. Ali S et al (2019) Challenges and opportunities in functional carbon

nanotubes for membrane-based water treatment and desalination. Sci Total
Environ 646:1126-1139

Moosa AA, Ridha AM, Abdullha IN (2015) Chromium ions removal from
wastewater using carbon nanotubes. Int J Innovative Res Sci
EngTechnol 4(2):8

. Gupta VK, Agarwal S, Saleh TA (2011) Synthesis and characterization of

alumina-coated carbon nanotubes and their application for lead removal. J
Hazard Mater 185(1):17-23

Tang Y, Wang J, Gao N (2010) Characteristics and model studies for fluoride
and arsenic adsorption on goethite. J Environ Sci 22(11):1689-1694

Xia K, Zhan H, Gu Y (2017) Graphene and carbon nanotube hybrid structure:

a review. Procedia IUTAM 21:94-101

Li H, Ha C-S, Kim | (2009) Fabrication of carbon nanotube/SiO (2) and
carbon nanotube/SiO (2)/ag nanoparticles hybrids by using plasma
treatment. Nanoscale Res Lett 4(11):1384-1388

120.

123.

124.

126.

127.

128.

129.

130.

131.

132.

133.

135.

136.

137.

140.

141.

147.

148.

149.

Page 16 of 17

Zhao X et al (2010) Adsorption of Pb (Il) from an aqueous solution by
titanium dioxide/carbon nanotube nanocomposites: kinetics,
thermodynamics, and isotherms. J Chem Eng Data 55(10):4428-4433

. Romantsova IV et al (2016) Kinetics of liquid-phase adsorption of organic

dye on activated carbons. Protect Metals Phys Chem Surfaces 52(5):782-785

. Saifullah, B, et al,, Novel anti-tuberculosis nanodelivery formulation of

ethambutol with graphene oxide. Molecules, 2017. 22(10)

Elsehly EMI et al (2015) Removal of iron and manganese from aqueous
solutions using carbon nanotube filters. Water Supply 16(2):347-353
Rahman MM, Sime SA, Hossain MA (2017) Removal of pollutants from water
by using single-walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTSs). Arab J Sci Eng 42

. Raphey VR et al (2019) Advanced biomedical applications of carbon

nanotube. Mater Sci Eng C 100:616-630

Alshehri R et al (2016) Carbon nanotubes in biomedical applications: factors,
mechanisms, and remedies of toxicity. J Med Chem 59(18):8149-8167

Tan JM et al (2014) A review on characterizations and biocompatibility of
functionalized carbon nanotubes in drug delivery design. J Nanomater 2014:20
Friedlingstein P, Solomon S, Plattner G-K (2011) Long-term climate
implications of twenty-first century options for carbon dioxide emission
mitigation. Nature Climate Change 1(9):5

Lee ZH et al (2012) Post-combustion carbon dioxide capture: evolution
towards utilization of nanomaterials. Renew Sust Energ Rev 16(5):2599-2609
Ghosh A et al (2008) Uptake of H2 and CO2 by graphene. J Phys Chem C
112(40):15704-15707

Zhao Y, Ding H, Zhong Q (2012) Preparation and characterization of
aminated graphite oxide for CO2 capture. Appl Surf Sci 258(10):4301-4307
Khan Z et al (2012) Visible light assisted photocatalytic hydrogen generation
and organic dye degradation by CdS-metal oxide hybrids in presence of
graphene oxide. RSC Adv 2(32):12122-12128

Rommozzi E et al (2018) Reduced graphene oxide/TiO2 nanocomposite:
from synthesis to characterization for efficient visible light photocatalytic
applications. Catalysts 8(12):598

. Mohan VB et al (2018) Graphene-based materials and their composites: a

review on production, applications and product limitations. Compos Part B
142:200-220

Choi W et al (2010) Synthesis of graphene and its applications: a review. Crit
Rev Solid State Mater Sci 35(1):52-71

Melios C et al (2018) Water on graphene: review of recent progress. 2D
Materials 5(2):022001

Aissa, B, et al, Recent progress in the growth and applications of graphene
as a smart material: a review. Front Mater, 2015. 2(58):1-19

. Tabish TA et al (2018) A facile synthesis of porous graphene for efficient

water and wastewater treatment. Sci Rep 8(1):1817

. Kyzas GZ, Deliyanni EA, Matis KA (2014) Graphene oxide and its application as an

adsorbent for wastewater treatment. J Chem Technol Biotechnol 89(2):196-205
Guo T et al (2018) Efficient removal of aqueous Pb(ll) using partially reduced
graphene oxide-Fe304. Adsorption Sci Technol 36(3-4):1031-1048

Zhang C-Z et al (2018) A new functionalized reduced graphene oxide
adsorbent for removing heavy metal ions in water via coordination and ion
exchange. Sep Sci Technol 53(18):2896-2905

. Vilela D et al (2016) Graphene-based microbots for toxic heavy metal

removal and recovery from water. Nano Lett 16(4):2860-2866

. Zheng S et al (2018) Tea polyphenols functionalized and reduced graphene

oxide-ZnO composites for selective Pb2+ removal and enhanced
antibacterial activity. J Biomed Nanotechnol 14(7):1263-1276

. Mousavi SM et al (2018) Pb(ll) removal from synthetic wastewater using

Kombucha Scoby and graphene oxide/Fe304. Phys Chem Res 6(4):759-771

. Thakur S et al (2017) Progress in lignin hydrogels and nanocomposites for

water purification: future perspectives. Vacuum 146:342-355

. Zhang C-Z, Chen B, Bai Y, Xie J (2018) A new functionalized reduced

graphene oxide adsorbent for removing heavy metal ions in water via
coordination and ion exchange. Sep Sci Technol 53(18):2896-2905

Yan H et al (2014) Rapid removal and separation of iron (Il) and manganese
(I) from micropolluted water using magnetic graphene oxide. ACS Appl
Mater Interfaces 6(12):9871-9880

Ali I et al (2019) Graphene based adsorbents for remediation of noxious
pollutants from wastewater. Environ Int 127:160-180

Saifullah B et al (2018) Graphene oxide-PEG-protocatechuic acid
nanocomposite formulation with improved anticancer properties.
Nanomaterials 8(10):820



Baby et al. Nanoscale Research Letters

150.

151.

152.

153.

154.

158.

159.

160.

163.

165.

168.

170.

171.

173.

175.

(2019) 14:341

Dorniani D et al (2016) Graphene oxide-gallic acid nanodelivery system for
cancer therapy. Nanoscale Res Lett 11(1):491

Ray SC (2015) Chapter 1 - Application and uses of graphene. In: Ray SC (ed)
Applications of Graphene and Graphene-Oxide Based Nanomaterials.
William Andrew Publishing, Oxford, pp 1-38

Ray, S.C, Chapter 2 - Application and uses of graphene oxide and reduced
graphene oxide, in Applications of Graphene and Graphene-Oxide Based
Nanomaterials, S.C. Ray, Editor 2015, William Andrew Publishing: Oxford. 39-55
Tadda MA, Ahsan A, Shitu A, ElSergany M, Arunkumar T, Jose B, Razzaque
MA, Nik NN, Daud NN (2016) A review on activated carbon: process,
application and prospects. J Adv Civil Eng Pract Res 2(1):7

Foo KY, Hameed BH (2011) The environmental applications of activated
carbon/zeolite composite materials. Adv Colloid Interf Sci 162(1-2):22-28

. Mukherjee A et al (2019) Review of post-combustion carbon dioxide

capture technologies using activated carbon. J Environ Sci 83:46-63

. Olvera OG, Domanski DFR (2019) Effect of activated carbon on the

thiosulfate leaching of gold. Hydrometallurgy 188:47-53

. El Maguana Y et al (2019) Activated carbon from prickly pear seed cake:

optimization of preparation conditions using experimental design and its
application in dye removal. Int J Chem Eng 2019:12

Macias-Garcia A et al (2019) Adsorption of paracetamol in hospital
wastewater through activated carbon filters. Sustainability 11(9):2672
Marco-Lozar JP et al (2012) Activated carbon monoliths for gas storage at
room temperature. Energy Environ Sci 5(12):9833-9842

Dong L et al (2019) Preparation, characterization, and application of
macroporous activated carbon (MAC) suitable for the BAC water treatment
process. Sci Total Environ 647:1359-1367

. Wong S et al (2018) Recent advances in applications of activated carbon from

biowaste for wastewater treatment: a short review. J Clean Prod 175:361-375

. Yu Q et al (2019) Preparation of tobacco-stem activated carbon from using

response surface methodology and its application for water vapor
adsorption in solar drying system. Sol Energy 177:324-336

Abeer El-Saharty SNM, Manjood AH, Nassar AAH, Ahmed AM (2018) Effect
of apricot stone activated carbon adsorbent on the removal of toxic heavy
metals ions from aqueous solutions. Int J Ecotoxicol Ecobiol 3(2):13

. Ibrahim Umar Salihi, SRM.KaHHM. and AF. Ismail, Copper metal removal

using sludge activated carbon derived from wastewater treatment sludge,
in MATEC Web of Conferences 203, 03009 (2018) ICCOEE 20182018

Li J et al (2018) Preparation of thiol-functionalized activated carbon from
sewage sludge with coal blending for heavy metal removal from
contaminated water. Environ Pollut 234:677-683

. Cao F et al (2019) Study on the adsorption performance and competitive

mechanism for heavy metal contaminants removal using novel multi-pore
activated carbons derived from recyclable long-root Eichhornia crassipes.
Bioresour Technol 276:2211-218

. Dong L et al (2018) A new function of spent activated carbon in BAC

process: removing heavy metals by ion exchange mechanism. J Hazard
Mater 359:76-84

Bali MT, H. (2019) Removal of heavy metals from wastewater using
infiltration-percolation process and adsorption on activated carbon
International journal of environmental science and technology 16(1):249.

. Kongsuwan A, Patnukao P, Pavasant P (2009) Binary component sorption of

cu () and Pb(ll) with activated carbon from Eucalyptus camaldulensis Dehn
bark. J Ind Eng Chem 15(4):465-470

Guo M, Qiu G, Song W (2010) Poultry litter-based activated carbon for
removing heavy metal ions in water. Waste Manag 30(2):308-315
Karthikeyan T, Rajgopal S, Miranda LR (2005) Chromium (VI) adsorption from
aqueous solution by Hevea Brasilinesis sawdust activated carbon. J Hazard
Mater 124(1-3):192-199

. Lo SF, Wang SY, Tsai MJ, Lin LD (2012) Adsorption capacity and removal

efficiency of heavy metal ions by Moso and Ma bamboo activated carbons.
Chem Eng Res Des 90(9):10

Issabayeva G, Aroua MK, Sulaiman NM (2010) Study on palm shell activated
carbon adsorption capacity to remove copper ions from aqueous solutions.
Desalination 262(1):94-98

. Kula I'et al (2008) Adsorption of Cd (Il) ions from aqueous solutions using

activated carbon prepared from olive stone by ZnCl2 activation. Bioresour
Technol 99(3):492-501

Ugurlu M, Kula |, Karaoglu MH, Arslan Y (2009) Removal of Ni (l) ions from
aqueous solutions using activated carbon prepared from olive stone by
ZnCl2 activation. Environ Prog Sustain 28(4):11

176.

177.

179.

180.

181.

Page 17 of 17

Alslaibi TM, Abustan I, Ahmad M, Abu Foul A (2013) Application of response
surface methodology (RSM) for optimization of Cu2+, Cd2+, Ni2+, Pb2+,
Fe2+, and Zn2+ removal from aqueous solution using microwaved olive
stone activated carbon. J Chem Technol Biotechnol 88(12):11

Acharya J, Sahu J, Mohanty C, Meikap B (2009) Removal of lead (Il) from
wastewater by activated carbon developed from tamarind wood by zinc
chloride activation. Chem Eng J 149(1):14

. Ismail A, Harmuni H, Mohd RR (2017) Removal of iron and manganese

using granular activated carbon and zeolite in artificial barrier of riverbank
filtration. AIP Conference Proc 1835(1):020056

Zeng X et al (2015) Removal of iron and manganese in steel industry drainage
by biological activated carbon. Desalin Water Treat 56(9):2543-2550

Hung M-C et al (2014) Evaluation of active carbon fibers used in cell
biocompatibility and rat cystitis treatment. Carbon 68:628-637

Udayakantha KSM et al (2015) Biocompatible nano hydroxyapatite —
curcumin bi-coated antibacterial activated carbon for water purification. RSC
Adv 5(79):64696-64703

. Oliveira JRP et al (2018) Carbon-based magnetic nanocarrier for controlled

drug release: a green synthesis approach. C — J Carbon Res 5(1):1

. Petuhov O et al (2019) Microbiological properties of microwave-activated

carbons impregnated with Enoxil and nanoparticles of Ag and Se. C — J
Carbon Res 5(2):31

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Introduction
	Human Health and Heavy Metal Toxicity
	Toxicity of Mercury (Hg)
	Toxicity of Lead (Pb)
	Toxicity of Arsenic (As)
	Toxicity of the Cadmium (Cd)
	Toxicity of Chromium (Cr)
	Toxicity of Zinc (Zn)

	Classification of Carbon Nanomaterials Based on their Dimensions
	Application of Fullerenes in Environmental Remediation and Water Purification
	Biocompatibility of Fullerenes

	Carbon Nanotubes (CNTs)
	Environmental Application of CNTs/CNT-Based Green Technology
	SWCNTs in the Purification of Heavy Metal-Contaminated Water
	MWCNTs in the Purification of Heavy Metal-Contaminated Water

	Graphene and Graphene Oxide-Based Adsorbents for the Purification of Heavy Metal-Contaminated Water
	Biocompatibility of Graphene-Based Nanomaterial
	Activated Carbon in Environmental Remediation

	Activated Carbon as Adsorbents in the Purification of Heavy Metal-Contaminated Water
	Biocompatibility of the Activated Carbon


	Conclusion
	Abbreviations
	Authors’ Contributions
	Funding
	Availability of Data and Materials
	Competing Interests
	Author details
	References
	Publisher’s Note

