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Abstract: The utilization of biomass waste to produce valuable products has extraordinary ad-
vantages as far as both the economy and climate are concerned, which have become particularly
significant lately. The large-scale manufacturing of agricultural waste, mainly rice by-products (rice
husk, rice straw, and rice bran), empowers them to be the most broadly examined biomasses as
they contain lignin, cellulose, and hemicellulose. Rice waste was first used to incorporate bulk
materials, while the manufacturing of versatile nanostructures from rice waste at low cost has been
developed in recent years and attracts much consideration nowadays. Carbon-based nanomaterials
including graphene, carbon nanotubes, carbon dots, fullerenes, and carbon nanofibers have tremen-
dous potential in climate and energy-related applications. Various methods have been reported to
synthesize high-value carbon nanomaterials, but the use of green technology for the synthesis of
carbon nanomaterials is most common nowadays because of the abundant availability of the starting
precursor, non-toxicity, low fabrication cost, ease of modification, and eco-friendly nature; therefore,
reusing low-value biomass waste for the processing of renewable materials to fabricate high-value
products is remarkable. Carbon nanomaterials derived from rice waste have broad applications in
various disciplines owing to their distinctive physicochemical, electrical, optical, mechanical, thermal,
and enhanced biocompatibility properties. The main objective of this review and basic criteria of
selecting examples and explanations is to highlight the green routes for the synthesis of carbon
nanomaterials—i.e., graphene, carbon nanotubes, and carbon dots—from rice biomass waste, and
their extensive applications in biomedical research (bio-imaging), environmental (water remediation),
and energy-related (electrodes for supercapacitors, Li-ion battery, fuel cells, and solar cells) applica-
tions. This review summarizes recent advancements, challenges, and trends for rice waste obtained
from renewable resources for utilization in the fabrication of versatile carbon-based nanomaterials.

Keywords: rice waste; carbon based nanomaterials; synthesis

1. Introduction

Over the last few decades, the rapid speed of urbanization and industrialization has
caused genuine ecological issues, particularly water contamination [1]. Energy deficiency,
restricted accessibility, and the excessive usage of non-renewable assets combined with
the rapid decline of the regular habitat are serious issues faced universally [2]. The diffi-
culties of a worldwide temperature alteration and ecological contamination have driven
researchers to utilize eco-friendly, clean, renewable resources to fabricate novel useful ma-
terials [3]. Therefore, it is necessary to develop novel materials from renewable sources that
meet our day-to-day needs and at the same time are eco-friendly [4]. Among a wide range
of carbon sources, biomass and its subordinates have pulled in broad consideration because
of its abundant availability, low cost, and renewability [5]. Biomass is a natural material
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derived from renewable sources of energy i.e., agricultural residues and by-products of
forests. The overall production of biomass is assessed as approximately 150–200 billion
metric tons a year [4].The conversion of biomass to fabricate novel nanomaterials for dif-
ferent applications is a favorable idea of ‘waste to wealth’ in the cutting-edge universe of
nanotechnology [6]. Biomass waste utilization gives a solution to environmental problems
and helps in lessening the negative effect of the wastes on the climate. The conversion
of biomass waste to highly valued materials has incredible advantages regarding both
economy and climate, which has acquired significant consideration in recent years [7]. Due
to the increasing demand for carbon nanomaterials, scientists have put forth incredible
attempts in the production of CNMs from biomass with great properties, for example,
high electrical and thermal conductivities and great chemical stabilities [8]. Waste mate-
rials from domestic wastes to industrial residues cause adverse impacts on climate and
human well-being [9]. Waste materials harm the environment; therefore these materials
are frequently employed for the production of advanced materials at low cost using conve-
nient green technologies that minimize harmful polluting substances during the synthesis
of nanomaterials [10]. As for this part of defilement, we propose a basic methodology
for transforming various biomass waste into the highly valued carbon nanomaterials [6].
Waste material with high carbon content can be recycled to get high valued materials at low
cost [9]. Reusing low-valued natural waste materials to fabricate value-added products
is remarkable, which has motivated analysts over the last 20 years [11]. Biomass is a non-
toxic, feasible, and sustainable carbon-rich material essentially made up of hemicellulose,
cellulose, and lignin, which has been broadly utilized as feedstock for the preparation of
different highly valued carbon, for example, graphene, fullerene, carbon nano-fullerenes,
and CNTs [8]. Various synthesis strategies have been employed for the production of
carbon-based nanomaterials from biomass waste, but green synthesis strategies with either
energy-saving responses or low-value waste materials are acquiring more attention [11].

Agriculture waste-derived carbon nanomaterials (CNMs) are a class of engineered
nanomaterials (ENMs) having broad applications in various disciplines due to their ex-
traordinary optical, electrical, mechanical, and thermal properties [12]. Moreover, around
7.6 billion tons of industrial wastes have been discovered to be produced or discarded
each year. The most common agricultural biomass sources are sugarcane bagasse, corn
straw, wheat stem, and rice residues. The rice industry produces a large amount of rice
by-products that include rice husk (RH), rice bran rice straw (RS), rice husk ash (RHA),
and broken rice [13]. Diverse assortments of paddy rice are made out of generally, 69%
starchy endosperm, 20% rice husk or rice hull, and 11% grain/bran layers. Around 18–20%
of the RH upon burning is changed to rice husk ash (RHA). In 2012, the yearly worldwide
amount of rice husk and rice straw produced was 137 metric tons and 685 MT [14]. Rice by-
products considered as agricultural waste are utilized as a precursor for the fabrication of
highly valued nanomaterials; rice husk consists of 65–75% organic substances (i.e., cellulose,
hemicellulose, and lignin), and 15–20% inorganic substances such as silica SiO2. Therefore,
the conversion of rice husk into various carbon and silica nanomaterials is of great signifi-
cance. [15]. In the previous few decades, perhaps the most widely recognized and broadly
considered biomass was rice husk. This is a result of the huge modeling of greater than
160 million tons of rice husk every year, and the majority of them were scorched or bagged
in landfills, i.e., wasted [16]. Moreover, rice husk biomass consists of a 3D network of
natural carbon (C) and silica (SiO2), hence they could be utilized for manufacturing flexible
carbon-based and silicon-based materials for different applications. At the beginning phase,
rice husk biomass was straightforwardly put in for horticulture uses (litters, soil change,
fertilizer, etc.) [17], the construction industry (composite materials and development ma-
terials), and conventional energy production (power and heat generation) [14]. Versatile
chemical products were obtained from rice husk biomass, including dynamic silica, carbon,
biofuel, and syngas due to its unique chemical composition and structure. These items
have been applied in different fields including energy production and adsorption. With
the increasing development of nanoscience and nanotechnology, enormous carbon-based
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and silicon-based nanostructures (NSs) have been created from rice husks. By exploiting
the interesting design and substance organization of rice husk biomass, an assortment
of advanced practical nanostructures have been manufactured and designed. These rice
husk-derived nanostructures are profoundly successful for energy-related (solar cell, Li-ion
battery, triboelectric nano-generator, and supercapacitor electrode) applications; therefore,
the rice husk-derived nanostructures (RH-NSs) have acquired much attention nowadays.
To date, different strategies have been created to controllably synthesize and design practi-
cal nanostructures from rice husk biomass to fabricate silicon-based, carbon-based, and
hybrid nanostructures (consisting of both silicon and carbon) according to their original
compositions. As rice husk contains an organic component, i.e., lignin, hemicellulose, and
cellulose [18], therefore, rice husks can be used as a natural, renewable, and abundant
source for manufacturing promising carbon nanomaterials: namely, graphene, carbon dots,
and carbon nanotubes [7]. Table 1 illustrates the various biomass sources used for the
preparation of carbon nanomaterials—their synthesis method and applications.

Table 1. Carbon-based nanomaterials prepared from various biomass sources, their synthesis methods, and applications. In
the future, continuous efforts for the production of carbon nanomaterials from biomass is of significant importance. This
review discusses the synthesis of versatile carbon-based nanomaterials from rice residue i.e., rice husk and rice straw, and
their promising application in various disciplines.

Biomass Waste Synthesis Method Carbon Nanostructure Application References

Hemp Hydrothermal/
activation with KOH

Interconnected graphene
carbon nanosheets Supercapacitor [19]

Rice husk Combustion/chemical
activation with KOH Graphene sheets

Additives in polymer
composites, electrochemical
performance

[20–22]

Biochar from
Wheat straw Microwave CVD MWCNTs - [23]

Sugarcane
Bagasse Microwave CVD Graphitic flakes and

MWCNTs - [24]

Rice husk Microwave CVD Thin graphene (2–6 layers)
MWCNTs - [25]

Wood sawdust Conventional
Pyrolysis CNTs - [26]

Rice straw Conventional
CVD CNTs - [27]

Rice residue Hydrothermal C-dots Fe3+ ions and tetracycline
detection

[28]

Wheat straw Hydrothermal C-dots Labeling, imaging, and
sensing [29]

Sugarcane bagasse char Hydrothermal C-dots drug delivery [30]
Rice husk Pyrolysis C-dots Bio-imaging [31]

Rice husk Hydrothermal,
Pyrolysis GQDs Fluorescent sensor [31]

Rice grains Pyrolysis GQDs - [32,33]
Rice husk KOH activation Graphene oxide Desalination membrane [34,35]
Rice Straw Microwave-assisted Graphene oxide Ni(II) Adsorption [36]
Rice husk Pyrolysis Graphene oxide - [37]

2. Carbon-Based Nanomaterials

Carbon is the most flexible element in the periodic table [38] due to the huge number
of bonds of distinctive type and strength that bond with itself or with numerous other
elements [39]. Carbon naturally exists in two crystalline allotropic forms, diamond and
graphite [40], and several low-dimensional allotropes of carbon derived from synthetic
processes are graphene, carbon nanotubes, fullerenes [4]. Various nanomaterials have been
discovered, but carbon-based nanomaterials especially have prime importance in nanotech-
nology [41]. With the discovery of various carbon-based nanostructures i.e., fullerenes
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in 1985, carbon nanotubes in 1991, and graphene in 2004, carbon-based nanomaterials
have gained much attention in nanotechnology [39]. Carbon nanostructures are being
classified into 3D graphite, 2D graphene, 1D carbon nanotubes, and 0D fullerenes, but the
major element carbon is the backbone of these structures [42,43]. Among these, graphene,
fullerenes, carbon nanotubes, and carbon nanofibers are the dazzling stars and have the
most promising applications in nanotechnology [44]. Figure 1 displays various forms of
carbon allotropes.

Figure 1. Representation of various allotropes of carbon: fullerene, graphene. Reprinted from
Ref. [39]. Carbon nanotube (SWCNTs and MWCNTs), diamond, and graphite. Reprinted with
permission from Ref. [45]. Copyright 2016 Taylor & Francis.

Due to their multifunctional nature, carbon-based nanomaterials are highly attractive
biomaterials. Moreover, the incorporation of carbon-based nanomaterials into existing
biomaterials enhances their functions. Therefore, carbon-based nanostructures have been
found in different fields of biomedical research i.e., bio-imaging, tissue scaffold reinforce-
ments, drug delivery, wastewater treatment, catalyst support, control air pollution, energy
conversion, cellular sensors, hydrogen, and energy storage [46]. Table 2 illustrates the
properties of natural and synthetically derived carbon-based nanomaterials.
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Table 2. Properties of different carbon-based nanomaterials. Adapted from Refs. [39,47,48].

Carbon Material Graphite Graphene Carbon Nanotube
Fullerene

SWCNTs MWCNTs

Dimensions 3 2 1 1 0
Hardness high highest high high high

Hybridization sp2 sp2 sp2 sp2 sp2

Tenacity Flexible,
non-elastic

Flexible,
elastic Elastic Elastic Elastic

Young modulus 856.4 ± 0.7(z)
964.0 ± 0.68(a) 1000 1000

Thermal
conductivity
(Wm−1 K−1)

Anisotropic,
1500–2000, 5–10 4840–5300 3500–6600 600–6000 0.4

Electrical
conductivity −4000 p, 3.3 c −2000 106–107 103–105 10−5

Biomass waste-derived carbon nanomaterials, in comparison to those synthesized
from other precursors, serve as a source of carbon, as a catalyst, or catalyst support for the
fabrication of CNMs and possess superior qualities to the traditional carbon nanomateri-
als, for example, carbon content (graphitic degree), length, structure, and diameter [49].
Owing to their physicochemical properties i.e., great chemical stability, increased electrical
conductance, manageable porosity, increased specific area, and impenetrable electroactive
sites, these promising nanomaterials have acquired a lot of interest [4]. Biomass-derived
carbon nanomaterials have more promising applications because they are eco-friendly,
cost-effective, and possess distinctive properties including large surface for the function-
alization of various functional groups and minerals [8]. Various methods are employed
to synthesize carbon nanomaterials derived from biomass such as the physical activation
method, chemical activation, and hydrothermal carbonization [50,51]. Rice husk is a natu-
ral and abundant source utilized for manufacturing promising carbon nanomaterials, e.g.,
carbon dots, graphene, carbon nanotubes, graphene quantum dots, and carbon quantum
dots [7].

3. Graphene

Graphene is a hexagonal lattice structure comprising of a two-dimensional, one-
atom thick carbon sheet. The sp2 hybridized carbon atoms are packed in the form of a
dense honeycomb network that acts as a building unit for several nanocarbons. When
stacked, it forms a three-dimensional graphite; and when rolled or wrapped, it produces
one-dimensional nanotubes and zero-dimensional fullerenes respectively [52].

Single-layer graphene was initially isolated in 2004 through a technique called mi-
cromechanical cleavage. Since then, the material has been in the limelight owing to its
remarkable properties such as chemical inertness, quantum Hall effect, super hydropho-
bicity, ambipolar field effect, high carrier mobility, etc. [53]. Such unique characteristics
opened doors for a lot of interesting physics and suggested the possible implementation
of graphene in lots of advanced devices [52]. Despite the physicists’ huge interest and
successful experimentation of graphene, still, there is huge room for further experimen-
tation and the widespread implementation of graphene. The fabrication of graphene is
the cheapest compared to all other nanomaterials, and this explains its extended experi-
mentation and widespread applications [54]. Graphene exists in various forms that fall
into two major categories: that is, functionalized and non-functionalized graphene. The
functionalized forms include graphene oxide (GO) and reduced graphene oxide, while the
non-functionalized ones are pristine graphene, single-layer graphene, and graphene sheets,
as shown in Figure 2. The next subsection discusses the synthesis of graphene from rice
husk [55].
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Figure 2. Structural modes of graphene: (a) single-layer graphene; (b) graphene oxide (GO); (c)
reduced graphene oxide. Reprinted from Ref. [56].

3.1. Synthesis of RH-Derived Graphene

Annually, about 120 million tons of rice husks are being produced worldwide [57].
The majority of the rice-producing countries either burn or dump this material because of
its difficult disposal and low commercial value [58]. This adversely affects the environment
and ultimately human health [59]. That is why it must be utilized at its best. Due to its
good composition and high availability, it has potential to be utilized as a precursor for the
production of valuable nanomaterials such as carbon nanotubes, silica, porous carbon, and
graphene [60]. Rice husk (RH), rice husk ash (RHA), and rice straw (RS) can be transformed
to value-added graphene. The section below summarizes methods to synthesize graphene
or graphene oxide (GO) from rice waste.

3.1.1. Chemical Activation

A common method of chemical activation involves treating carbonaceous substances
with chemical activating agents such as ZnCl2, KOH, H2SO4, etc. Then, the resulting
material is carbonized at 400–900 ◦C. The procedure produces carbons with a large number
of pores and a high specific surface area [61]. Graphene is produced by rice wastes using a
variety of chemical activating agents. However, potassium hydroxide (KOH) is the most
frequently employed chemical agent in producing carbon nanomaterials as it induces
and enhances the porosity of the resulting CNMs [62]. Activation with KOH provides a
continuous 3D network resulting in high volumetric capacitance [63]. It also enhances the
purity and integrity of the graphene nanomaterial by efficient etching of impurities such as
silica and disordered carbon [64].

Muramatsu et al. [20] proposed a novel approach toward the synthesis of corrugated
graphene and crystalline graphene by the activation of rice husk with KOH, and basic
calcination was performed at a temperature of 850 ◦C. Monolayer and bi-layer graphene
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sheets with high crystallinity, nano-sized domains, and clean and active edges were synthe-
sized. The nano-structured crystalline graphene comprises of a single layer or multilayer
of graphene with clear and stable edges, while the corrugated graphene was a few nanome-
ters having 200 to 300 carbon atoms, clear boundaries, and non-hexagonal carbon rings
(pentagons and heptagons). XRD and Raman spectroscopy were the characterization
techniques. This method proved that graphene can be produced at a low temperature and
without the use of catalysts. In addition to KOH, Muramatsu et al. [20] used carbon black
as a protective barrier against oxidation. However, later, Singh el al. [65] removed carbon
black by updating the synthesis process and replacing carbon black with rice husk itself.

They produced graphene by a two-step process; firstly, the chemical activation of
rice husk with KOH, and secondly, annealing it at 900 ◦C. Figure 3 illustrates the overall
procedure of the synthesis. The TEM images revealed a few-layered graphene with the
agglomeration of silica particles.

Figure 3. Flow chart of synthesis of graphene derived from rice husk. Reprinted from Ref. [60].

Uda et al. [66] also employed the same procedure for synthesizing graphene from rice
straw ash (RSA) by the use of KOH with an impregnation ratio of 1:2.5 at 700 ◦C. FESEM
(Field Emission Scanning Electron Microscopy), SEM (Scanning Electron Microscopy), EDX
(Energy-Dispersive X-ray), AFM (Atomic Force Microscopy), and FETEM (Field Emission
Transmission Electron Microscopy) were used for the characterization of graphene.

Othman et al. [67], prepared porous graphene by treating rice husk ashes at different
stabilization temperatures. Rice husk was converted to solid residues called rice husk
ash (RHA) at varying stabilization temperatures (100 ◦C, 200 ◦C, 300 ◦C, and 400 ◦C).
The samples were denoted as GRHA100, GRHA200, GRHA300, and GRHA400 with
respect to the pre-treatment temperature of each. Chemical activation using KOH at a 1:5
impregnation ratio yielded rice husk ashes-derived graphene (GRHA). The characterization
was done using TEM, XRD, and Raman spectroscopy. A shematic illustration of the
activation process of GRHA is shown in Figure 4. The stabilization temperature showed a
major influence on the porosity of the as-synthesized GRHA. Increasing the temperature
increased the number of volatiles released, with the formation of more micropores and
resulting in enhanced BET-specific surface area and total pore volume (TPV) of GRHA.
However, increasing the temperature increases surface properties but only to a limit;
i.e., above the optimum temperature, a reduction of surface area occurs. The results
clearly showed that GRHA obtained at a temperature of 200 ◦C exhibited the highest
specific surface area; hence, 200 ◦C was considered the optimum stabilization temperature
for GRHA.
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Figure 4. Schematic activation treatment process of GRHA. Reprinted with permission from Ref. [68]. Copyright 2020
Springer Nature.

Seitzhanova et al. [35] demonstrated the synthesis of graphene oxide by a four-step
process: preliminary carbonization of rice husk reported in [21], desilication of carbonized
rice husk (CRH) using NaOH, activation with KOH (carbon to KOH ratio: 1:4 and 1:5),
activating it in air at 850 ◦C for 2 h, and finally, the exfoliation of the product by washing it
with water until it becomes neutral (pH ≈ 7) and further drying at 105 ◦C. The resulted
graphene layers had high carbon content and were also rich in inorganic matter. To remove
this inorganic matter, the product was functionalized using H2SO4 at a controlled temper-
ature followed by continuous stirring for 1 h or 24 h, centrifuging the mixture, washing
until neutral pH, and then filtering it with PVDF membrane. The multilayer graphene
produced was characterized using FTIR (Fourier transform infrared spectroscopy), Raman
spectroscopy, SEM, thermogravimetric analysis (TGA), TEM, and elemental analysis.

Azizovna et al. [34] also performed the synthesis of graphene oxide (GO) using
rice husk via KOH activation followed by alkaline desilication as reported earlier by
Seitzhanova et al. [35]. GO was characterized using electron microscopy and Raman
spectroscopy. Then, the prepared GO was used to develop a desalination membrane, which
was capable of filtering out organic molecules, common salts, and small particles.

3.1.2. Microwave-Assisted Method

The science of microwave chemistry deals with the application of microwave radia-
tions to chemical reactions [69]. The microwave-assisted method is used extensively for the
direct carbonization of organic materials into valuable products under microwave radiation.
Figure 5 displays a comparison between conventional heating and microwave heating
methods. Microwave assisted strategy is a cheap method for synthesizing carbon-based
nanomaterials including graphene, carbon dots, activated carbon [70].

Kumar et al. [71] developed a microwave furnace method to prepare graphene from
rice husk. Rice husks were washed using distilled water with the aid of ultrasonication
for 1 h and then dried in natural air for a day. Dried rice husk is ground into powder
by means of a mechanical process using ferrocene Fe (C5H5)2 as a catalyst. Ethanol is
mixed with ferrocene with a magnetic stirrer at three distinct levels. Every 150 mL of
ethanol is mixed with 20, 30, or 40 gm of ferrocene in three stages. The three resulting
mixtures of ethanol and ferrocene (150 mL-20 gm, 150 mL-30 gm, 150 mL-40 gm) were
mixed with rice husk powder at three different levels (50, 60, and 70 g). Then, the three
mixtures were heated in a microwave furnace at three different temperatures (650 ◦C,
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700 ◦C, 750 ◦C). The material was studied using XRD (X-ray diffraction), FESEM, FTIR,
UV-Vis spectroscopy, Zeta Sizer, and EDX. Figure 6 clearly demonstrates the schematic
mechanism of the microwave synthesis of graphene. Parametric investigation clearly
showed that the effect of temperature for the suggested model was a more important factor
than the other two variables. A Taguchi L9 array was used to determine the optimum
combination of input variables that affect the crystalline size of graphene particles as an
output variable. For obtaining minimum particle size, the suggested variable setting was
rice husk 60 gm, ferrocene 30 gm, and 750 ◦C temperature.

Figure 5. Schematic of microwave and conventional heating methods. Reprinted with permission
from Ref. [71]. Copyright 2021 Elsevier.

Figure 6. Schematic diagram of all steps included in the synthesis of graphene from rice husk by a simple microwave
process. Reprinted from Ref. [60].

In another study, rice bran was used as a carbon source for graphene production.
Rice bran comprises of fats, proteins, ash, and minerals and acts as a carbon source for
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synthesizing GO. Hashmi et al. [72] reported the effective production of GO from agro
waste at optimum conditions and relatively low temperature, in both individual and tri
composite form (sugarcane bagasse, rice bran, and orange peel). The powdered rice bran,
a carbonaceous precursor, along with ferrocene were placed at a temperature of 300 ◦C
in a muffle kiln for 15 min, resulting in black-colored solid products that are kept for half
an hour at room temperature. Then, the material was studied by SEM, HR-TEM (High-
Resolution-Transmission Electron Microscopy), XRD, FTIR, TGA, and DTA (Differential
Thermal Analysis) analysis techniques. This simple, rapid, single step, and green strategy
for producing graphene oxide has showed that different kinds of solid carbonaceous
agricultural wastes, without any sanitization as feedstock, can be used to produce value-
added and high-quality GO.

The same strategy was adopted by Tohamy et al. [36], who synthesized GO by the oxi-
dation of rice straw (RS), sugarcane bagasse (SCB), lignin (L), and mature beech pinewood
sawdust (MW) individually, using ferrocene as a catalyst in a muffled atmosphere. Charac-
terization was done using FTIR, TEM, SEM, EDS (Energy-Dispersive Spectroscopy) and
Raman spectroscopy. Then, the rice straw-derived GO was applied in designing an adsorp-
tion method for wastewater treatment. RS-derived GO proved to be an efficient and cheap
adsorbent for eliminating Ni (II) from contaminated water.

3.1.3. Pyrolysis

Pyrolysis is termed as the thermal decomposition of organic compounds at high tem-
perature in either vacuum or inert atmosphere [70]; it brings about a change in chemical
composition. Extreme pyrolysis, which mostly leaves carbon as a residue, is called car-
bonization [73]. Biomass pyrolysis is a very effective approach for the production of a broad
range of value-added products. It involves heating, dehydration, degradation, and finally
carbonization of the organic substance present in the biomass precursor. Figure 7 displays
the basic pyrolysis procedure towards the synthesis of graphene using biomass waste.

Figure 7. Synthesis of CNMs from biomass pyrolysis. Reprinted with permission from Ref. [8]. Copyright 2018 Royal
Society of Chemistry.
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Any carbonaceous waste material can be transformed to graphene oxide by opti-
mizing the thermal heating conditions, bypassing the use of graphite and other harmful
chemicals. Naik et al. [37] demonstrated the pyrolytic synthesis of graphene oxide from a
non-graphitic carbonaceous source without the use of inert atmosphere. The agro waste
materials including sugarcane bagasse, rice husk, and waste newspaper were chosen as a
precursor of the production of graphene oxide nano-flakes. The precursors were subjected
to pyrolysis (at optimum temperature) in the presence of a trace amount of air, leading to
the decomposition of cellulosic structures (breakage of glycosidic bonds) to monomeric
glucose as represented in Figure 8. This resulted in the aromatization and condensation
of the monomeric glucose, in addition to oxidation simultaneously. Results indicated
brown-blackish powders/flake-like structures of GO which were grounded, washed, and
dried in an oven for a day. The nano-flakes were graphitic in nature. Graphene oxide
nano-flakes were characterized using XRD, EDS, FESEM, TEM, and HR-TEM.

Figure 8. Mechanism for the formation of graphene oxide. Reprinted with permission from Ref. [37]. Copyright 2020 John
Wiley and Sons.

3.2. Applications of RH-Derived Graphene
3.2.1. Desalination Membranes

Approximately 1.2 billion people worldwide are facing potable water shortage and its
harmful effects on human health, energy, and food [74]. The development of novel water
treatment methods must be done at low cost, with less energy and via an environment-
friendly process. Desalination is considered as one of the most appropriate strategies for
freshwater augmentation, as 97.5% of all water on the Earth is present in seas. Hence, seawa-
ter desalination provides a steady and infinite supply of high-quality water. It can enhance
water availability more than what is available from the hydrological cycle [75]. Membranes
for water desalination and purification are widely used to access worldwide challenges of
environment contamination and the scarcity of aqueous bodies [76]. Highly permeable and
highly selective next-generation membranes have been developed to limit the drawbacks
of present-day membrane technologies. The use of biomass-derived nanomaterials in
the seawater desalination is being employed frequently owing to the efficiency, low cost,
and green process. Graphene can be used in membranes in any of its forms including
pristine graphene, graphene oxide (GO), and reduced graphene oxide. Membrane-based
desalination processes can be classified on the basis of pore size of membrane and rejection
mechanism: reverse osmosis (RO), electrodialysis (ED), nanofiltration (NF), ultrafiltration
(UF), and membrane distillation (MD) [77]. Seawater desalination is mainly done via
reverse osmosis (RO) technology [78], which is a conventional pressure-driven membrane
process that has proven useful due to its potent salt rejection and suitable energy require-
ments [79]. In reverse osmosis, water is filtered via a partially permeable membrane by
applying an extrinsic positive hydraulic pressure that acts as a driving source. A large
amount of water is passed through the membrane in comparison to the volume of organic
molecules or dissolved salts. The core of RO is the semi-permeable membrane, which is a
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selective barrier that separates pure water from seawater [80]. However, RO technology is
limited due to the high capital cost and low desalination capacity [81]. Recently, forward
osmosis (FO) has gained the attention of researchers. It is an emerging method involving
the separation of effluents by an osmotic pressure [82]. Regarding water desalination,
graphene is one atom thick, maximizing its permeability, and it has been proven to be cost
effective. It removes the water contaminants using the nanoscale pores. In addition, its
potential for size-selective transport and excellent mechanical stability makes it a perfect
option for desalination membranes [83]. RH-graphenated membranes are generally meant
for FO, RO, and NF [84].

These membranes have major advantages as compared to traditional membranes.
First, the raw material, which is rice waste, is inexpensive, making the fabrication process
quite cheap. Second, the production of graphene membranes, such as designing GO nano-
sheets-based GO membranes, is a facile and extensible process. In addition, modification
of the charge-based selectivity of membranes can be achieved by the functionalization of
graphene oxide with several functional groups [56]. Nanotechnology, when combined with
a polymeric RO membrane, surprisingly opens up new pathways for wastewater treatment.
For the development of desalination membranes, graphene oxide can be incorporated into
freestanding membranes, which use GO as a separating layer directly through incorporated
casted membranes where GO is impregnated into a polymer matrix or on the surface of
membranes that utilize GO for surface modification [77].

Cohen-Tanugi and Grossman et al. [85] studied the salt rejection capability of nano-
sized graphene as a reverse osmosis (RO) membrane. This study was further validated
by Wang and Karnik et al. [86], who showed that GO has the potential to increase the
separation performance of the membranes [87]. Separation depends on the shape, charge,
and size of particles. For achieving an ideal filtration efficiency, a membrane must be as
selective as possible, as thin as possible for high water permeation, and as mechanically
tough as possible for inhibiting membrane decay [56]. Nicolai et al. [80] employed an
MD simulation strategy for membrane development and illustrated that it is possible for
freestanding GO membranes to exhibit 100% efficiency for salt rejection in the RO process.
Fathizadeh et al. [88] modified polyamide membranes with nitrogen-modified graphene
oxide (N-GOQD) for preparing a novel reverse osmosis film that exhibited excellent salt
rejection of 93%. Azizovna et al. developed a graphene oxide-based membrane, which
consists of a thin GO layer on the hydrophilic polyvinylidene fluoride (PVDF) membrane,
for desalination. The membrane has pore sizes ranging between 8 and 50 nm and is capable
of filtering common salts, organic molecules, and small particles.

3.2.2. Removal of Ni (II)

Water contamination by natural organic matter or the leakage of heavy metals is
a global issue that must be addressed [89]. Impure water causes liver sicknesses, nasal
ulceration, cancer, and dermatitis [90]. A variety of techniques have been formulated for the
purification of water including electro-coagulation, ion exchange, cementation, distillation,
precipitation, adsorption, and reverse osmosis [91]. Out of all these purifying strategies,
adsorption is frequently employed, as it is cost-effective and has high adsorption potential
for metal ions. Adsorbents such as zeolites, diatomite, ceramics, and ferric hydroxide
in granular form have been used [92]. However, these adsorbents have a number of
limitations, including high cost, self-contamination, high power requirements, and a
reduced removal of metal ions [93,94]. Carbon nano-sorbents, namely, graphene, carbon
nanotubes, graphene oxide, and carbon dots have been used extensively in the purification
of water due to their large surface area [95]. Among these, GO has emerged as a promising
absorbent candidate and is widely applicable. It versatile applicability is because of its
structure; it possesses reactive oxygen containing functional groups including carbonyl
(–C=O), phenol, and carboxyl (–COOH) groups at the edges of the sheet, while epoxy
(C–O–C) and hydroxyl (–OH) groups are on the basal plane, thereby imparting hydrophilic
properties to graphene oxide. Graphene oxide exhibits excellent water dispersion and
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versatile surface modification [96]. Tohamy et al. [36] demonstrated a facile adsorption
method for the effective removal of nickel (II) ion by using rice straw-derived GO, sugarcane
bagasse-derived GO, mature beech pinewood sawdust-derived GO, and lipid-derived GO.
The results proved the ability of GO from agro residues to be a cheap adsorbent for
the removal of Ni (II) ions from wastewater. The adsorption of nickel ion on the GO
surface depends on the initial concentration of Ni (II), contact time, and temperature. It
was observed that the adsorption and removal of Ni (II) by rice straw decreases with
temperature increase. This observation suggested that the interaction between rice straw
and metal ions is exothermic in nature [97]. This can be justified by the thickness of the
boundary layer, which is reduced at elevated temperature. High temperature causes an
increase in nickel’s tendency to leave the surface of GO into the solution, as they are
linked through weak adsorption interactions, i.e., physical adsorption. Increasing the
initial concentration of Ni(II) decreases the percentage of Ni(II) removed. This depends
on the number of exchangeable sites in graphene oxide and also the ratio of Ni (II) to
GO. As the ratio of Ni(II) to GO increases, the active exchangeable sites on GO become
saturated, lacking enough surface area for accommodating excess Ni(II) in the solution
and resulting in the reduction in nickel ion removal [98]. The effect of contact time was
evaluated at different times: 15, 30, 45, 60, 75, and 90 min. The adsorption of Ni(II) by
RS-GO was observed to be rapid at the beginning due to the availability of a large number
of active sites [99]. The rate of removal becomes slow with no noticeable increment in
adsorption by RS-GO above 30 min because of the leaching process. Hence, the optimum
time for rice straw-derived GO for the efficient removal of nickel metal ion is 30 min at
25 ◦C. Oxygen-containing functional groups played a vital role in Ni (II) adsorption on GO.
The greater the O-containing groups, the more adsorption capacity [100].

3.2.3. Gas Storage

The ongoing burning of fossil fuels in transportation sectors has attracted the atten-
tion of researchers to design alternative energy sources. Natural gas (NG) is one of the
promising energy sources owing to its widespread availability and environment-friendly
nature. Natural gas comprises primarily of methane, ≈87–96%, but commonly including
varying amounts of other higher alkanes, and sometimes a small percentage of carbon
dioxide, nitrogen, hydrogen sulfide, or helium [101]. It possesses the highest heating value
per unit mass in comparison to the other hydrocarbon fuels. Despite its uses, its storage
and transportation is a big issue [102]. In the past, natural gas was stored and transported
in cryogenic condition (−161.5 ◦C) and large upfront capital such as in liquefied natural
gas (LNG). Storage in the form of compressed natural gas (CNG) requires high pressure
(≈250 bar) and more space [103]. Finally, adsorbed natural gas (ANG) technology revo-
lutionized the transportation and storage of NG. It uses highly porous adsorbents for the
safe absorption of NG at room temperature and relatively low pressure (3–4 MPa). ANG
displays a high volumetric capacity for the storage of natural gas [104,105]. Conventional
carbon-based nanomaterials are considered as effective energy storage materials for the
storage of gases such as CO2, CH4, and H2, owing to their large surface area. The formation
of composites of CNMs with metals or metal oxides of noble metals, rare-earth metals, met-
alloids, and alkaline-earth metals increases the capacity of gas storage by CNMs [106–108].
Carbon-based adsorbents including activated carbon, graphene, carbon nanofibers, etc.
have been used frequently as NG adsorbents. These are considered the most suitable
medium for NG storage owing to their high specific surface area, regenerative capacity,
and micro-porosity. Among carbon-based adsorbents, graphene-related adsorbents are
widely developed for gas adsorbates (preferably CH4) because of their high iso-steric heat
of adsorption, despite the smaller surface area and porosity compared with activated car-
bons. The smaller specific surface area (SSA) of graphene-related adsorbents is enlarged by
physical or chemical treatment. Highly porous graphene derived from various agro wastes
has been employed for CH4 adsorption. To date, there has been very limited research on
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the graphene-like materials derived from agricultural waste for gas adsorption, especially
with respect to the stabilization conditions on the resultant graphene properties [68].

Othman et al. [68] reported the synthesis of GRHA at various stabilization temper-
atures and studied the adsorption of CH4 by each. It was concluded that an optimum
stabilization temperature is necessary to yield GRHA having high SSA and abundant
micro-pore volume. The degree of gas adsorption depends on the synthesis conditions of
the graphene-like materials. SSA and total pore volume are contributing factors toward
the maximum adsorption performance of the GRHA. Increasing the optimum temperature
(200 ◦C) causes a subsequent decrease in the SSA and micro-pore volume. These results
were similar to the previous study reported by Hayashi et al. [109], in which the adsorption
of gas by the graphene-like material is directly proportional to the pressures [110]. In this
case, the adsorption capacity approaches a limit at pressures near 30 bar as the monolayer
of the sorbent is almost saturated with CH4 molecules. For the adsorption or storage
process to occur, high-pressure diffusion of the targeted gas into the internal structure
of CNMs is necessary [111]. The change in pore structure with respect to temperature
should be attributed to the thermal properties, morphology change, and activation degree
of GRHA with temperature. The adsorption mechanism between GRHA200 and CH4
molecules was found to be van der Waals forces of attraction [112]. GRHA200 possesses a
wider hysteresis loop, which shows the co-existence of both micropores and mesopores in
excess. These interlinked micropores and mesopores are responsible for gas adsorption as
reported by Durá et al. [113] GRHA200 exhibited the largest SSA of 1556.3 m2/g and TPV
of 1.1269 cm3/g, with the largest micro-pore volume distribution of 0.5782 cm3/g.

Othman et al. [114] demonstrated the synthesis of activated carbon nanofibers (ACNFs)
incorporated with graphene-based materials called gACNFs. GRHA/ACNFs exhibited
the highest SSA, of 384 m2/g, with ahigh micro-pore volume of 0.1580 cm3/g, which is
up to 88% of the total pore volume. It was concluded that GRHA/ACNFs happen to
be better adsorbents for CH4 compared to pristine ACNFs and reduced graphene oxide
(rGO/ACNF).

3.2.4. Bactericidal Action

The research on the antimicrobial activity of graphene or its derivatives showed that
the 2D structure inactivates and physically damages the bacterial cells. The crystal structure
with sharp and clean edges of graphene or GO sheets having higher edge-to-weight ratios
is responsible for the bactericidal action. Studies have shown that graphene sheets envelop
bacterial cells, isolating them from their environment, thereby blocking the transport of
nutrients inside the cells and inhibiting growth. [115–117]. Sheets wrapping bacterial cells
were much larger in size than the cells themselves [118].

4. Carbon Nanotubes

Carbon nanotubes have attracted much attention in various scientific fields [119].
Carbon-based nanomaterials such as CNTs have been synthesized early in 1958 [120], but
CNTs were firstly observed by Radush- Kevich and Lukyanovich in 1952 [121] and then in
1976 were observed by Oberlin et al. [122]. Carbon nanotubes were the most scrutinized
material before the discovery of graphene. CNTs were discovered by Iijima [123] and sepa-
rated abundantly by Ebbesen and Ajayan [124]. Carbon nanotubes are cylindrical carbon
nanostructures made up of a hexagonal network of sp2 hybridized carbon atoms [125].
CNTS are categorized as single-walled carbon nanotubes (SWNTS) which consist of a
single layer of graphene sheet, and multi-walled carbon nanotubes (MWCNT) which
consist of more than one layer of graphene sheets or a single graphite sheet rolled up to
make multilayers of the graphene sheet [126–128]. The diameter of an SWCNT is a few
nanometers, while MWCNTs have a diameter of several tens of nanometers [129]. Carbon
nanotubes possess strong electrical, mechanical, optical, thermal, and electrochemical
properties [130]. Owing to the high electrical conductivity, chemical stability, large surface
area, and mechanical strength, carbon nanotubes show distinctive properties [131]. CNTs



Nanomanufacturing 2021, 1 123

have a wide range of applications in sensors, electronics, semiconductors, supercapacitors,
gas storage materials, catalysis, and biomedical research [128].

4.1. Synthesis of RH-Derived Carbon Nanotubes

The rich carbon content (45–55 wt %) of biomass waste is utilized for the production of
high esteemed carbon nanomaterials [45]. Rice husk is a good starting precursor to synthe-
size highly valued carbon materials because it is considered a low-cost, cheap, renewable
raw material that can be easily obtained in bulk amount [132]. Nowadays, CNTs are mostly
prepared by three techniques: arc discharge [123], laser ablation [133], and chemical vapor
deposition [134,135]. Other methods such as pyrolysis [136], flame synthesis [137], and
electron or ion beam irradiation [138] methods are also used to prepare carbon nanotubes.
However, CVD is the most common method to prepare carbon nanotubes, because this
process requires a low temperature of 600–900 ◦C and ambient pressure [139,140]. Here,
we will discuss the synthesis of carbon nanotubes from rice residue via three methods:
chemical vapor deposition, microwave oven technique, and pyrolysis.

4.1.1. Chemical Vapor Deposition (CVD)

Chemical vapor deposition is a technique to produce the required product as a thin
film by exposing the substrate to one or more volatile precursors, which interact with the
substrate or decompose on the surface of the substrate [141]. Fathy (2017) [27] reported a
method to fabricate carbon nanotubes bundles through two processes. First, pretreated
rice straw was treated hydrothermally with the impregnation of iron and/or nickel metals
as a catalyst for 2 h at a temperature of 250 ◦C to yield hydro-char, which is then utilized as
a substrate. Then, camphor (gaseous carbon source) is decomposed by CVD under flowing
nitrogen gas. The CVD unit comprises two separate chambers fixed on a work area. A clear
picture of the CVD experimental setup is shown in Figure 9. Carbon nanotubes bundles are
obtained via the carbonization of hydrothermally treated rice straw via the chemical vapor
deposition of camphor supported with ferrocene or a ferrocene–nickel nitrate catalyst
(RS-H/Fe-Ni) in the presence of gas-phase carbon discharged from heating camphor under
flowing nitrogen gas. Various bundles of CNTs–Fe-Ni were synthesized over the pyrolysis
RS-H/Fe–Ni support. It was seen that the carbonized RS-H/Fe-Ni support was completely
covered by a carbon nanotube layer that was homogeneously distributed. Little amounts
of small outer diameters of coiled bundles of CNTs and a large amount of outer diameter
straight CNTs bundles were produced by the bottom growth mechanism over RS-H/Fe.
CNTs created over the carbonized RS-H/Fe–Ni were observed to be well-graphitized when
contrasted with those developed over RS-H/Fe. In this way, the mixture of nickel with
ferrocene builds the graphitization degree as well as the amount of CNTs.

Figure 9. Schematic representation of the experimental setup used for the catalytic decomposition of hydrocarbons.
Reprinted with permission from Ref. [11]. Copyright 2020 Elsevier.
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Good quality CNTs are obtained when RS-H/Fe-Ni is thermally treated without flow-
ing any inert gases. The obtained CNTs morphology was characterized by using Scanning
Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM), whereas the
thermal and electronic properties of CNTs were estimated by Raman spectroscopy and
thermogravimetric analysis. Flowchart diagram of the synthesis of CNTs from pre-treated
rice straw is shown in Figure 10 CNTs with external diameters of 22–66 nm were obtained,
and the yield of CNTs was found to be 44%.

Figure 10. Flow chart diagram for the synthesis of CNTs from pretreated rice straw through CVD. Reprint from Ref. [27].

4.1.2. Microwave Oven Technique

Agricultural residues comprised of highly carbonaceous lignin, cellulose, and hemi-
cellulose are frequently employed as carbon precursors for the fabrication of carbon-based
nanomaterial [142]. Asnawi et al. (2018) [143] reported a method to synthesize carbon
nanotubes by the use of the microwave oven technique. Rice husk, a biomass waste from
paddy rice, contains lignin and cellulose, which is a good source of carbon that is widely
utilized as a precursor for the fabrication of carbon nanotubes by the use of the microwave
oven technique [139,140]. Nowadays, the microwave irradiation technique has been uti-
lized frequently because it tends to develop high-energy-density plasma to fabricate carbon
nanomaterials namely carbon nanotubes, nano-walls, and nanofibers [11]. To activate
a plasma carbon source, an economical microwave oven and catalyst is used. Prepared



Nanomanufacturing 2021, 1 125

CNTs were characterized by FESEM; Figure 11 show the spherical and tubular structures
of carbon nanotubes.

Figure 11. Conversion process of RHs into soot-like material on aluminum foil top including spherical and tubular structures
of CNTs. Reprint from Ref. [143].

Later, Wang et al. (2015) [25] reported a microwave plasma irradiation (MPI) method
to synthesize graphenated-CNT (g-CNTs) under the H2 and argon flow from rice husk
(RH). Without any purification, rice husk waste was used to fabricate g-CNTs by a one-step
microwave plasma irradiation technique. The resulted nano-sized carbons were fiber-like
graphenated-carbon nanotubes (g-CNTs) made of graphene developed on the sidewalls
of CNTs: two to six-layered graphene sheets and several micrometers long CNTs having
a breadth of 50–200 nm. The dissociation of RHs to form nanocarbons depends on the
pressure and temperature.

4.1.3. Pyrolysis Technique

Lotfy et al. (2018) [144] reported a novel strategy to fabricate carbon nanotubes of
various sizes and shapes from hydrothermally treated rice straw followed by pyrolytic
decomposition in a vertical bed reactor for 60 min at a temperature of 830 ◦C without
the flow of any outside gases (e.g., N2, Ar, or H2). In this approach, first hydro-char and
intermediate carbon source were produced hydrothermally from rice straw, and then,
the impact of pulping i.e., alkaline, sulfite, and neutral on rice straw hydro-chars for the
generation of carbon nanotubes was evaluated. In this methodology, rice straw (a carbon
source) and its pulps were hydrothermally treated followed by pyrolytic decomposition (in
a closed stainless-steel reactor) for the preparation of carbon nanotubes. Distinctive pulping
processes were utilized for the modification of un-pulped rice straw for the preparation
of carbon nanotubes, i.e., (RS-AP) alkaline pulping, and rice by-products were exposed
to alkali treatment, which results in the efficient removal of hemicellulose and lignin
components, yielding an amorphous surface having maximum cellulose content in the
fibrous structure. In sulfite pulping (RS-SP), rice straw was pulped with sodium sulfite.
Rice straw in neutral pulping (RS-NP) was pulped with a mixture of sodium sulfite and
sodium carbonate. Pure carbon nanotubes produced from untreated rice straw and treated
rice straw with alkaline, sulfite, and neutral pulp were denoted as RS-CNTs, RS-AP-CNTs,
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RS-SP-CNTs, and RS-NP-CNTs, respectively. The subsequent carbon nanotubes were
studied using TEM, SEM, and FTIR. TEM reports showed that rice straw significantly
affected the size and shape of obtained CNTs. Rice straw pretreated with acid, base,
and neutral pulping produces RS pulps of different chemical composition. The carbon
precursor type, catalyst support, temperature, growth time, and strategy to be utilized for
the synthesis significantly affect the quality, yield, morphology, and porosity attributes of
CNTs [44].

Various morphologies of CNTs (e.g., shape, size, thickness of bundles, and length
of CNTs) were produced over Fe-Ni/Al2O3 catalyst. From the pyrolysis of un-pulped
rice straw hydro-char, multi-walled CNTs of RS-CNTs and RS-NP-CNTs of diameter 15
to 40 nm and from 4 to 8 nm and 14.6–47.9 nm have moderately higher surface regions
(188 m2/g) than others, whereas needle-like CNT bundles of RS-AP-CNTs and RS-SP-CNTs
of diameter 2.5 to 6.8 nm and from 4 to 8 nm gave the best methylene blue color adsorption
limit (283.3 mg/g). Subsequently, both RS-AP-CNTs and RS-SP-CNTs are made out of
few CNTs and graphene nano-sheets. Therefore, CNTs can be regarded as a pleating of
graphene sheets which can be grown in between graphene nano-sheets to yield three-
dimensional CNTs–graphene nano-sheets. The yield of carbon obtained from un-pulped
RS (raw) which exhibited multi-walled CNTs was ≈80% when contrasted with the treated
pulped rice straw, which gave values of 50, 40, and 65%, respectively. Thus, hydro-char
obtained from untreated rice straw produced well-structured CNTs (having large surface
area) of different shapes than treated (pulped-RS).

4.2. Potential Application of RH-Derived CNTs
4.2.1. Water Purification

Adsorption is a facile and environment-friendly technique for the removal of organic
and inorganic contaminants from water bodies. Activated carbons (ACs), due to their
thermal stability and chemical inertness, are considered to be an excellent option for
the adsorptive removal of contaminants. However, the recycling and regeneration of
activated carbons is a difficult process. The use of activated carbons for the removal process
leads to slow sorption kinetics. Activated carbon fibers (ACFs), the second-generation
carbonaceous sorbents, have been developed [145], and carbon nanotubes can be regarded
as the contracted form of activated carbon fibers [146]. The extraordinary potential of CNTs
to act as an adsorptive medium is related to its functional and structural properties [147].
Carbon nanotubes have proven to be excellent sorbents for water purification owing to
their suitability in the removal of organic, biological, and inorganic water pollutants and
their extraordinary wastewater treatment potential [148]. Figure 12 shows a schematic
illustration of the CNT-based wastewater treatment.
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Figure 12. Roles of CNT-based materials in treating wastewater and achieving clean sludge. Reprinted with permission
from Ref. [149]. Copyright 2019 Elsevier.

Removal of Chemical Contaminants

Removal of Emerging Organic Contaminants:
The natural balance of the ecosystem is being disturbed by rapid urbanization and

industrialization. Almost all environmental compartments are being contaminated by
pollutants. Organic pollutants in aqueous systems are a result of human activities and
animal and/or plant decay [150]. More than one billion people lack clean water resources,
leading to severe health issues globally [151]. Every year, about 200 million die as victims
of water-borne infections [152]. These pollutants occur as dissolved materials or particulate
matter. Common organic contaminants include Natural Organic Matter (NOM) namely
polysachharides, lipids, carbohydrates, proteins, fulvic acids, and humic acids, and Syn-
thetic Organic Compounds (SOCs) such as dyes, pesticides, and pharmaceuticals [118].
Organic acids possess affinity toward hydrophobic organic micropollutants (OMPs) such
as personal care products (PCPs) and polycyclic aromatic hydrocarbons (PAHs), leading to
water deterioration [153]. The release of herbicides, personal care products, pesticides, and
pharmaceuticals are the several types of organics expelled into natural water by humans,
causing adverse health effects to aquatic life and mankind. The adsorption efficiency of
CNMs for the removal of these effluents depends on the chemical nature of organic wastes
to be removed, the physiochemical properties of NMs (e.g., pore size and pressure of sur-
face charges), and water solution chemistry such as ionic strength and pH [154–156]. The
pollutants having aromatic rings in their structure develop π–π interactions with carbon
nanomaterials, which favors the removal process of these pollutants from water [157].

CNTs or CNT membranes are being used extensively for removing aqueous organic
pollutants. The low-pressure membranes [158] such as reverse osmosis (RO) and (nanofil-
tration) NF membranes were being used for the removal of organic pollutants [159,160],
but these membranes possess low water permeability, which is a major drawback in their
application in wastewater treatment [161,162]. High-permeability membranes such as
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novel functionalized-CNT (f-CNT) membranes are being widely employed for organic
contaminant removal. Water transport and rejection mechanism of f-CNT membranes is
clearly demonstrated in Figure 13.

Figure 13. Water transport and rejection mechanism of current state-of-the-art f-CNT membranes. Reprinted with permission
from Ref. [163]. Copyright 2019 Elsevier.

f-CNTs exhibit high absorption affinity for various organic pollutants. These mem-
branes interact with the organic contaminants, and the removal mechanism occurs due to
the electrostatic interactions, π–π electron–donor acceptor (EDA) effect, hydrogen bond-
ing, hydrophilic–hydrophobic effect, Van der Waals interactions, and chemical adsorption
between the organics and membranes [164]. The outer surface of CNTs is hydrophobic in
nature, thereby facilitating the binding of non-polar organic compounds [165,166]. Modify-
ing the CNTs surface by the attachment of various functional groups makes it hydrophilic,
thereby increasing the removal efficiency of polar organic compounds such as phenols [167].
Functionalization with oxygen functional groups reduces the adsorption of non-polar con-
taminants such as naphthalene [168]. Increasing the pH value and oxygen-containing
functional groups on the surface of CNTs ultimately decreases the adsorption capacity of
the f-CNT membrane for NOM. This decrease is attributed to a decrease in π–π interactions
and an increase in electrostatic repulsion [169]. It was reported by researchers that a high
removal of NOM through f-CNTs is only possible when the specific surface area of CNTs is
high [170], and π–π interactions exist between NOM and the aromatic rings of f-CNTs [171].
There exists a competition between different organic pollutants in aqueous bodies for the
CNT surfaces. This diminishes the adsorption of the target organic chemical [172]. That is
why there is a great need to fabricate CNT membranes for the selective adsorption of differ-
ent organic pollutants by modifying their surface properties. Nowadays, NOM responsible
for competitive adsorption is being removed by the pre-coagulation of wastewater effluents.
Wang et al. [173] and Wang et al. [174] investigated the removal of pharmaceutical and
personal care products (PPCP) by the use of CNT nanocomposite membranes with 95%
removal efficiency.

Among synthetic organic matter, organic micro-pollutants (OMPs) are regarded as
the most serious threat for mankind [175,176]. Drinking water containing OMPs, even
in extremely low concentrations such as parts per trillion (ppt) or parts per billion (ppb),
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drastically affects living organisms [177,178]. The most commonly occurring OMPs include
solvents, pesticides, personal care products, surfactants, polycyclic aromatic hydrocarbons
(PAHs) [179], endocrine-disrupting compounds, phthalate asters [180], polybromodiphenyl
ethers (PBDEs), bisphenol A (BPA) [181], alkyl phenols (APs) [182], organochlorine pesti-
cides (OCPs), polychlorinated biphenyls (PCBs), micro-cystins, and pharmaceutical prod-
ucts [183]. π–π electron donor–acceptor interactions are considered the most important
pathways for removing various OMPs from wastewater using CNTs. Generally, OMPs con-
tain π electrons that can link with CNTs by forming π bonds, as each carbon atom in CNTs
also has one π electron. However, the strength of the π–π interaction is determined by the
nature of functional groups present on the benzene rings of organic micro-pollutants [184].
The electrostatic interactions present on the surface of CNTs and OMPs are the reason
behind the adsorption of OMPs. Owing to the variations from pH at a point-of-zero charge,
the surface of CNTs becomes charged, creating electrostatic forces on their surface. In the
same way, protonation or deprotonation occurred at varying pH conditions, which leads
to the formation of positive and negative charges on the surfaces of OMPs. The oxygen-
containing functional groups on the surface of CNTs react with –NH2, –NH, and –OH
by forming hydrogen bonds, leading to the adsorption of organic micro-pollutants onto
carbon nanotubes [185]. Hydrophobic interactions are involved in eliminating a variety
of hydrophobic organic micro-pollutants [186,187]. The highest adsorption of OMPs is
achieved at zero net charge density of carbon nanotubes, which results in stronger hy-
drophobic interactions. The aggregation of CNTs decreases the nano-curvature of their wall.
CNTs’ structural aggregation leads to a reduction in their external surface, resulting in the
production of various sorption sites inside the CNTs’ channels. This makes the adsorption
process of synthetic organic compounds on aggregated CNTs a difficult process [147].

Pesticides, Organic dyes and Oil spills:
Among the most alarming OMPs, pesticides are of great significance. Pesticides

have also been employed as plant growth promoters or plant regulators. Approximately
4.6 million tons of pesticides are sprayed each year. These pollutants contain hazardous
substances such as arsenic, lead, and mercury. More than 220,000 people are killed every
year due to pesticide contamination, https://en.wikipedia.org/wiki/Pesticide (accessed on
9 August 2021). According to the WHO, around three million cases of pesticide poisoning
are reported every year. Organophophorous and organochlorine are the most important
classes of pesticides [188]. About 99% of pesticides harm the non-target species due to the
domestic wastes and runoff from lawns and gardens [189]. They can enter the ecosystem
through industrial wastes, agricultural wastes, landfills leaching, leakage of storage tank,
or septic and sewer leakage [190]. Pesticides can damage reproductive systems and sex
hormones. In addition, the widespread use of weedicide, pesticide, and herbicide rapidly
decreases the density of shrubs and plants, leading to deforestation [164]. CNTs possess
great potential to remove pesticides from wastewater. CNTs markedly influence the
amount of pesticides to plants. Rocha et al. [191] investigated the electronically sorted (i.e.,
metallic or semiconducting types) SWCNTs for removing 2,4-dichlorophenoxyacetic acid,
1-pyrenebutyric acid, and diquat dibromide from water and reported that semiconducting
SWCNTs showed more pesticide adsorption (≈70.6%) as compared to metallic SWCNTs.
The high pesticide removal of semiconducting SWCNTs can be attributed to less electron
density around it. Thus far, information regarding pesticide removal using CNTs is not as
vast as the material on other organic effluents.

Organic dyes are generated and expelled into the surrounding environment from
various industrial units (e.g., food, paper, pharmaceutical, textile, plastic, and cosmetic
industries) [192,193]. The discharge of colored wastewater dyes into water bodies without
pre-treating them contaminates water and affects the ecosystem and living beings. Mostly,
organic dyes, even at low concentrations, pose high toxicity. Moreover, these dyes owing
to their complex aromatic morphology are stable to oxidizing agents, biodegradation,
heat, and photodegradation. CNMs have been used widely for the removal of organic
dyes from water by adsorption. Among all CNMs, graphene and CNTs possess excellent

https://en.wikipedia.org/wiki/Pesticide
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adsorption ability for organic dyes. CNTs, as compared to traditional adsorbent materials
such as activated carbon, zeolites, polymers, and clays, possesses excellent adsorption
potential for organic dyes [188]. Functionalized CNTs with enhanced adsorptive sites
and mesopores, especially oxidized MWCNTs, have proven to be the most effective for
the removal of methyl orange and methylene blue from water bodies [194]. In addition,
Ma et al. [195], synthesized alkali-activated carbon nanotubes for removing methylene blue
and methyl orange from wastewater. Rajabi et al. [196] experimented and compared the
adsorption potential of CNTs and f-CNTs under varying pH, temperatures, and contact
times. The enhanced adsorption of f-CNTs in comparison to pristine CNTs is due to the
addition of functional groups. MWCNT-COOH-cysteamine, synthesized by modifying
CNTs, was capable of enhancing the elimination of Amido black 10B (AB 10B) from
water. The adsorption rate showed an increment of 80% for MWCNT-COOH and 162% for
MWCNT-COOH-cysteamine as compared to pristine CNTs [197]. Duman et al. successfully
fabricated a MWCNT-κ-carrageenan-Fe3O4 nanocomposite to remove crystal violet dye.
In addition, Jahangir et al. reported the elimination of Blue 29 (RB 29) from water by
SWCNTs [198].

Oil–water emulsions, produced from sewage waste, crude oil production, and oil
refineries, are rapidly being disposed of in water bodies. Oil spill management in water
is much more difficult as compared to a land spill, as oil spreads more rapidly in water
over a large area with sea wind and waves. These oil spills pose a great threat to water
bodies and aquatic life. Different filtration techniques have been employed for the efficient
removal of oil spills from water including ultrafiltration (UF), microfiltration (MF), and
nanofiltration (NF). These techniques have the benefit of low energy consumption and
efficient water treatment; however, these are based upon the size-exclusion separation of
oil particles [199,200].

Nanofiltration, especially using carbon-based nanomaterials, is commonly being used
for wastewater treatment. Among carbon-based materials, CNTs are reported to be an
efficient material for controlling oil spills in an aquatic environment because of their
significant oil adsorption capacity [188]. This is due to their large surface area (provides
more active sites), enhanced porosity, chemical inertness, super-hydrophobicity, easy
recyclability, high selectivity, and high stability [201]. Gu et al. [202] reported the effective
separation of an array of surfactant-stabilized water-in-oil emulsions. A CNTs–polystyrene
composite membrane with super hydrophobicity was developed, which showed a high oil
rejection rate (>99.94%). CNTs provide robustness to the membrane, making it durable and
resistant for oil removal. The mechanical properties of the membrane, including tensile
strength and Young’s modulus, were also improved [202]. Chen et al. [203] designed a
CNT/YSZ composite membrane, incorporating CNTs inside the porous channels of an
Y2O3–ZrO2 (YSZ) membrane. A 100% rejection efficiency of oil droplets was reported
by the insertion of CNTs in the YSZ membrane. The soft lipophilic layers developed on
CNTs ensure sufficient adsorption along with size-exclusion separation in comparison to
size-exclusion separation for YSZ membranes.

Removals of inorganic contaminants and heavy metals:
For a long time, the drinking water has been treated through traditional chemical co-

agulation and disinfection procedures that eliminated natural organic matter and microbes
such as bacteria and viruses from the water [118]. However, in the present decade, the
rapidly growing industries, extensive use of antibiotics, widespread utilization of chemicals
in agriculture, and several other human activities have introduced new contaminants such
as pesticides, dyes, and heavy metals in drinking water [204,205]. Such contaminants and
their products with organic matter are hazardous for human health. Disinfecting water
through chlorination produces carcinogenic by-products. Plus, the ozone or ultraviolet
disinfection methods are costly [206]. Absorption-based contaminants removal offers a
reliable solution for these issues that is able to eliminate organic matter, heavy metals,
microbial contaminants, and other harmful by-products [207]. Using activated carbon and
polymers as absorbents is common, and the process is relatively easier to implement, but
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they are not much more efficient in absorbing heavy metals [208] and some other chemical
contaminants. The increasing research interest in nanotechnology has led to the production
of several carbon-based nanomaterials such as graphene, carbon nanotubes, and carbon
dots [209]. Their characteristics such as high surface area, high microbial disinfection
capacity, easy physical and chemical modification, and ability to remove both organic
and inorganic wastes make them a highly interesting material for novel water treatment
procedures. Carbon nanotubes (CNTs) act as potential water-disinfecting agents. The high
porous structure, high surface area, low density, and interactions with water contaminants
make CNTs one of the most reliable procedures for water purification [210]. GAC filters are
commonly used to eliminate heavy metals from water, but they have slow absorption rates
and absorb metals in low concentrations [211]. Recent studies have proved that carbon
nanotubes (CNTs) are highly efficient in removing high concentrations of heavy metals
from water [212]. The researchers suggest that SWNT successfully absorbs Zn2+, Cd2+,
Pb2+, and Cu2+ from contaminated water [213]. The point on which all of these researchers
agree is that CNTs have much more absorption capacity when it comes to heavy metals
than any other traditional absorbent kept under similar experimental conditions [214].
Figure 14 describes various pathways adopted by f-CNTs for removal of heavy metals. The
capacity of CNTs to absorb heavy metals depends on the surface area, porosity, pH value
of the aqueous media, purity, presence of functional groups, and site density [215].

Figure 14. Pathways for aqueous heavy metal removal by functionalized carbon nanomaterials. Reprinted with permission
from Ref. [216]. Copyright 2018 Elsevier.

The sites on CNTs for heavy metal absorption are the internal surface, outside sites,
interstitial channels, and grooves. The site where the highest concentration of heavy metals
can be absorbed is the interstitial channel site [149].

Surface modification is one way to further enhance the heavy metal absorption effec-
tiveness in carbon nanotubes. The oxidative modification [217] and functionalization of
CNTs with magnetic or non-magnetic metal oxides or sulfur-containing groups make the
CNT-based absorbents highly effective in the removal of metal or a metalloid contaminant
from drinking water [218].
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Researchers have implemented f-CNTs or f-CNT membranes for eliminating inor-
ganic contaminants including heavy metals and arsenic from water [219,220]. Owing
to the large surface area, hollow tubular structure, high porosity, presence of functional
groups on the surface of f-CNTs, and the desirable interactions between water effluents
and f-CNTs, the high adsorption of arsenic and heavy metals onto CNT membranes is
achieved [215,221–223].

The implementation of CNTs as absorbents in water removal systems is often hindered
by the difficulty in separating nanoparticles after the absorption process. One workable
solution is the use of metal oxide nanocomposites, which can then easily be separated
through a magnetic field [118].

Gupta et al. [224] developed an MWNT/nano-Fe3O4 nanocomposite, where the iron
oxide clusters were accumulated on MWNT nanomaterials. Testing has shown that this
nanocomposite has far more absorption capacity for Cr3+ in water than that of activated
carbons. Similarly, another such nanocomposite, that is, MWNT/Al2O3, was synthesized
for an efficient absorption and removal of Pb2+. Such studies reveal that a controlled
growth of metal oxides over nanoparticle sheets surprisingly increases their absorption
capacities [118].

Bahgat et al. [223] reported that the adsorption of metal ions on the surface of f-CNT
can be attributed to the presence of several sorption sites on functionalized CNTs for the
heavy metal binding. Plasma-functionalized CNT membranes were used to adsorb zinc
ions. An excess of oxygen groups present on the functionalized CNT surface act as binding
sites for zinc ions, deprotonating the functional groups and thereby increasing the reactive
binding sites for eliminating cationic metal ions by the application of surface complexation.
The adsorption capacities of f-CNT were higher compared to those of pristine CNTs. This
high adsorption can be ascribed to the electrostatic interaction between the negatively
charged carbon nanotubes and divalent metal ions [220].

The removal of pollutants by the use of carbon nanomaterials and nanocomposites
depends a lot on the water chemistry, such as the pH of the solution, presence of different
functional groups, contact time, and mixing rate [216]. The pH of the solution offers a key
role in the adsorption of heavy metals [225]. The removal of cations is favorable at alkaline
pH due to the enhanced negative charges on functionalized CNT surfaces, whereas at
acidic pH, removal efficiency is not effective due to the protonation of functional groups on
f-CNT (Ihsanullah et al., 2016a [215], 2016b [222], 2016c [221]). The effect of pH on removal
capacity was also demonstrated by Vuković et al. [226]. Functionalized MWCNTs were
employed to remove cadmium from water, and it was reported that the adsorption capacity
was highly dependent upon pH conditions.

Additionally, the competitive behavior of cations and anions on the CNTs also affects
the metal ion removal process. For instance, the adsorption of lead by f-CNTs is highly
efficient when sodium dodecylbenzene sulfonate (SDBS) is present. This is because of
the complexation between cations (Pb2+) and anionic surfactant (DBS−). However, in the
presence of benzalkonium chloride (BKC), lead adsorption and removal reduces as both
the positive and negative ions compete for the CNTs surface to get adsorbed [227]. The
binding mechanism between functionalized carbon nanotubes and heavy metals is different
depending upon the charges (both positive and negative); for example, the adsorption of
Cr(III) with nitrogen-doped magnetic CNTs is due to chemical adsorption, whereas with
acid-modified CNTs, the adsorption mechanism is due to electrostatic interactions between
Cr(III) and CNTs [228].

It was reported by researchers that the diameter of CNTs has no influence on the
adsorption of inorganic pollutants, and indeed, the adsorption mechanism depends on the
natureof the functional groups present on the CNT surface instead of its size.

Removal of Biological Contaminants/Microbial Decontamination

Pathogenic microbiological contaminants, namely bacteria, viruses, and protozoa, are
considered as major disease-causing organisms in human beings. They are commonly
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found in drinking water and wastewater effluents [118,229]. For many decades, adsorption
methods have been used to remove microbial contaminants [207]. Traditional adsorbents,
including polymers and activated carbon, can be utilized for the removal of microorganisms;
however, these are not productive enough to get high-purity water [118]. CNTs, both
MWCNTs and SWCNTs, have shown strong antimicrobial potential. In water, SWCNTs
have the ability to absorb 27–36 times more Bacillus subtilis spores as compared to powdered
activated carbon [148]. The functional and morphological properties of carbon nanotubes
and their high affinitive interactions with microbiological pollutants makes them best fit
for this purpose. CNTs, due to their larger specific surface areas than all other adsorbents,
can deactivate a broad range of microbes [149], including viruses (e.g., MS2 bacteriophage),
bacteria (e.g., Escherichia coli, Micrococcus lysodeikticus, Streptococcus mutans, and Salmonella),
and protozoa (e.g., Tetrahymena pyriformis) [163]. They have the potential to adsorb bacterial
or viral spores with superior efficiency [230]. SWCNTs possess preferential affinity and
selectivity for several bacterial species, which has proven beneficial in the selective removal
of pathogenic over non-pathogenic species [118]. For instance, in a mixture of bacterial
cultures of Escherichia coli and Staphylococcus aureus, the removal of S. aureus was 100 times
more than that of E. coli within 5–30 min of contact time [231]. This rapid microbiological
removal rate and selectivity for microbes is a desirable feature for developing sensors,
filters, and water purification devices [148]. The geometry of CNTs and their diameter
plays a vital part in the inactivation of microorganisms from wastewater. A small diameter
means a higher surface area, and a higher surface area provides a higher contact area
with the microbes, thereby increasing microbial interactions and adsorption capacity [232].
MWCNTs, due to their large diameter, which reduces their chances to invade the nucleus,
are considered less bactericidal as compared to rod-shaped short SWCNTs. It was reported
by Kang et al. [233] that single-walled carbon nanotubes inactivated Escherichia coli by
penetrating inside their cell walls. Chemically modified CNTs such as CNT–metal oxide
nanocomposites and polymeric CNTs exhibit more removal tendency than pristine CNTs.
The direct contact of microbes with functionalized CNTs badly affects the integrity of
the cell wall as well as the structure and metabolic activity of bacterial specie e.g., E. coli,
which is mainly ascribed to the penetration of CNTs into their cell walls. The microbial
inactivation ability of metal as well as metal oxide nanocomposites, mainly silver (Ag) and
silver nanoparticles (AgNP), has also been proven to be very effective. Nanoscale silver
particles deposited on CNTs showed great antimicrobial action against both Gram-negative
and Gram-positive bacteria [234]. Ihsanullah et al. (2015a [215], 2015b [235], 2015c [236])
employed a wet chemistry strategy to fabricate three different kinds of Ag-doped CNT
membranes using different quantities of silver (1, 10 and 20 wt %), and 100% of E. coli
bacteria were killed by all the three membranes. The removal efficiency of nanometer-
sized Ag-CNTs is attributed to the harmful effects of silver nanoparticles impregnated
on CNTs [163]. However, antibacterial agents such as Ag can lead to bacterial resistance,
thus limiting this mode of modification of CNTs. Ahmed et al. [237] reported the excellent
antibacterial action of poly-N-vinyl carbazole-SWCNT nanocomposites (PVK-SWCNT) on
bacterial species (Gram negative and Gram positive. A similar nanocomposite of SWCNT
in poly(L-lysine) and poly(lactic-co-glycolic acid) polymers inactivates approximately 90%
of bacterial species in water [238].

As with bacteria, viruses can also be adsorbed and removed efficiently by carbon
nanomaterials. Commercial membrane filters impregnated with CNTs are capable of
removing all viral cells from an influent containing 107–108 plaque-forming units [230,239].
The degree of removal of viruses depends largely on the thickness of the CNT layer [240].
Another important mechanism of CNMs’ toxicity in microbes is the production of reactive
oxygen species (ROS) such as H2O2 and O2, which cause toxicity inside the microbial
cells [241–243]. ROS bring about the oxidation of fatty acids present in the cell membrane,
consequently damaging the permeability of the cell and important functions. According
to Kang et al. [233], the working of genes responsible for detoxifying ROS, including
catalase and superoxide dismutase, was markedly suppressed in the presence of SWNT
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and MWNT. In addition, activation of the pathways of DNA damage and repair systems
was also observed.

Small-diameter nanotubes (SWCNT) influence the bacterial cells to produce more stress-
related gene products in comparison to large-diameter carbon nanotubes (MWCNT) [233].
Kang et al. performed gene expression experimentations and reported that metabolic path-
ways that are responsible for lipid recycling, membrane damage, and repair, namely glycolysis,
fatty acid biosynthesis, and fatty acid beta-oxidation pathways, were up-regulated in the
presence of single-walled carbon nanotubes but not expressed in MWNT presence. It was
explained that the high expression of the fatty acid biosynthesis pathway leads to the pro-
duction of new lipid molecules to be added into the bacterial cells for repairing membrane
damage done by the nanomaterial or for cell growth. The up-regulation of fatty acid beta-
oxidation pathways is responsible for the uptake of fatty acids from surrounding media; this
showed that a greater amount of lipids from the membranes was being eliminated to the
media because of cell death/membrane injury due to SWNT. The up-regulation of glycolysis
suggests that the bacterial cells need to process more energy to overcome the stress induced
by SWCNT and also because the by-products of this reaction (Acetyl-CoA) are commonly
employed for the production of fatty acids for repairing the membrane [118].

4.2.2. Supercapacitors

Owing to the fossil fuel energy depletion and serious environmental issues, energy
shortage has become a major problem faced by mankind. Renewable energy sources such
as solar energy, geothermic energy, and wind energy can fulfill the energy crisis completely;
however, they are limited due to geographical locations and available time [244]. Batteries,
conventional capacitors, fuel cells, and electrochemical supercapacitors are the numerous
energy storage devices. Among these, supercapacitors, also called electrochemical capac-
itors or ultra-capacitors, are the most efficient and appropriate energy storage devices
(ESDs). These possess extremely high power density, superior specific capacitance, low
cost, fast charge and discharge rates, broad operating temperature range, and long life
cycle as compared to batteries and conventional capacitors [245,246]. Supercapacitors (SCs)
are considered as green energy storage devices. SCs have been proven useful in the fields
of portable electronics, transportation, memory storage, and power system [247,248].

Supercapacitors store charges by the development of a double layer at the electrode–
electrolyte interface [249]. SCs, on the basis of the charge storage process, can be clas-
sified as electric double-layer capacitors (EDLC)s, pseudo-capacitors and hybrid super-
capacitors [250]. EDLC store charges electrostatically by the absorption or desorption
of electrolyte at the electrode interface [251]. Common electrode materials for EDLC in-
clude carbon-based materials such as graphene, activated carbon, carbon nanotubes, and
carbon cloth [252]. However, EDLC exhibits much lower energy density in contrast to
batteries [253].

Carbon-based materials are preferred as the electrode materials for supercapacitors
due to their large surface area, excellent mechanical flexibility, high thermal and chemical
stability, and high conductivity [254]. Among various carbon-based materials, carbon nan-
otubes (CNTs), both SWCNTs and MWCNTs, are of particular interest for electrode material
owing to the excellent electrical conductivity and distinctive tubular porous structures,
which favors fast ion and electron transportation [255]. However, the electrical performance
of CNTs is limited due to their relatively small surface area. The electrical performance is
controlled by several factors, such as specific surface area, pore size distribution, electrical
conductivity, and pore size. The optimization of these factors, at the time of synthesis
or post-treatment of CNTs, can lead to an enhanced supercapacitive performance. The
structural properties such as diameter, length, and pore size play an important role in the
EDLC, while pseudo-capacitance was observed in CNT-based supercapacitors due to the
catalysts, functional groups, and impurities [256]. Pseudo-capacitors store energy through
Faradic redox reactions that are fast and reversible [257]. Pseudo-capacitors display much
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higher specific capacitance than EDLCs [246]. Electrode materials for pseudo-capacitors
are various transition metal oxides and conducting polymers.

The first CNT-based supercapacitor electrode was developed by Niu et al. [258]. The
electrode consists of irregular entangled and cross-linked CNTs, having various functional
groups on the surface of MWCNT by functionalizing with nitric acid. This functionalized
MWCNT exhibits a specific surface area of 430 m2g−1, with a gravimetric capacitance of
102 Fg−1 and an energy density of 0.5 Wh kg−1 using 38% sulfuric acid as the electrolyte.
Most (90%) of the residue was removed, but the remaining residue would affect the
overall performance.

Pure CNT electrodes show both characteristics of EDLC and pseudo-capacitance.
The high specific capacitance of the pure CNT-based electrode is found to be around
100 Fg−1 [259,260]. Frackowiak et al. [261] studied the effects of diameters, elemental
composition, structures, and micro-texture of CNT on capacitance [262]. Capacitance
showed an increment by increasing the surface area. It was concluded that the most
suitable CNTs for maximum capacitance are those with several edge planes. The rigid and
straight CNTs show moderate performance despite the relatively high surface area. Higher
surface area does not always show higher capacitance. This is because capacitance also
depends on the pore size and its size distribution. The surface area is hardly accessible if it
consists of micropores (2 nm).

Ahn et al. [263] also investigated these factors affecting the overall performance
of supercapacitors fabricated using SWCNTs. Several factors, such as temperatures for
annealing, binder composition, charging time, discharging current density, and current
collector, have been optimized to get the desired performance of the supercapacitor. The
change in specific capacitance of the electrode at different temperatures was studied. From
the entire analysis, a maximum specific capacitance of 180 Fg−1 with a large power density
of 20 kW kg−1 at an energy density of 6.5 Wh kg−1 was observed. It was reported that
the capacitance of the CNTs that have a smaller diameter (33 nm) is higher than that
of those with larger diameters (200 nm) owing to the enhanced specific surface area in
smaller-diameter CNTs.

Jung et al. [264] developed anodic aluminum oxide (AAO) template-based CNTs
with a uniform diameter (50 nm) using Co catalyst [265]. The AAO template leads to
an enhanced capacitance by the formation of uniform diameter and length. The specific
surface area of the electrode is observed to be 360 m2/g with a specific capacitance of
around 50 Fg−1.

Heating is also a key factor that improves the graphitization of CNTs and removes
amorphous carbon. Li et al. [266] showed that the specific capacitance was increased by
oxidization up to 650 ◦C due to an increase in surface area. However, it decreases with
further increase in temperature due to the decrease in surface area. This is because at high
temperature, the average pore diameter decreases and saturates. At the same time, heating
caused a reduction in the equivalent series resistance, resulting in an increment of the
power density because of the improvement on graphitization.

The capacitance of CNT-based supercapacitors can also be improved by functionaliza-
tion, chemical activation, and heat and surface treatment. Chemical activation of MWCNTs
with KOH can lead to a highly developed microporous structure that increased capacitance
to almost seven times in some cases. Functionalization with carboxyl groups led to a
3.2 times increment in capacitance owing to the enhanced hydrophobicity of MWCNTs
in aqueous electrolyte. However, alkyl groups decrease the capacitance. In fact, longer
alkyl groups cause a complete disappearance of capacitance due to the complete block of
proton access to the CNTs’ surfaces by intense hydrophobicity. Fluorine functionalization
along with heat treatment also increases the specific capacitance of CNTs. The fluorination
of SWCNT walls changed the nonpolar SWCNTs to the polar forms by producing dipole
layers on the walls, resulting in more solubility in deionized water. Before heating, fluori-
nated samples show lower capacitance than raw samples due to the increased micropore
area and decreased average pore diameter. However, after heating, the specific capacitance
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was found to be higher than that of raw samples because of the additional redox reaction
due to the residual oxygen gases existing on the surface of the electrodes. Plasma surface
treatment with NH3 also gives high capacitance values because of the increase in the total
surface area and wettability of MWCNTs [260].

5. Carbon Dots

Fluorescent carbon nanomaterials have attracted a large amount of research interest in
the last decade due to their excellent optical properties and incredible biocompatibility [267].
Carbon-based nanomaterials such as carbon dots (CDs), graphene, carbon quantum dots
(CQDs), and graphene quantum dots (GQDs) are being deployed in a myriad of devices,
bio-imaging agents, and biosensors. However, the widespread implementation of these
materials is yet to occur. CDs were first derived in 2004 by Scrivens during the purification
of single-walled carbon nanotubes produced by arc discharge procedures [268]. Since then,
a number of synthesis methods have been introduced, including supported routes [269],
combustion/heating, electrochemical synthesis [270], acidic oxidation, laser ablation, arc
discharge, plasma treatment, hydrothermal methods, and microwave/ultrasonic methods.
Carbon dots are quasi-spherical and discrete carbon nanostructures that are less than 10 nm
size. Figure 15 shows the structure of carbon dots. On the contrary, GQDs comprise one to
ten graphene layers with lateral dimensions of 100 nm. They have applications in in vivo
nano-biotechnology due to high tissue transparency and low autofluorescence [271]. Al-
though CDs and GQDs are both fluorescent quantum-confined carbon materials, they differ
when it comes to their physical and chemical properties. The reason for this difference lies
in their different spatial geometry [272]. The following subsection discusses the synthesis
of carbon dots.

Figure 15. Structural illustration of CQDs. Reprinted with permission from Ref. [273]. Copyright 2020 American
Chemical Society.

5.1. Synthesis of RH-Derived Carbon Dots (CDs, CQDs, GQDs)

The synthesis of rice waste-derived carbon dots has attracted much attention from
researchers and much work is being done to explore the more efficient utilization of rice
waste for the synthesis of carbon dots. Some of the synthesis approaches for fabricating
carbon dots (CDs), carbon quantum dots (CQDs), and graphene quantum dots (GQDs)
have been discussed in the following section.
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5.1.1. Thermal Calcination

Thermal calcination is a novel route that is a facile, fast, low-cost, and green method
to detect metal ions with high sensitivity and selectivity. Chaudhry et al. [147] developed
a thermal calcination strategy followed by the pyrolysis of edible seeds including rice,
pearl millet, wheat, and sorghum seed. These seeds are the principle cultivating crops
that are an easily accessible, universally used, and cost-effective resource for the synthesis
of highly luminescent CQDs, making this process unique. Under a nitrogen atmosphere,
thermal calcination was carried out at 400 ◦C for two hours in a muffle furnace. CQDs
were successfully synthesized: namely, CQD1 (sorghum), CQD2 (millet), CQD3 (rice), and
CQD4 (wheat). Then, the black powders were cooled at room temperature and ground.
They exhibit excellent luminescence properties and controlled stability. The material was
studied using HR-TEM, SAED (selected area electron diffraction), and XRD, and its chemo-
sensing potential was investigated for the identification of Cr3+ ions from water. The
complete synthesis process is summarized in Figure 16. The use of any external template
is not required for the sensitivity and stability of NPs, making it cheap and beneficial for
practical applicability. Studies revealed that the activity of CQDs was tested by the fungus
Echinodontium taxodii. When nanoparticles are present, the relative colonial size of the
fungus did not show any reduction, which successfully proved the biocompatibility of
the nanoparticles.

Figure 16. Complete illustration for the synthesis of CQDs. Reprinted with permission from Ref. [147]. Copyright 2016
RSC Publishing.
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Zhu et al. [273] synthesized Si-CQDs from rice husk pyrolysis under nitrogen atmo-
sphere at a temperature of 700 ◦C for 2 has represented in Figure 17. The as-synthesized
Si-CQDs, with 8.1% quantum yield, showed blue luminescence color.

Figure 17. Bottom–up approaches for the preparation of biomass derived GQDs by acidic oxidation. Reprinted with
permission from Ref. [273]. Copyright 2020 American Chemical Society.

5.1.2. Microwave Hydrothermal

Rice straw, as a vital by-product of rice crops, is a conventional material having
low cost and huge quantity. The major 40 constituents of rice straw are lignin, cellulose,
hemicelluloses, and rice carbon content, which acts as a basic source of carbon-based
nanomaterials [274,275]. The strong hydrogen bonding inside the structure of cellulose as
well as hemicelluloses inhibits their dissolution in conventional solvents: namely, water,
tetrahydrofuran, and ethanol. Thus, the direct application of hydrothermal carboniza-
tion to rice straw is limited [276]. Ionic liquids (ILs) are green alternatives for traditional
solvents having high stability, good recyclability, and the potential to dissolve oligosac-
charides biopolymers including chitin, cellulose, and starch. Liu et al. [274] reported an
unprecedented approach for highly photoluminescent heteroatom-doped carbon dots by
the application of a microwave–hydrothermal method to rice straw in a mixture of solvents,
i.e., water and ionic liquid (1-allyl-3-methylimidazolium chloride, AMIM-Cl, (Figure 18).
The IL acts as a reaction media to solvate the cellulose of straw, and it also acts as a nitroge-
nous source for the heteroatom-doped carbon dots produced. The as-synthesized CDs
were used as an efficient label-free fluorescent sensor for the determination of Fe (III) ions
with high sensitivity and selectivity and low detection limit (LDL) of 200 nM. The IL-CDs
were studied using TEM, UV/Vis, FTIR, and AFM analysis techniques.
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Figure 18. Schematic Illustration for the ionic-liquid-promoted microwave–hydrothermal synthesis of CDs using straw as
starting materials. Reprinted from Ref. [274].

5.1.3. Hydrothermal Carbonization/Acid Oxidation

Mandal et al. [277] demonstrated the production of water-soluble carbon quantum
dots (CQDs) by carbonizing rise straw biomass as a source of carbon. The as-prepared
CQDs were highly luminescent, stable, and in the form of a black powder [278,279]. These
CQDs synthesized in the water phase were highly specific for the bacterial cell membrane.
Then, Mandal et al. demonstrated a fluorescence measurement method by using these
CQDs as a fluorescence marker for the fast detection of bacteria only and their counting
within the shortest time from any sample of environment.

A facile synthesis method of carbon dots was demonstrated by Thongsai et al. [280]
by employing the hydrothermal treatment as illustrated in Figure 19. This yielded brown-
colored solid carbon dots that have a 3% quantum yield, diameter of 4–5 nm, and showed
blue emission with exceptional photostability. XPS characterizations and FT-IR spec-
troscopy reported the existence of hydrophilic functional groups on the external surface
of CDs. These functional groups show strong forces of interactions with small molecules,
making the carbon dots an excellent chemical probe. In addition, these interactions are
also the basic cause for the emission characteristics of the CDs [281,282]. DLS (dynamic
light scattering) and TEM analysis techniques were used to identify the morphology and
size of the CDs. UV-vis and fluorescence spectroscopy were employed to detect the optical
properties of the carbon dots. The as-synthesized carbon dots have the potential to detect
alcohol vapors at room temperature. These CDs were also used as a sensing probe in an
optical electronic nose system to distinguish between ethanol, methanol, and other volatile
organic compounds.
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Figure 19. Schematic representation for synthesis of carbon dots from rice husk. Reprinted with permission from Ref. [280].
Copyright 2019 Elsevier.

Abidin et al. [283] developed RH-derived CQDs and demonstrated the effect of
introducing functional groups on RH-derived CQDs. Rice husks were pretreated for easy
carbonization of rice husk during the hydrothermal process. For obtaining enhanced
purification, carbon quantum dots were dialyzed against deionized water in Visking tubing
(Cellulose 10 M) for one day. FTIR, UV-Vis, HRTEM, XRD, thermogravimetric analysis,
and XPS analysis techniques were employed to characterize CQDs. Functionalization
yields clearer spherical CQDs due to the binding of functional groups: –NH2 (from EDA),
and –COOH (from ascorbic acid) to the structure of carbon quantum dots [284]. Due
to the presence of functionalizing agents, the functionalized CQDs were observed to be
smaller in size than the non-functionalized CQDs. This can be attributed to alkaline
(protonation of CQDs) or acidic (deprotonation of CQDs) condition. The as-synthesized
functionalized N-CQD and CCQD were used as in the sensing for cadmium ion and its
removal from water.

Wang et al. [285] reported the synthesis of high-yield carbon quantum dot-grafted
silica nanoparticles (silica–C NPs) using rise husk as the precursor. The strategy is sum-
marized in Figure 20. In addition, the production of carbon quantum dots from RHs by
the removal of silica was also carried out. The water-rinsed rice husks (5 g) were subjected
to pyrolysis in a tube furnace under nitrogen atmosphere (700 ◦C for 2 h), resulting in the
synthesis of RHA containing both silica and carbon. RHA is treated with 1.0 M NaOH at
100 ◦C for 2 h for the removal of silica. Then, RHA, containing carbon content only, was
subjected to oxidation by using H2SO4 and HNO3 in two steps; each step was followed by
ultrasonication, resulting in a black dispersion. This is followed by vacuum filtration by the
use of a 0.22 mm microporous membrane and then washed several times with deionized
water. The black-colored sample was again dispersed in 30 mL of deionized water and
transferred to a 40 mL Teflon-lined autoclave. The dispersion is treated hydrothermally
at a temperature of 200 ◦C for 10 h. Then, it is cooled to room temperature and refiltered.
RH-CQDs were reported successfully in the resulting filtrate. Further drying the filtrate at
a temperature of 40 ◦C in a vacuum oven yields a solid powder of CQDs.
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Figure 20. Transformation from RHs to RHA and to RH–silica–CNPs (i. Pyrolysis under nitrogen atmosphere, ii. Oxidation,
iii. Carbon grafting, framework cutting, and oxygen-containing group reduction). Reprinted with permission from Ref. [285].
Copyright 2017 The Royal Society of Chemistry.

Wongso et al. [286] synthesized CQDs from the same procedure as described in the
previous study (Wang 2017) but with some modifications. CQDs were fabricated without
the use of functionalizing agents, and the process was modified by the addition of NaOH to
vary pH value from 0 to 14. The mechanism involves intercalation followed by exfoliation.
Intercalation is initiated when RHA is dispersed in a mixture of sulfuric acid and nitric acid.
Afterwards, exfoliation is started by washing RHA with DI water, yielding carbon quantum
dots. The material was studied using HR-TEM and EDX techniques. Changing pH
conditions does not affect the crystal structure of the samples, but it alters the size of CQDs
and the number of oxygen functional groups on their surface. Distinctive sizes arise due to
the existence of NaOH having the ability to react with nitric acid and give NaNO3. When
HNO3 is completely treated with NaOH (assumed at pH neutral), the excess NaOH acts as
an oxidant to increase the intercalation process of RHA. Photoluminescence spectroscopy
revealed that varying the pH of synthesis broadens the emission wavelength of carbon
quantum dots from green photoluminescence to cyan–orange photoluminescence. Both
carbon and silica were completely used in this study, which is in agreement with previous
studies. A methodological bibliography of rice waste-derived carbon nanomaterials is
represented in Table 3.

Table 3. Methodological bibliography of carbon-based nanomaterials from rice biomass.

Precursor/
Raw Material

Synthesis
Method

Reaction
Conditions

Chemical
Agents Final Product Characterization

Technique References

Rice Husk Chemical
Activation 400–900 ◦C KOH Few-layered

graphene TEM [65]

Rice Straw Chemical
Activation 700 ◦C KOH Graphene

FESEM, SEM,
EDX, AFM, and

FETEM
[66]

Rice Husk Chemical
Activation 850 ◦C/2 h NaOH, KOH Multilayered

graphene Oxide

FTIR, Raman,
SEM, TGA, and

TEM
[35]

Rice Husk
Microwave-

Assisted
Synthesis

650–750 ◦C
Ethanol,

ferrocene
catalyst

Graphene

RD, FESEM,
FTIR, UV-Vis,

Zeta Sizer, and
EDX

[67]

Rice Bran
Microwave-

Assisted
Synthesis

300 ◦C/15 min Ferrocene Graphene
Oxide

SEM, HR-TEM,
XRD, FTIR,
TGA/DTA

[72]

Rice Straw
Microwave-

Assisted
Synthesis

N/A Ferrocene
catalyst

Graphene
Oxide

FTIR, SEM,
TEM, EDS,

Raman
[36]
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Table 3. Cont.

Precursor/
Raw Material

Synthesis
Method

Reaction
Conditions

Chemical
Agents Final Product Characterization

Technique References

Rice Husk Pyrolysis

300–400 ◦C/10
min,
Inert

atmosphere

N/A
Graphene

Oxide
Nanoflakes

XRD, EDS,
FESEM, TEM,

HR-TEM
[37]

Rice Straw Chemical Vapor
Deposition

800 ◦C/120 min
Heating rate 10

◦C/min

Ethanol,
ferrocene, or

ferrocene nickel
nitrate catalysts,

camphor
substrate, N2

gas

Small outer
diameter coiled

bundles of
CNTs

Large outer
diameter
straight

bundles of
CNTs-

SEM, TEM,
Raman, TGA [27]

Rice Husk
Microwave-

Assisted
Synthesis

600 W power,
2.45 GHz

frequency/38
min

Ferrocene
catalyst,
ethanol

Spherical and
tubular

structures of
carbon

nanotubes

FESEM [143]

Rice Husk
Microwave-

Assisted
Synthesis

N/A H2 and Ar gas

Fiber-like
Graphenated

carbon
nanotubes
(g-CNTs)

N/A [25]

Rice Straw Pyrolysis 830 ◦C/60 min

Urea solution,
Fe, Ni, and Co

catalysts
supported on

alumina

Carbon
nanotubes on
Fe-Ni/Al2O3

TEM, SEM,
FTIR [144]

Rice Thermal
Calcination

400 ◦C/2 h, N2
atmosphere N2 atmosphere Carbon

Quantum Dots
HR-TEM,

SAED, XRD [147]

Rice Husk Thermal
Calcination

700 ◦C/2 h, N2
atmosphere N/A

Blue
luminescent

Si-CQDs
N/A [273]

Rice Straw Microwave
Hydrothermal N/A Ionic liquid (as

a solvent)

Heteroatom-
doped carbon
dots (IL-CDs)

TEM, UV-Vis,
FTIR, AFM [274]

Rice straw

Hydrothermal
Carboniza-
tion/Acid
Oxidation

N/A HNO3
Water-Soluble

CQDs N/A [277]

Rice Husk Hydrothermal
Carbonization 200 ◦C/6 h HNO3

Blue
luminescent

CDs

FTIR, XPS, DLS,
TEM, UV-Vis,
Flourescence

[280]

Rice Husk Hydrothermal
Carbonization 190 ◦C/2 h

EDA, ascorbic
acid (functional-

izing
agents)

Functionalized
N-CQDs and

CCQDs

FTIR, UV-Vis,
HR-TEM, XRD,

TGA, XPS
[283]

Rice Husk Hydrothermal
Carbonization

200 ◦C/10 h,
N2 atmosphere H2SO4, HNO3

Carbon
quantum dot
grafted silica
nanoparticles
(silica–C-NPs)

N/A [285]
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5.2. Applications of RH-Derived Carbon Dots

Energy deficiency, ecological disintegration, and expanding client requests have driven
researchers to create minimal effort, superficial, low-cost, green courses for the creation
of novel advanced nanomaterials from sustainable resources. These biomass-derived
nanomaterials have broad applications in the storage of hydrogen, biomedicine, sorption
materials, heavy metal detection, supercapacitors, and so on [2]. Various applications of
graphene quantum dots, carbon quantum dots, and carbon dots will be discussed here.

5.2.1. Bioimaging

Biomass is acquiring a lot of consideration as a raw material due to its low cost, high
carbon content, sustainability, and simple transformation into graphene quantum dots
(GQDs) [2]. The GQDs are biocompatible, highly radiant, dispersible in several solvents,
and non-poisonous for incorporation onto gadgets of bio-imaging i.e., supercapacitors,
batteries, light-emitting diodes, and photovoltaics [287–292]. GQDs derived from rice husk
are readily dispersible in water with enhanced photoluminescence and have incredible
biocompatibility; hence, they are broadly applied for biomedical applications, especially
in bio-imaging [2]. To culture different living cells HeLa cells, MCF-7 cells, HepG2 cells,
and biomass-derived CQDs are frequently employed [273]. Wang et al. [31] investigated
the biomedical applications of rice husk-derived graphene quantum dots; they are best fit
for the bio-imaging of Hela cells, which is the most commonly used and oldest immortal
human cell line used in cancer research [293]. In order to explore the ability of RH-GQDs
as real bio-probes, their biocompatibility was examined by analyzing the toxicity and cell
viability of HeLa cells pretreated with different quantities of RH-GQDs. After incubating for
a day or two, RH-GQDs showed less toxicity on Hella cells at low concentrations. At higher
concentrations (100 µg/mL), they showed cell viability greater than 90%. After treatment on
HeLa cells, no damage to cellular morphology was noticed. These outcomes demonstrated
that the rice husk-derived GQDs have exceptional biocompatibility, making them suitable
for biomedical applications. Moreover, the in vitro bio-imaging of HeLa cells treated with
RH-GQDs (having cell viability almost 100%) was examined using a fluorescent microscope.
The cells joined with RH-GQDs displayed solid blue photoluminescence in cytoplasm,
and the internal cell morphology could be examined. The glow of HeLa cells/RH-GQDs
was consistent and reproducible, proposing the attainability of using the water-dispersible
graphene quantum dots in cell imaging. The fluorescent RH-GQDs can viably enter the
cytoplasm of cells for imaging with great biocompatibility; hence, they are considered to
be excellent fluorescent bio-probes.

Since biocompatibility is vital for biomedical applications, rice husk-derived carbon
dots (CDs) were subjected to cytotoxicity tests utilizing MTT assay on MCF-7 breast cancer
cells. First, 80 µg/mL of carbon dots was used, and cells were exposed for about 72 h. After
incubation, CDs showed incredible biocompatibility and a cell viability more prominent
than 80%. Therefore, CDs derived from rice husk are declared as great biocompatible
nanomaterials to be employed in different biomedical applications such as bio-sensing, cell
imaging, and nanomedicine [280].

N-CQDs (nitrogen-doped carbon quantum dots) synthesized from rice husk are used
extensively in cell imaging owing to their high stability, cellular compatibility, and less
toxicity. Multicolored N-CQDs were utilized in in vitro fluorescent bio-imaging by Qi et al.
(2019) [28]. The cytotoxicity of carbon quantum dots was studied using the CCK-8 assay
with HepG2 cells (human hepatoma HepG2 liver cells). The cytotoxicity of N-CQDs
was less than that of CQDs; however, the cell viability of N-CQDs was more prominent
than 85%, indicating the lower toxicity and excellent biocompatibility of the N-CQDs.
Intracellular regions of HepG2 cells treated with N-CQDs showed solid green fluorescence.
N-CQDs due to their strong biocompatibility can be used effectively for the imaging of
Fe3+ ions and tetracycline in liver cells [28].



Nanomanufacturing 2021, 1 144

5.2.2. Removal of Cadmium

Metal ions are significantly important because of their existence in a biological system
and climate. Therefore, metal ions are considered as potential analytes because they carry a
positive charge; therefore, they had a high chance of associating with the oxidized surface
of the CNPs [294]. Fluorescent CQDs have broad applications in the detection and removal
of metal ions owing to their extensive absorption spectra and variable emission wave-
length [295]. Cadmium (Cd2+) is a heavy metal that causes environmental contamination
and affects human well-being [296]. Abidin et al. (2020) reported a detection and removal
mechanism of cadmium ions using CQDs derived from rice husk [297]. The functionaliza-
tion of GQDs upgrades the cooperation with metal particles and adjusts the bandgap [298].
f-CQDs, with an ideal measure of ascorbic acid and EDA (functionalizing agents) are used
for the adsorption and removal of cadmium ions from water. Cadmium nitrate solution of
various concentrations was prepared for testing the capacity of functionalized CQDs in
the detection of metal ions, and their removal was assessed by estimating the difference
in concentration before and after the addition of functionalized CQDs in the solution of
cadmium nitrate at various contact times. The photoluminescent intensity (PL) of function-
alized CQDs diminishes with an increased quantity of cadmium solution blended with
carbon quantum dots. The quenching of the CQDs structure occurred upon the expansion
of heavy metal ions. The interaction among Cd2+ ions and CQDs prompts electron transfer
from the carbon dots to heavy metal ions. The electrostatic association among positively
charged metal ions and negatively charged CQDs assumes a significant part in measuring
PL quenching [283]. The greater the pH value, the greater the adsorption limit with regard
to both amino and carboxyl-functionalized CQDs to eliminate Cd2+ ions. For carboxyl-
functionalized CQDs, when pH was varied from 2 to 8, the percentage of cadmium removal
increases gradually from 75 to 76%. Whereas, for amino-functionalized CQDs, the cadmium
removal expanded from 75.8 to 76.8%. At a pH value of 10, a higher removal of cadmium
was seen [299]. Hence, increased pH results in higher cadmium removal. At a higher pH,
the Cd2+ and Cd (OH)+ ions trade hydrogen to assemble electrostatic interactions with
amine and carboxyl groups in carbon dots. In addition, hydrogen bonding between the
functional groups on CQDs and Cd (OH)+ ions may occur, resulting in stable colloids
in solution. Consequently, cadmium ion removal gets simpler at higher pH conditions.
Amino-functionalized CQDs can eliminate a higher percentage of cadmium in contrast
to carboxyl-functionalized CQDs because the functionalization agent EDA for amino-
functionalized CQDs is higher contrasted with ascorbic acid for carboxyl-functionalized
CQDs during the synthesis of CQDs. Great adsorption sites are present for collaboration
among negatively charged carbon quantum dots and the positively charged metal ions.
Hence, the binding energy of metal–CQDs gets stronger. Metal clusters formed at this
point will finally diffuse across the surface of CQDs, promoting simple elimination of the
metal particles [300]. Meanwhile, the decreased potential of cadmium solution improves
the capacity of CQDs to eliminate cadmium ions from water [301]. Yang and Li et al. [302]
have demonstrated that the performance of CQDs in Cd removal was excellent; in the
initial 20 min of contact time, 85% of cadmium removal was accomplished. The impact
of NaCl solution on the removal of cadmium was observed with the increase in sodium
chloride concentration; by utilizing both amino and carboxyl-functionalized CQDs, the
percentage removal of cadmium diminishes as a result of the decreased adsorption limit of
CQDs with expanding salt concentration [283].

5.2.3. Detection of Bacteria

In microbiology, biotechnology, clinical determination, and sanitation, the quick and
sensitive detection of bacteria is critical. As a result of slow detection speed and the
muddled system of the traditional detection method such as plate count, the fast and
productive detection of microbes is not possible. Fluorescence measurement methods are
being used nowadays for sensing microbes. For rapid detection of bacterial count and
its imaging, bacterial sensors have been developed by Mandal et al. employing specific
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water-soluble CQDs, which are utilized due to their high-density consolidation of surface
carboxylation [277]. Results revealed that the fluorescence signals of the bacterial cells
coupled with CQDs < 100 nm were seen 30–40 min later after the addition of the CQDs
solution to the bacterial culture broth, and signals for bacterial cells coupled with >100 nm
CQDs were invisible 30–40 min after the cell was cultured. A lot of radiant bacterial cells
were seen under a fluorescent magnifying instrument. Rice straw-derived water-soluble
CQDs of size < 100 nm bind on the specific bacterial cell surface; this shows that the free
carboxylic acid (functional group) of smaller-sized water-soluble CQDs binds more rapidly
to the amine groups, i.e., proteins, peptides, and amino acids present on the surface of
bacterial cells rather than other microbial organisms [303–308]. A single bacterial cell
membrane carries many proteins, but only one protein binds to many water-soluble CQDs
conjugates. This fluorescence technique detects bacterial count in the shortest time, which
is at least 20–30 times lower than ordinary bacterial counting methods. It is inferred that a
profoundly iridescent, specific bacterial surface and stable water-soluble CQDs have the
capacity for quick and sensitive fluorescence detection of bacteria.

5.2.4. Fluorescent Probes for Setecting Fe3+ and Tetracycline

Rice waste contains a lot of carbohydrates and proteins, which can be used as a source
of carbon and nitrogen for the production of CQDs. N-CQDs derived from rice residue
by one-step hydrothermal treatment were used as a fluorescent probe in the detection of
Fe3+ and tetracycline, as shown in Figure 21. N-CQDs were observed by a fluorescence
microscope; by observing fluorescent quenching, the sensitive and selective detection of
Fe3+ ions and tetracycline (TCs) was evaluated [28].

Figure 21. Fluorescent carbon dots produced by hydrothermal process used for detecting Fe3+ and
tetracycline. Reprinted with permission from Ref. [28]. Copyright 2019 Elsevier.

Iron particles (Fe3+) assume a significant part in the natural framework and are present
in all body tissues, particularly in the liver, lungs, and spleen. Any variation in Fe3+ content
can lead to infections, for example, paleness, Alzheimer’s sickness, Parkinson’s illness,
cancer, diabetes, and hemochromatosis [309]. Consequently, the identification of Fe3+ ions
is significant for the early analysis of these infections. Fluorescence spectrometry is an
emerging strategy with high selectivity, affectability, and broad linear range for the fast
and efficient testing of heavy metal ions. N-CQDs can be utilized as a fluorescent probe for
the detection of Fe3+ ions with enhanced sensitivity and selectivity. Research conducted by
Zhang et al. (2014) [310] revealed that the N-CQDs probe happened to be cell-permeable
and was able to detect Fe3+ and tetracycline (antibiotic medication) in the living organisms.
Quenching of the fluorescence of N-CQDs is due to the association of Fe3+ ions with the
phenolic hydroxyl groups present on the surface of N-CQDs. With the increase in Fe3+

concentration, fluorescence was quenched dramatically. N-CQDs can be used as a sensor
for the detection of Fe3+ with a 0.7462 mM limit of detection (LOD) [28].

GQDs are utilized in different organic and clinical fields owing to their low toxicity,
phenomenal biocompatibility, enhanced dissolution, and uncommon electronic and optical
properties. Ion sensing by the use of GQDs has pulled in much consideration nowadays.



Nanomanufacturing 2021, 1 146

Wang [33] synthesized GQDs from rice husk. Then, the specific quenching of RH-GQDs was
examined with various metal ions. Fe3+ ions showed an obvious luminescence quenching
in contrast to other metal ions as the RH-GQDs exhibited highly selective quenching of Fe3+.
This makes GQDs promising sensors for the detection of Fe3+ ions. The quenching process
demonstrated that integrated GQDs were profoundly specific and delicate toward Fe3+

ions and accordingly utilized for Fe3+ detection. Different concentrations of Fe3+ solution
with other metal ion solutions were prepared. Samples were studied by a fluorescence
spectrophotometer. The scattering displayed intense blue luminescence. Different heavy
metal ions were blended with the RH-GQD dispersion and examined, but the most obvious
and best quenching was seen by Fe3+ ions. Other metal ions were unable to exhibit
significant quenching. Hence, RH-GQDs quenching is exceptionally specific toward Fe3+

ions and in this manner conceivably appropriate for detecting Fe3+ ions. The quenching
percentage was observed for Fe3+ ions at low concentrations (below 0.3 mM), but when the
concentration was increased above 0.3 mM, the quenching decreases.

Antibiotic medications tetracyclines (TCs) are broadly utilized as anti-toxins in veteri-
nary and humans. These antibiotics can aggregate in food items due to their unreasonable
growth, which is a danger to human health [310]. Excessive use of tetracycline causes
teeth yellowing, damage of the liver, and other allergic reactions. Various methods are
available for the detection of tetracyclines, but a simple, quick, cheap, delicate, and selective
method is fluorescence. N-CQDs are being significantly applied as probes for Fe3+ ions and
antibiotic tetracycline (TCs) detection with great accomplishment [28]. For this purpose,
N-CQDs prepared from rice husk were blended with specific amounts of organics such as
BSA, lysine, tetracycline, EDTA, cysteine, glycine, erythromycin, chlortetracycline (CTC),
vitamin C, terramycin (OTc), and glucose, and studied by fluorescence spectroscopy. Due
to their structural compatibility to TC, both terramycin and chlortetracycline approach
the binding sites and decrease the sensor fluorescence. By adding TCs into N-CQDs, the
fluorescence diminished significantly. This shows that with an increase in tetracycline con-
centrations, the fluorescence intensity of nitrogen-doped CQDs diminishes. The detection
limit of tetracycline was found to be 0.2367 mM and the linear range was 3.32–32.26 mM.
Therefore, N-CQDs are considered as low-cost, specific eco-friendly sensors for recogniz-
ing antibiotic medication analogs, showing their incredible guarantee for applications in
environmental monitoring.

5.2.5. Detection of Volatile Organic Compounds (VOC) and Alcohol Vapors

Carbon dots produced from rice husk precursors are amazing fluorophores for appli-
cations that demand great photostability. Carbon dots are considered as sensitive probes
with excellent binding properties because of their great photostability, high polarity, and
increased surface area to be used in sensing applications. CDs derived from rice husk can
be incorporated into an optical–electronic nose to be utilized for the detection of alcohol
vapors and VOCs by observing changes in optical absorptivity [280]. The diagrametical
representation of the strategy is shown in Figure 22. These volatile organic compounds are
commonly utilized in labs and industries. Long exposure to VOCs causes serious health
issues. Therefore, estimation of VOCs in surroundings is of great interest. The electronic
nose is a quick and steady instrument that has the potential to reproduce the olfactory
system of humans. It is broadly utilized in the detection of gases and vapors [311–313]. In
addition to alcohol vapor detection, the CDs are also used to recognize the other VOCs
such as ketone, dichloromethane, diethyl ether, hexane, toluene, and various ratios of
ethanol and methanol. The presence of various types of functional groups on the surface of
carbon dots and their stable optical properties allow them to be utilized for detecting heavy
metal ions, biomolecules, and chemical compounds [314]. CDs are particularly employed
for polar VOCs detection because of their huge surface area as well as the hydrophilic
functional groups that act as binding sites for VOCs. Thongsai et al. (2019) detected
alcohol (ethanol and methanol) vapors and VOCs using an optical electronic nose system.
The sensor response relative to the changes in the light intensity transmitted through
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the carbon dot film was estimated. Observations showed that the carbon dots displayed
strong stability and high sensitivity toward alcohol. The effect of solvation of VOC on
the CDs prompted a change in optical absorptivity. Due to various polar interactions,
different sensitivities of carbon dots toward different VOCs were observed. The carbon
dot-incorporated optical electronic nose provides a facile sensor for alcohol vapors and
VOC that works at room temperature. This system can be utilized to detect and distinguish
volatile organic compounds based on polar–polar interactions. Moreover, carbon dots can
also detect various other solvent vapors such as diethyl ether, acetone, dichloromethane,
hexane, and toluene.

Figure 22. Graphical representation of synthesis of carbon dots from rice husk and their applications
in VOC and alcohol vapors. Reprinted with permission from Ref. [280]. Copyright 2019 Elsevier.

6. Conclusions and Future Perspectives

The emerging worldwide energy crisis and climate change have imperiled the survival
and evolution of human culture; therefore, demands for innovative technologies that pro-
vide materials of high performance and superior properties have increased. In this regard,
nanotechnology has arisen as an amazing asset for the scientific community to develop
advanced high-yield engineered nanomaterials. Various technologies have been developed
for manufacturing CNMs, but green synthesis methods using low-value waste materials
are acquiring more interest because of their abundant availability, ease of modification, low
toxicity, renewability, unique structural, and biodegradable properties; therefore, devel-
oping modern technologies for the fabrication of carbon-based nanomaterials via simple,
eco-friendly, low cost, sustainable routes through the utilization of low-valued biomass
waste (natural and abundant renewable source), especially agricultural residues, has been
in increasing demand for researchers. This review focuses on rice residue, an agricultural
biomass waste that contains high carbon and silica content, for use as starting precursors to
fabricate versatile highly valued carbon nanomaterials such as graphene, carbon nanotubes,
and carbon dots and their broad range of energy-related, biomedical, and environmental
applications. These versatile rice residues-derived nanomaterials could be joined in differ-
ent ways to create innovative systems with remarkable physicochemical, electrical, optical,
mechanical, and bio-compatibility properties in contrast to their pure and isolated forms.

Rice husk when used as a raw material for the synthesis of carbon-based nanomate-
rials requires its essential pre-treatment that leads to additional reaction conditions and
requirements. This serves as a limitation for the use of rice husk. As a consequence of this
limitation, we must design experiments that would not require its pre-treatment and ease
its use. The applications of rice husk carbon-based nanomaterials are not only limited to
the treatment of water pollution; different procedures can be designed in this manner to
extend the use of biomass-derived carbon-based nanomaterials for the treatment of air
pollution and soil contamination.

In this review, we have summarized the recent development of nanomaterials de-
rived from rice biomass: their versatile synthesis strategies, remarkable properties, and
promising application in various disciplines. For a sustainable future, it is crucial to utilize
low-valued, abundant, and natural renewable resources for the fabrication of high-value
nanomaterials at low cost, find diverse applications in water remediation, and accom-
plish more efficient cost-effective, convenient, and eco-friendly innovative technologies to
overcome environmental issues and expand energy demands. Consequently, exceptional
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consideration has been centering toward these materials to address the above issues and
make them a prospective contender for the assistance of the humankind.
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