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Abstract

Due to their unique properties such as outstanding specific surface areas, aerogels can potentially offer a cost-effective
and efficient water and wastewater treatment solution thereby solving the worldwide ever-growing water pollution
conundrum. This review explores the developments and progress in the application of cellulose, graphene, and cellulose-
graphene composite aerogels in addressing water treatment challenges. The objective of this study was to critically
review the state-of-the-art with respect to synthesis methods and properties of cellulose, graphene, and cellulose-
graphene composite aerogels and their application, effectiveness and performance in water and wastewater treatment.
It is evident from the review that cost-effective aerogel production methods that can be scaled up easily still need to
be developed to enable commercial viability of aerogels in water treatment. Furthermore, the mechanical properties of
aerogels, particularly stiffness and strength, are a hinderance to expanding their utility. The potential for functionalization
of the aerogels through fabrication of aerogel nanocomposites or incorporation of functional groups was recognized as
a viable method to enhance their properties and effectiveness in water treatment and other advanced industrial-scale
applications. Graphene-cellulose composite aerogels have enhanced properties, removal capacities and efficiencies for
pollutants from water compared to aerogels prepared from the individual materials. The regeneration ability and reus-
ability of the composite aerogels make them an attractive option for practical applications. Although the potential of
cellulose, graphene, and cellulose-graphene composite aerogels in water treatment applications is apparent, the impact
of their production, utilization and subsequent disposal on sustainability and the environmental is yet to be fully studied.

Keywords Cellulose aerogels - Graphene oxide aerogels - Composite aerogels - Water treatment - Waste water - Removal
of heavy metals - Super critical drying

1 Introduction

Aerogels are highly porous, solid materials in which the inner structure is filled with or composed of air [1]. Aerogels
possess a diverse range of exceptional characteristics, such as high porosity, low density, large surface area, excellent
thermal insulation, high mechanical strength, remarkable optical properties, and chemical stability, which makes them
an attractive material for a broad range of applications such as energy storage, thermal insulation, catalysts, sensor, oil
spill clean-up, personal care and water treatment [2-5].
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Since, the invention of aerogels by Kistler in the 1930s and further developments in the 1980s, aerogel synthesis tech-
niques have been largely refined and the development of aerogels included many more materials with vast properties.
These include superhydrophobic aerogels with self-cleaning properties, sulfonated zirconia aerogels, titanium dioxide
aerogels, aerogel composites, organic cellulose based aerogels, carbon aerogels, hybrid organic-inorganic aerogels,
allophanes and many more [6]. The introduction and development of varying types of aerogels was accompanied by
research based on comprehending the properties of aerogels which include mechanical, luminescent, conducting, mag-
netic and thermal properties.

Due to better understanding of aerogel properties, current research has been mainly focused on their industrial
applications. Some of the potential applications include wastewater treatment, retainment of nuclear waste, carbon
dioxide capture, chemical sensors, water repellent coatings, heterogenous catalysts, metal casting moulds, energy stor-
age devices, acoustic transducers, pharmaceutical drug carriers, and non-flammable cryogenic insulators [4, 7].

The aim of this study was to bring to the forefront the headways made in the development of high-performance and
functionalized cellulose and graphene-based aerogels and their applications in advanced industrial-scale applications,
particularly water and wastewater treatment. The study also sought to highlight the existing challenges in the develop-
ment and utilization of these aerogels in water treatment, and to explore the proposed solutions to overcome these.
Therefore, the objective of the study was to critically review the state-of-the-art with respect to the aerogel synthesis
methods, properties, their application, effectiveness and performance in water and wastewater treatment.

2 Aerogel fabrication methods

Depending on the application and user requirements aerogels can typically be produced in distinct forms, such as mono-
liths (can be complex or customized), granules or powder and aerogel fibres using different methods [1, 8]. Aerogels are
further classified as organic or inorganic.

Initially metallic salts were used as precursors for the formation of oxide gels which were then synthesized into
aerogels. Kistler used sodium metasilicate (Na,SiO;) as the precursor because of its affordability. However, this process
required the removal of the sodium chloride (NaCl) which forms during the synthesis. This made it challenging to use
aerogels in industrial applications as the NaCl required a lengthy dissolution process [8]. Peri [9] was the first to use alkox-
ides as precursors, which eliminated the lengthy removal of NaCl and accelerated the synthesis of silica aerogels. This
transition made it possible to directly dry the gels by a supercritical process, eliminating the water dissolution step [9].

The variety of precursors which can be used for fabricating aerogels has also increased, to include oxyalkoxides and
an extensive list of XSi(OR); precursor molecules, in which the ligand X is an organic group, which will impart properties
such as hydrophobicity and is also capable of undergoing its own polymerization. R is an organic group or chain (with
a methyl, propyl, phenyl, amine end etc.) [10].

Several aerogel fabrication methods have been developed and improved. For instance, Sandia National Laboratories
developed a facile kinetic growth model for controlling the texture of the silica aerogels [11]. This process was later
improved by Tillotson and Hrubesh [12], by substituting the alcohol with an aprotic solvent, in order to prohibit reverse
hydrolysis reactions. This improved method increased the porosity of the silica aerogel monoliths by 99.8% (by volume)
and reduced the density to 3 kg m~3, producing aerogels of the lowest density [12].

Aerogels can be synthesized by the sol-gel technique, in which micro-particles or molecules with a diameter ranging
from 1 to 1000 nm are dispersed in a solution in which they agglomerate and coalesce to form a consistent network (gel)
under controlled conditions [1, 6, 10]. The sol-gel process consists of three steps, synthesis, aging and drying.

2.1 Synthesis

The synthesis step includes hydrolysis and condensation reactions of identified/selected precursors, which includes
metallic salts, metal alkoxides or other organic or inorganic compounds which can be hydrolysed, using water or alcohols
as a liquid/reactant, in the presence of a catalyst and surfactant [6, 7]. These reactions will result in the formation of wet
gels, characterized by a viscoelastic body which consists of a porous solid phase with liquid trapped in its pores [13].
The gels formed are referred to as alcogels, aqua-gels or hydrogels [1]. During the formation of the gel, the final shape
of the aerogel, which includes monoliths, granules or powder can be formed by moulding [7]. Figure 1 shows aerogel
synthesis methods.
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2.2 Aging

Aging occurs during condensation reactions which take place to form and strengthen the network structure of the gels,
the process can also be referred to as crosslinking [7]. During this step the gel network grows and improves in mechani-
cal properties, textural properties porosity, surface area and pore size [14, 15]. The aging step requires hours or days to
complete in a suitable solvent [16]. The kinetics of the aging step is influenced by factors such as temperature, pH of the
medium and time [17, 18].

2.3 Drying

The drying step is considered to be the most critical step in aerogel formation. Its main purpose is to extract the solvent
from the gel (by evaporation), leaving the solid network structure behind. Drying also assists in preserving the micro-
structure formed [7]. Different approaches can be used for drying, each approach has advantages and disadvantages.
These include supercritical drying, ambient—pressure or subcritical drying, freeze drying and microwave—assisted
drying [1, 8,10, 13, 19-271.

3 Properties of aerogels

Aerogel structures are distinguished by well-defined and interconnected tube-shaped pores with diameters ranging from
2t0 50 nm [1, 28]. Because of their ultralow density (0-0.5 g cm™3), aerogels are extremely light weight, which makes them
the lightest solid materials to be produced industrially and ideal to be used in applications requiring weight reduction
[1]. The ultralow density is attributed to the high porosity of the aerogels (50-99%), which also contributes to their low
thermal conductivities (0.01-0.03 W m~' K™') and large surface areas (200-1000 m? g~") [13, 29].

The ability to modify the chemistry of aerogels makes them unique and compelling. The surface area, pore size and
processing technique of aerogels can be customized, different functional groups can be incorporated in order to provide
desired chemical, physical and mechanical properties [19]. The molecules which form the structure of some aerogels are
bonded by strong chemical bonds which are able to resist deformation under pressure. The presence of strong chemical
bonds in the structure of the aerogels permits them to have relatively high mechanical strengths [6]. The preparation
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Fig. 1 Synthesis of aerogels [7]
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conditions have a significant influence on the network structural connection, which ultimately influences the mechani-
cal properties [1].

Aerogels are capable of displaying distinctive optical properties which include translucence, depending on their
configuration and structure [1]. Because of their strong chemical bonds, aerogels typically have great chemical stability
and resistance to degradation, which makes them ideal for use in harsh environments or in applications where long-term
stability is important [6].

The combination of ultra-low density, high porosity, large surface area, excellent thermal insulation, high mechanical
strength, unique optical properties, and chemical stability make aerogels a highly versatile class of materials with great
potential for innovation and advancement in many fields. Zhu et al. [3] demonstrated the potential of using aerogels
materials as sensors in wearable electronic devices, by fabricating a highly robust and conductive carbonized bamboo
aerogel enclosed with silicon resin. The composite aerogel indicated excellent features which made it suitable to be used
as a wearable sensor in personal health care and artificial intelligence systems. The features included high flexibility,
very low Young’s Modulus (0.09 MPa), a large failure strain (275%), strain sensing performance, a short responsive time
and a stable response to cyclic loading over 1000 cycles [3]. The National Aeronautics and Space Administration (NASA)
employed aerogels in their Stardust spacecraft to successfully capture cosmic dust particles in space in their mission.
The super lightweight silica aerogels also functioned to protect the space mirrors from collision with the dust particles
travelling at speeds exceeding 18,000 km [30]. Gu and Yushin [31] conducted a detailed review of nanostructured carbon
materials for electrochemical capacitor applications, which included studies conducted on carbon aerogels. In their
study, it was indicated that carbon aerogels have the potential to be used as energy storage materials in supercapaci-
tors for commercial large scale applications [31]. Other potential applications of composite aerogels which have been
investigated include: thermal insulation, gas storage and catalysis [28, 32]. Table 1 summarizes the most significant
properties of aerogels.

4 Applications of aerogels in water and wastewater treatment

Aerogels have garnered increasing interest for their potential applications in water and wastewater treatment. The high
surface area and porosity of aerogels make them ideal materials for adsorbing pollutants and contaminants from water
and wastewater. Adsorption using aerogels is an effective process for the removal of various pollutants, including heavy
metals, dyes, organic compounds, and other contaminants from water and wastewater. The highly porous structure of
aerogels allows them to provide a large surface area for adsorption, thus enabling the removal of pollutants with high
efficiency. Additionally, aerogels can be engineered to possess specific surface functionalities, such as surface charges,
that can enable their selectivity for particular contaminants. The unique mechanical properties of aerogels make them
highly durable and resistant to the harsh chemical and physical conditions encountered in wastewater treatment pro-
cesses, enabling them to maintain their adsorption capacity over prolonged periods [39-41]. Jiang et al. [2] fabricated a
multifunctional gelatine-based composite aerogel, by dispersing TiO, nanoparticles in the three-dimensional structure
of an aerogel which was crosslinked with branched polyethyleneimine (PEl). The composite aerogel exhibited a highly
porous structure and excellent amphiphilic surface which enabled it to separate oil/water mixtures. The composite
aerogel was also successful in adsorbing cationic and anionic organic dyes with good adsorption capacity as well as
removing copper ions from aqueous solutions with good reusability [2].

The use of aerogels in water and wastewater treatment has the potential to offer a cost-effective and efficient solu-
tion for the growing problem of water pollution. By using aerogel-based adsorbents, contaminants can be effectively
removed from wastewater, thus making it safe for discharge or reuse. Furthermore, the reusability and regeneration ability
of aerogel-based adsorbents can make the process more sustainable and economical. Aerogel-based adsorbents can be
regenerated by desorption of the adsorbed pollutants, which allows for the adsorbents to be reused multiple times, thus
reducing the amount of waste generated in the treatment process. Therefore, the use of aerogels in wastewater treat-
ment is a promising avenue for the development of sustainable and effective technologies for water purification [19, 42].

This review explores the applications of cellulose, graphene, and cellulose-graphene composite aerogels in water
treatment. The next sections of the review are focused on the work conducted on these three types of aerogels and their
use in water treatment applications.
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4.1 Cellulose based aerogels

In the current era, scientific and technological movement is oriented towards materials that are ecologically sound,
sustainable techniques and procedures, and renewable resources and energy. The prospect of exhaustion of non-
renewable resources such as coal, petroleum, and gas in the future, and the negative impact on the environment
due to petroleum-based polymers, has resulted in a growing need for biodegradable resources that are not based
on petroleum, are carbon neutral, and present minimal risks to the environment, animals, and human health and
safety [43].

Cellulose, which is a natural linear macromolecule obtained abundantly from plants such as cotton, bast fibres,
flax, hemp, sisal, jute or wood perfectly fits the description for the biodegradable resources which are sought after.
The production of cellulose fibres requires a chemical process for separating the cellulose from lignin, hemicellulose
and other components of the plants cells [44, 45].

The arrangement of grown cellulose occurs in fringes and fibrils, where regions of crystalline organization are
interspersed with areas of disorder, as depicted in Fig. 2a. A schematic representation of the dissection of a cellulose
fibre, from its macroscopic form as found in plant cells to its polymeric unit, is illustrated in Fig. 2b [46].

The structure of cellulose comprises repetitive anhydrous glucose units covalently linked by acetal functionalities
that encompass cellulose hydroxyl (OH) groups. The principal OH groups along the chains of macromolecules can be
readily altered through interaction with functional groups, resulting in a diverse array of cellulose derivatives. The
reactivity of these anhydrous glucose units varies widely, influenced by both steric effects of reagents and supra-
molecular structures [47, 48]. Derivatives of cellulose can be produced in solvent systems by using techniques such
as esterification, acylation, grafting, and etherification [49].

Due to its abundant availability, renewability, and biodegradability, cellulose represents an excellent material
option for sustainable fabrication of aerogels. However, the efficient chemical modification of cellulose through
grafting often necessitates the use of aprotic solvents, toxic reactants, and harsh conditions, which adversely impact
dispersibility and necessitate further purification steps [49].

Despite being hydrophilic and capable of significant swelling in water, cellulose does not dissolve in water or
most organic solvents. However, it is biodegradable, and the use of cellulose aerogels aligns with the principles of
green materials. The cellulose polymer can be broken down chemically into glucose units using concentrated acids
at high temperatures [50].

Since cellulose is highly stable chemically, the production of aerogels from cellulose requires a processing method
or technology that can disintegrate the cellulose into its fundamental fibrils or even down to its polymeric chain
without any degradation or chemical modification. This must be followed by rebuilding the fibrils into a low-density,
open-porous gel that can be dried to form a three-dimensional aerogel structure.

The key advantages of cellulose-based aerogels are that they are made from an abundant, renewable, non-toxic,
low cost, and biodegradable resource, making them more environmentally friendly than many other types of materi-
als. A comparative analysis between cellulose aerogels and bulk cellulose materials is given in Table 2.

Fig. 2 a Fringe-fibril model of B S
cellulose and b Macro-fibril as
existing in plant cells begin a

composite of micro-fibrils [46]. i
Reprodu.ced with permission A g;)af;‘(’)';':::
from Springer Nature
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4.1.1 Production of cellulose based aerogels

Various techniques for the production of cellulose aerogels have been documented in the literature, and new methods
continue to be developed. The approach employed is often dependent on the type of raw material used. For instance,
the preparation of aerogels from hemicellulose necessitates a different method compared to that used for raw cellulose
or lignocellulosic polymer mixtures [6].

Tan et al. [52] developed the initial cellulose aerogels which became popular, by using cellulose acetate as precursor
and de-esterifing it. Crosslinking of the cellulose ester was achieved by using an acetone solution with toluene-2,4 di-
isocyanate. When the concentration of cellulose concentration was more than 5 and less than 30 wt.% gels were formed
[52]. Supercritical drying was used to form aerogels with specific areas of less than 400 m? g~" and densities ranging
from 100 to 350 kg m~3[52]. In the study, Tan et al. observed that the ratio of cellulose to volume of acetone, and toluene
crosslinking agent had an influence on the density and shrinkage of the aerogel; small cellulose ester concentrations
and larger toluene concentration led to higher shrinkage [52].

Jin et al. [26] developed a different technique for producing high quality cellulose aerogels, which eliminates the use
of toxic isocyanates and uses smaller amounts of cellulose (0.5-3 wt.%), by using semi-crystalline raw cellulose. In their
study, a combination of water and Ca(SCN), was used as a solvent for breaking down the extensive system of hydrogen
bonds along the cellulose chain, into a colloidal system. The mixture formed was moulded into layers of 1.0 mm thickness
and submerged in a methanol bath, for extraction of the salt and regeneration of cellulose as a gel, followed by freeze
drying to form aerogels [26]. Figure 3 shows the process developed by Jin et al. [26].

Ishida et al. [53] produced carbon aerogels by dissolving microcrystalline cellulose in H,SO, or NaOH water solutions,
resulting in an aqueous suspension with 0.2-1 wt.% cellulose solid content. Fine powder aerogels with surface areas
ranging from 32 to 178 m? g~' were obtained after solidification of the gel and drying by different drying techniques
including: freeze drying, supercritical drying in CO, (after solvent exchange) and solvent exchange drying [53]. To obtain
carbon aerogels, the cellulose aerogels were pyrolyzed in an infrared furnace under a flow of nitrogen up to 600 °C [53].

Fischer et al. [54] used a different method to produce cellulose based monolith aerogels with specific surface areas
ranging from 140 to 250 m? g~', densities from 0.25 to 0.85 g cm™ and pore sizes between 13 and 25 nm, after super-
critical drying under CO.,. In their study, the sol-gel technique was used to crosslink cellulose acetate with a non-toxic
isocyanate, under a tin-based catalyst [54]. Gelation times ranging from 15 to 150 min were observed, which were highly
influenced by the nature and concentration of the reagents [54]. Figure 4 shows the process used by Fischer et al. [54].

Novel highly porous aerogel-like materials were produced from gelation of different types of cellulose in sodium hydrox-
ide solution and N-methyl-morpholine-n-oxide (NMMO) monohydrate solution, followed by supercritical drying with CO,
by Gavillon and Budtova [55]. The types of cellulose used differed in the degree of polymerization (DP), which included
microcrystalline cellulose (DP =180), steam exploded Borregaard cellulose (DP =500), fibrous Solucell cellulose (DP =950
and 310) with concentrations between 3 and 8 wt.%. Distilled water was used to regenerate the samples, which resulted in
a volume shrinkage of 10%. The results from their study indicated that gelation time varied exponentially with an increase
in temperature. A decrease in cellulose concentration delayed gelation, by increasing gelation temperature and gelation
time [55]. The aerogels obtained in this study displayed porosities above 95%, specific surface areas between 200 and 300
m? g~' and densities from 0.1 to 0.15 g cm 3. The conditions of regeneration; bath temperature and acidity, had an influence

mixing e I heating up
to 110°C
- Ca(SCN),
cellulose suspension clear solution with
H,0 dissolved colloidal
cellulose

Fig.3 Schematic [46] of the cellulose aerogel production process developed by Jin et al. [26]. Reproduced with permission from Springer
Nature
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Fig.4 Schematic of crosslinking by urethane bonding [54]. Reproduced with permission from Elsevier

on the porosity, which can also be controlled by addition of a surfactants such as Simusol and alkylpolyglycoside (APG) [55].
Figure 5 shows the process used by Gavillon and Budtova [55].

Pinnow et al. [56] successfully produced highly porous cellulose aerogels with densities below 0.06 g cm™ and pores rang-
ing from 0.5 to 1 nm, by gelation of sodium carbamate in solutions of sodium hydroxide or dilute sulphuric acid at higher
temperatures. This study indicated that sodium carbamate can be used to produce cellulose aerogels with highly porous
structure and large specific surface areas, instead of thiocyanate which is toxic [56].

Deng et al. [57] utilized an ionic liquid to dissolve cellulose and subsequently crafted aerogels through freeze-drying,
instead of utilizing hydroxide or hydrate melts. By employing scanning electron microscopy and nitrogen adsorption tech-
niques, it was discovered that a foam with a 3D open fibrillar network structure can be created through rapid freezing and
freeze-drying processes. This foam had a specific surface area of 186 m? g~' and a porosity of 99% [57]. Buchtova” and Budtova
[58] synthesized porous and lightweight cellulose aerogels with excellent versatility by using a dissolution-coagulation pro-
cess followed by diverse drying methods. Cellulose was dissolved in a mixture of ionic liquid and dimethyl sulfoxide (DMSO),
and then coagulation was achieved using ethanol [58].

Cellulose filament aerogels are a type of aerogel made from cellulose nanofibrils or filaments. These filaments are extracted
from natural sources, such as wood pulp, and have diameters of between 20 and 100 nm and lengths of several pm [6, 59].
The production process of cellulose filament aerogels is similar to monolith aerogels production, which involves suspending
the filaments in solvent and then using a freeze-drying process to remove the water and leave behind a three-dimensional,
highly porous structure. This process can also involve the addition of a crosslinking agent, which increases the strength and
stability of the aerogel [59].

A cellulose aerogel based on nanostructured filament of an open porous structure was produced using a sol-gel method
and fibres obtained from a wet spinning technique by Schmenk et al. [60] and Hacker et al. [61]. Although, the aerogel fibres
obtained had sponge-like mesopores, with a specific surface area of approximately 180 m? g~', they were also rather dense,
with a density of 124 kg m™3, which suggests that aerogel filament spinning can be further improved [60, 61].

Alakalhunmaa et al. [59] used softwood polysaccharides to prepare hydrogels through crosslinking-aided gelation, with
spruce galactoglucomannans (GGM) as the primary component. Cellulose nanofibrils were utilized to form a reinforcing
network, which was further crosslinked with a GGM matrix by an inorganic salt, ammonium zirconium carbonate, known to
be safe for use in food packaging. The hydrogels were freeze-dried to form low-density, stiff aerogels with almost all of their
volume comprising of air-filled pores. These aerogels demonstrated high water absorption capacity, up to 37 times their
initial weight, and showed elasticity, and repeatable and reversible sponge capacity when immersed in water. The approach
presents a new way of assembling wood polysaccharides, offering various possibilities for using the underutilized GGM. The

Dissolution Gelation Regeneration Exchange
Cellulose Cellulose Swollen —in Aero — Aero
Cellulose NaOH/water NaOH/water — water cellulose cellulose
solution gel cellulose precursor

Fig. 5 Schematic of the main steps in the preparation of aero-cellulose from cellulose/NaOH/water solutions [55]
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resulting bio-based materials could have potential applications in food packaging and contribute to reducing the usage of
petroleum-based plastics in the future [59].

An interesting prospect would be to investigate the possibility of producing transparent cellulose filament aerogels,
using techniques for synthesising transparent cellulose monoliths aerogels as described by Cai et al. [62]. Some of the
potential applications of cellulose filament aerogels include thermal insulation, sound absorption, and biomedical engi-
neering. They are also being investigated for use in packaging materials and as a sustainable alternative to synthetic
materials [59, 62]. Cellulose filament aerogels represent an exciting area of research with many potential applications.
However, further research is needed to optimize their properties and develop new applications. Table 3 illustrates pre-
cursor materials for cellulose-based aerogels and their sustainability aspects across past, present, and future trends.

4.1.2 Application of cellulose based aerogels in water treatment

Although cellulosic materials contain hydroxyl groups that are capable of interacting effectively with water pollutants,
their relatively low surface areas inhibit and limit their effective performance in water treatment [70, 71]. Due to their
high porosity, low density, and biocompatibility, cellulose aerogels have attracted interest for their potential use in water
treatment applications. They have been studied as an adsorbent material for the removal of pollutants from water, such
as heavy metals, dyes, and organic compounds. The surface of cellulose can be modified by introducing cationic, anionic
or hydrophobic groups, in order to improve the adsorption capacity or selectivity of certain ions/groups [72].

Daribatabar et al. [45] produced a cellulose aerogel with a specific surface area of 300 m? g~', a density of 0.004 g cm™
and porosity above 99%, using carboxy methyl cellulose and citric acid as safe and green crosslinking agents. The aerogel
was used to purify aquaculture wastewater by removing nitrate (NO;7), nitrite (NO,”) and phosphate (PO43‘) compounds,
which indicated removal efficiencies of 79.65, 73.04 and 98.18% respectively. The effect of varying different parameters
on the removal efficiencies obtained from their study is illustrated in Fig. 6. These results indicate the ability to use safer,
green and non-additionally coated cellulose nanofiber aerogels to effectively remove pollutants in wastewater treatment.
In their study, adsorption and desorption experiments using NaOH were conducted to investigate the rate of desorp-
tion and adsorption efficiency after 3 cycles. The regenerated aerogel achieved adsorption capacities of 65% NO;~, 50%
NO,~, and 58% PO,>" after 3 cycles [45].

Mo et al. [73] designed a nanocellulose aerogel adsorbent that imitates the honeycomb structure of wood, featuring
specific covalent bonding networks. Their design provided the adsorbent with both mechanical integrity and the ability
to remove contaminants rapidly, which demonstrated outstanding selectivity, superfast adsorption, and easy regenera-
tion. Specifically, it exhibited maximum adsorption capacities for Pb (II), Cu (II), Zn (Il), Cd (Il), and Mn (Il) of 571 mg g™,
462mgg~',361mgg',263 mgg~', and 208 mg g, respectively. Moreover, it showed high efficiency in removing Pb
(Il) species with rapid speed, reaching 87% and 100% of its equilibrium uptake in 2 min and 10 min, respectively. The
adsorption isotherm and kinetics models supported the Langmuir and pseudo-second-order models, respectively, indi-
cating that the adsorption process was primarily dominated by monolayer chemisorption. The adsorbent demonstrated
superior affinity for Pb (ll) over other ions in wastewater and could be regenerated at least five times [73]. This wood-
inspired aerogel adsorbent holds tremendous potential for cleaning contaminated substances [73].

Li et al. [74] developed amine functionalized cellulose—based aerogel beads (CGP), from cellulose nanofibrils
(CNF), for the simultaneous and efficient adsorption-reduction-sequestration of Cr(VI), in both a batch and fixed bed
column studies. The aerogel beads were obtained by grafting hyperbranched polyethyleneimine (PEI) on CNF using
(3-glycidyloxypropyl) trimethoxysilane (GPTMS) as the crosslinker, followed by shaping the mixture into 3 mm beads
by injecting into liquid nitrogen and freeze drying at — 50 °C [74]. In their study, it was observed that the pH of the
solution had an effect on the adsorption performance of the CGP. As the pH increased from 2 to 9, the adsorption
capacity gradually decreased from 51.3 to 6.18 mg g~ [74]. The adsorption isotherm correlated more to the Lang-
muir model, indicating a maximum adsorption capacity of 386.40 mg g~ for Cr(VI). Their study also investigated the
effects of interference substances such as normal organic matters, electrolyte ions and other metal ions. To study the
effect of normal organic matters on the adsorption capacity of the CGP, humic acid was added to the Cr(VI) solution
at a concentration of 0-100 ppm, which indicated only a slight decrease in adsorption capacity as the concentration
increased (95% adsorption capacity could be maintained) [74]. The addition of anions such as NaCl, NaSO,, NaHCO;,
NaNO; and Na,CO;, reduced the adsorption capacity of the CGP for Cr(VI) as the concentration of the anions increased
from 0 to 100 ppm. The CGP indicated excellent adsorption selectivity for Cr(VI) in the presence of other metal ions
such as Cd(ll), Cu(ll), Zn (1), and Cr(lll) in their chloride forms at 500 ppm [74]. A home-made fixed bed column setup
was made to simulate a typical wastewater treatment process, by continuously pumping an effluent flow which
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Fig.6 The effect of different physiochemical parameters on the adsorption of nitrate, nitrite and phosphate compounds by CNF aerogel. a
pH (time =30 min, concentration=100 mg L™", weight=0.1 g); b concentration (time =30 min, pH=6, weight=0.1 g); ¢ contact time (pH=6,
concentration=100 mg L', weight=0.1 g); d temperature (time=60 min, concentration=100 mg L™, weight=0.1 g, pH=6) [45]. Repro-
duced with permission from Elsevier

Fig.7 The digital image of
the home-made fixed-bed
column (a); Cr(VI) concentra-
tion as a function of contact
time in the fixed-bed column
adsorption study (250 mg
CGP, Cr(VI) solution(1 L,

1 ppm), T: 298 K, pH: 2.0) (b)
[74]. Reproduced with permis-
sion from Elsevier
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contained 1 ppm Cr(VI) as indicated in Fig. 7. Their study indicated a decrease of the Cr(VI) concentration to around
200 ppb, which is lower than the discharge limit of 500 ppb permitted in China [74].

Li et al. [75] produced a chemically crosslinked CNF aerogel. The CNF aerogel was crosslinked with 3,3-dithiodipro-
pionic acid dihydrazide (DAD) molecules for improved mechanical properties and loaded with TiO, nanoparticles,
for use in adsorption and degradation of Rhodamine B dye which can be found in waste water. In their study it was
observed that the adsorption increased in the initial 30 min and reached saturation after 60 min. The adsorption
efficiency decreased with an increase in the concentration of the dye, the optimum adsorption efficiency was found
to be 58%, when the concentration of the dye was 10 mg L™ [75].

Apart from modifying the surface of cellulose aerogels to increase the adsorption capacity, the pH of the solution
has an influence on the selectivity and performance of the adsorbent towards metal ions [76]. In their study, Sharma
et al. [77] reported the effect of pH on the adsorption capacity of nanocellulose prepared using the nitro-oxidation
method, for removal of cadmium (Il) (Cd**) ions from water. At pH 7 adsorption efficiency was the highest, compared
to lowest adsorption efficiencies at lower and higher pH [771].
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Other supporting materials such as methacrylic acid and maleic acid can be grafted onto the nanocellulose surface
to improve the adsorption capacity towards metal ions, by increasing the sites of adsorption available [78].

Phanthong et al. [79] fabricated a nanocellulose sponge which was treated with stearoyl chloride to obtain super-
hydrophobicity and super-olephilicity. The nanocellulose sponge showed a superior affinity to several compounds includ-
ing, dichloromethane, silicon oil, toluene, vacuum pump oil, ethanol, acetone, n-octane, and n-hexane, even after ten
cycles, which was recovered by simply squeezing the liquid [79].

Aerogel recovery and absorption of oils and organic solvents remains problematic. This issue has prompted some
researchers to incorporate a magnetic feature into the aerogels, making it simpler to recover the aerogels after absorp-
tion of oils by simply using a magnet [80].

4.2 Graphene based aerogels

Graphene-based aerogels are a relatively new type of material that has generated a lot of interest among scientists due
to their exceptional properties and potential applications. These materials are composed of three-dimensional structures
made up of sheets of graphene, which are two-dimensional layers of carbon atoms arranged in a hexagonal pattern
[81]. The resulting aerogels have large surface areas, are highly porous, have excellent compressibility, recoverability,
and thermal insulation properties [82, 83].

Graphene-based aerogels are incredibly lightweight and strong, making them ideal for use in aerospace and structural
engineering. Furthermore, these materials exhibit excellent thermal and electrical conductivity, which makes them well-
suited for use in energy storage and conversion devices [5, 84, 85]. The high surface area of graphene-based aerogels is
a notable property, which provides a large number of active sites for chemical reactions. This makes them valuable in
areas such as catalysis and gas sensing [34, 81, 86].

However, the production of graphene-based aerogels is not without its challenges. One of the primary issues is the
difficulty in producing graphene sheets with high purity and uniformity, which can affect the mechanical and electrical
properties of the aerogel. Additionally, the production process can be complex and costly, which can limit the scalability
of the technology [87].

The most appropriate precursor for manufacturing 3D gel networks based on graphene is graphene oxide (GO). GO
has the advantage of being easily dispersed in many solvents and its physical properties, including dielectric, electronic,
and mechanical properties can be easily manipulated and adjusted within a broad range [82]. To obtain the desired sp?
bonded carbon properties in graphene, a reduction process is necessary, given the high level of oxidation and lattice
defects in GO. Reduction of GO to graphene can be achieved through various methods such as self-assembly, hydrother-
mal, chemical, thermal, photoreduction, microorganisms, microwave, electrochemical, and cross-linking. The resulting
graphene can be used to form a 3D gel network with pores ranging from sub-micron to micron scale [88].

High volume drying methods such as freeze-drying or supercritical CO, drying are utilized to prevent network collapse
of the alcogel or hydrogel, caused by capillary forces and to achieve high porosity in graphene-based aerogels [81]. The
drying methods have an influence on the pore sizes, for example; CO, drying generates numerous macro-pores along
with a small number of mesopores, while freeze-drying produces a high number of mesopores that merge into larger
macro-pores due to gradual ice crystal growth [83].

Overall, graphene-based aerogels hold great promise as a new class of materials with unique properties and potential
applications in a range of fields including water treatment. Ongoing research in this area is likely to lead to the devel-
opment of more efficient and cost-effective production methods, further enhancing the potential of these materials.

4.2.1 Production methods for graphene-based aerogels

Graphene based aerogels are synthesized by using GO as a precursor. To obtain GO, graphite powder is typically exfoliated
via a chemical procedure by treating it in a blend of potassium permanganate, sodium nitrate and concentrated sulfuric
acid [81]. However, the use of these chemicals poses toxicity threats and leads to environmental issues. Researchers have
been working on developing alternative methods which are milder and less harmful to the environment. These methods
include the use of reducing agents such as vitamin C, organic acids, amino acids, microorganisms, plant extracts, sugars,
proteins and other antioxidants [89]. Another method of exfoliating graphite which has been recently developed, is
through the use of electrochemical methods [90].

As a result of graphite oxidation, diverse oxygen groups, particularly epoxy and hydroxy groups, attach to the edges
and basal planes of the GO surface. These functional groups contribute to the high hydrophilicity of the oxide sheets,
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enabling the dispersion of graphite oxide in solvents and the creation of stable aqueous colloids. This low-cost and
straightforward solution process facilitates the construction of 3D GO structures [91-93].

Besides the reduction of GO, hydrothermal reduction is typically used for synthesis of other materials such as nano-
particles and metal oxides. In this process a material is reduced using hydrogen gas in a high pressure, high temperature
(above 100 °C and below 300 °C) and water-based environment. These conditions allow the water to reach a supercritical
state and are advantageous in controlling the size, shape, and properties of the final product.

To alter the structure and chemical composition and achieve desired physical properties of aerogels in graphene
systems, a variety of reagents are employed. However, caution must be taken to avoid undesired reduction of the gra-
phene oxide, which can be prevented by keeping the temperature below 200 °C [94]. The final porous aerogel structure
is achieved by drying of the hydrothermally reduced GO or composite. Hydrothermal synthesis is a simple procedure and
offers the capability for large scale production, however, the high energy needs, increases the cost of manufacturing [81].

Different crosslinking agents can be used to form the 3D network structure of graphene-based aerogels. For instance,
when exposed to water, GO sheets form a colloidal dispersion which is fairly stable [95]. However, due to a lack of recip-
rocal repulsion, GO sheets are not stable in the presence of strong acids. A reduction in pH weakens the electrostatic
repulsions, and strengthens hydrogen bonding, as a result of the protonation of the carboxyl groups. Hence, a stable GO
gelation can be achieved by weakening the repulsion force or by increasing the bonding force. The utilization of cross-
linking agents is recognized to aid in the solidification of GO sheets by substantially increasing the adhesive properties
between them. Commonly used crosslinking agents include: hydroxyl (PVA), oxygen-containing hydroxypropyl cellulose
(HPC), Polyethylene Oxide (PEO) or nitrogen functional groups (polyamines), and ethylenediamine [82, 95-971.

By combining with nearby GO sheets, these polymeric substances can create hydrogen bonds and enhance the bind-
ing forces involved in the gelation process. It is noteworthy that several GO/polymer composite hydrogels are capable of
responding to changes in pH. Additionally, certain quaternary ammonium salts, including cetyltrimethylammonium bro-
mide (CTAB), tetramethylammonium chloride (TMAC), and melamine, which are relatively small in size, can be employed
to help generate GO hydrogels [95].

Divalent and trivalent ions such as: Ca®*, Mg?*, Cu?*, Pb?*, Cr**, Fe3* etc. have the capability to stimulate self-assembly
of GO sheets, due to the interaction between the metallic ions and the GO by a bonding force [98]. The flask volume can
be adjusted to obtain hydrogels of different macroscopic sizes. Moreover, the density and size of pores can be influenced
by the concentration of GO. In addition, the presence of metal ions can impact the formation of chemical and hydrogen
bonds between water, divalent metals, and oxygenated groups [98]. Tang et al. [99] showed that noble metals such as
Au, Ag, Pd, Ir, Rh, or Pt, etc. promoted the formation of three-dimensional macro-assembly of single layered graphene
oxide [99].

Biomacromolecules possess the ability to interact with GO sheets under ideal conditions. Both synthetic and natural
biopolymers, including polysaccharides [100], polyvinyl alcohol [101], proteins and DNA [102], can act as crucial crosslink-
ing agents to create porous interconnected structures by means of hydrogen bonding as well as covalent or non-covalent
interactions. Wang et al. [103] fabricated and functionalized a biological graphene aerogel, by reusing microorganisms
in activated sludge and ionic dyes. Employing bacteria as a cross-linking agent to produce a biological graphene aero-
gel offers a promising substitute for chemical techniques that can be expensive, toxic, and demand specific conditions.
Xu et al. [104] reported on environmentally friendly 3D aerogels made from self-assembled GO sheets and DNA. These
aerogels possessed good mechanical properties, high dye loading capacity and self-healing properties [104].

To produce an aerogel with a polymer support using a cross-linking technique, it is necessary to utilize polymer
materials that are capable of bonding with graphene oxide layers. This process involves creating steric hindrances to
prevent the stacking of layers, as well as reducing the exposed area [105]. For instance, Chen et al. [106] developed an
aerogel by cross-linking molecularly modified poly(m-phenylenediamine) (mPmPD) with polyvinyl alcohol (PVA) and
graphene oxide (GO). The incorporation of 3-aminophenylboronic acid (C;HgBNO,) in the aerogel structure facilitated the
confinement of poly(m-phenylenediamine). The resultant aerogel possessed sturdy mechanical properties and exhib-
ited exceptional adsorption capacity for silver, with a maximum limit of 917.41 mg g~' [106]. This study showed that by
chemically crosslinking graphene oxide (GO) with a conducting polymer material that has adsorption capabilities, it is
possible to produce low-cost aerogels with exceptional adsorption properties that can perform well in practical settings.

The sol-gel process is a chemical method that transforms small molecules or ions into solid materials through hydroly-
sis and condensation reactions to form a three-dimensional network of interconnected particles. This process is par-
ticularly useful in synthesizing aerogels because it allows for the creation of porous structures with high surface area
and low density. By controlling the reaction conditions and precursor materials, the sol-gel process can be used to
produce aerogels with varying properties. The sol-gel process is dependent upon various factors, including the type
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of components, precursors, and solvents used, as well as the solution’s temperature and pH, composition, stabilizing
agents, and drying control chemical additives. These variables collectively determine the duration of gelation and the
structure of the resulting solution [6, 107]. Elaloui et al. [108] fabricated alumina xerogel and aerogels using the sol-gel
process and investigated the influence of the sol-gel process on the structure and porous texture of the aerogels. The
study showed that low-temperature wet chemistry conditions have an important effect on the residual pore texture and
specific area of non-doped alumina aerogels at high temperature (1200 °C) [108].

Methods that are guided by templates are effective in creating porous graphene-based aerogels that possess well-
defined and shaped structures. Templates serve as agents that determine the morphology of the graphene-based aero-
gels [109]. This approach facilitates the production of macro-pores that are uniform and controllable, and also enables
the microstructure to be adjusted according to requirements [110]. Template-directed reduction can be done in two
different ways, chemical vapour deposition and template-directed self-assembly (ice template or sol-cryo method).

Chemical Vapour Deposition (CVD)produces autonomically and immaculate graphene 3D porous structures. Alter-
ing the CVD temperature permits an accurate way to manage the pore size, structure and volume [111-113]. However,
the utilization of expensive reagents and intricate equipment is necessary for CVD, which in turn restricts its suitability
for large-scale production. Additionally, an extra step of transferring the graphene layer onto the intended substrate is
required.

The ice-template or sol-cryo directional freezing technique is a prevalent and cutting-edge method for creating 3D
monolithic structures without using chemicals. This approach involves using ice grain growth to customize the morphol-
ogy of the graphene-based aerogels. Different freezing methods such as unidirectional freeze-drying, non-directional
freeze-drying, and air freeze-drying can be employed to determine the pore sizes and volumes. Moreover, the shape and
size of the resulting 3D foams are influenced by the type of mould used during the freezing process [114].

Additive manufacturing popularly known as 3D printing, is a process of creating three-dimensional objects from a
digital model by building them layer by layer. It typically involves the use of a 3D printer, which reads the digital design
file and then deposits material in successive layers until the object is complete. The material used can be various types,
including plastics, metals, ceramics, and even food. The 3D printer typically applies the material in a controlled manner,
guided by the design specifications, and then solidifies or fuses the material to create the desired shape [115].

3D printing technology has been advancing rapidly in recent years and has become a valuable tool for prototyping
and manufacturing in a range of industries, from aerospace and automotive to medicine and consumer products. It
enables the production of complex shapes and geometries that may not be possible with traditional manufacturing
methods, and can also reduce waste and cost by allowing for on-demand production of small quantities or custom-made
parts [115]. Two 3D printing techniques have been used for manufacturing graphene aerogels, direct ink writing and
stereolithography.

In principle, direct ink writing (DIW) involves extruding materials by depositing a liquid material ink that rapidly
solidifies upon extrusion. To achieve a smooth surface, the ink must possess the appropriate modulus to maintain its
shape after extrusion. In general, high viscosity inks have better shaping abilities, but they also increase the risk of noz-
zle clogging. Therefore, the development of high viscosity inks with shear-thinning behaviour that enables flow under
pressure and pseudoplastic recovery after deposition is critical for the success of DIW [116, 117]. In their study, Jiang
et al. [118] demonstrated that an ultralight micro-lattice of graphene aerogel can be directly printed using GO ink and
an ion-induced gelation method. By introducing small quantities of Ca®* ions into the GO ink, the researchers were able
to transform the aqueous GO sol into a printable gel ink [118].

Superior results have been obtained by researchers using the DIW method, however, the method has not yet been
implemented for practical use because of processing challenges. When printing intricate patterns for applications that
demand precise size and resolution, the challenge of achieving dimensional accuracy arises. This is particularly difficult
when there is a requirement to use a sufficiently small and simple structural unit without compromising the printing
duration or reducing the geometry of the printed parts. In addition, the complexity of structures, such as extrusion noz-
zle sizes, may pose an obstacle in generating nano-inks [119, 120].

Stereolithography (SLA) is a type of 3D printing technology that uses a laser to create a three-dimensional object from
a liquid resin material. The SLA process involves the use of a vat of liquid resin, a UV laser, and a computer-controlled
mirror or galvanometer to selectively cure the resin to form the desired 3D shape. The liquid resin is poured into a vat
and a platform is lowered into the resin to a depth corresponding to the thickness of the first layer. The UV laser is then
used to selectively cure the resin in the shape of the first layer by tracing the pattern of the first slice [115, 119].

Once the first layer is complete, the platform is raised and the process is repeated for the subsequent layers, with the
platform being lowered incrementally until the entire object is complete. After the object has been fully printed, it is
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removed from the vat and undergoes a post-processing stage where it is cleaned and cured under UV light to finalize
the solidification of the resin [115, 119].

In order for a composite to be printed using this technique: the resin must cure when exposed to the laser, it must
also have a low viscosity to allow for the recoating process. A complex micro-built graphene aerogel was produced by
Hensleigh et al. [121] using the projection micro stereolithography (PuSL) technique.

SLA is capable of producing highly detailed and complex parts with smooth surfaces and high dimensional accuracy,
which enables fabrication of complex 3D graphene structures. The limitation with this method is the speed at which
objects are printed, however, this leaves room for improvement by researchers and engineers. Figure 8 indicates some
of the production methods for GO aerogels, while Table 4 illustrates precursor materials for graphene production and
their sustainability aspects across past, present, and future trends.

4.2.2 Application of graphene-based aerogels in water treatment

In several studies by our group, graphene-based materials applied in adsorption-based water treatment processes to
remove pollutants such as phenol and Cr(VI) performed relatively poorly compared to commercial adsorbents such as
activated carbon [127-129]. This was mainly attributed to the relatively low surface areas of the graphene-based materi-
als utilised, compared to those of commercial adsorbents such as activated carbon. The unique properties of graphene
aerogels, such as their high surface area, porosity, and mechanical strength, make them a promising material for water
treatment. There are several potential applications of graphene aerogels in water treatment, including the remediation
of heavy metals and organic pollutants.

The high surface area and porosity of graphene aerogels allow for efficient adsorption of heavy metal ions, such
as lead, mercury, and arsenic, from water. The adsorption process occurs when heavy metal ions in the water are
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Fig.8 A schematic representation of the most common methods for the production of GO aerogels [81]. Reproduced with permission from
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attracted to the surface of the graphene aerogel and held there by chemical forces. The adsorption efficiency of
graphene aerogels can be increased by modifying their surface properties through chemical functionalization or by
doping them with other materials [85].

Studies have shown that graphene aerogels can effectively remove heavy metals from water, with removal efficien-
cies of up to 99% for lead, mercury, arsenic ions and other heavy metal ions. Additionally, graphene aerogels have
been found to be more effective in removing heavy metals from water compared to traditional adsorbents, such as
activated carbon, and compared to other water treatment methods such as ion exchange, coagulation and filtration,
due to their higher surface area, adsorption capacity, long lifespan and regeneration [130].

Luo et al. [131] synthesized novel graphene oxide/carboxy methyl chitosan (GO/CMC) composite aerogels through
a vacuum assisted self-assembly and freeze-drying technique, for the adsorption of heavy metals from aqueous solu-
tion. In their study, the maximum adsorption capacities of the GO/CMC were 151.30 mg g~ for Ag*, 95.37 mg g™ for
Cu?*and 249.38 mg g~ for Pb2* [131]. In another study, Yu et al. [132] investigated the adsorption capacity of a lyo-
philized graphene oxide chitosan composite aerogel, for Cu** metal ions. Simulation of the adsorption kinetics using
the pseudo-second order and Langmuir isotherm models indicated a good adsorption capacity of 2.54x10' mg g™
for Cu?* ions [132]. The adsorption capacity was positively influenced by an increase in pH and temperature as well
as a lower ionic strength.

Liu et al. [133] fabricated unique 3D graphene/8-MnO, aerogels via self-assembly and reduction of graphene oxide,
followed by in situ solution-phase deposition of ultrathin 8-MnO, nanosheets. The unique structural characteristic
of the aerogels resulted in a fast adsorption kinetic rate and higher adsorption capacity towards heavy metal ions.
The Langmuir isotherm model for the graphene/8-MnO, aerogels indicated adsorption capacities of 643.62 mg g’
for Pb?*, 250.31 mg g™ for Cd** and 228.46 mg g~ for Cu®* [133]. It was noted in the study that the aerogels were
regenerated by treatment in HCl and KOH, and they maintained their original shape and could be repeatedly used
for over eight cycles with no clear indication of degradation in performance, which indicated a high potential for
sustainability [133].

Chen et al. [134] used graphene oxide as a precursor and oxidant to synthesize aerogels, by a facile hydrothermal
technique. The surface of the aerogel was functionalized by incorporating ethylenediaminetetraacetic acid disodium
salt (EDTA-2Na). Pyrrole monomer was used as a reducing agent, resulting in an EDTA-2Na/polypyrrole (Ppy)/rGO aerogel
(EPGA) which had a high adsorption capacity for Cr(VI) anions, with a maximum adsorption capacity reaching 361 mg g™
at 298 K at pH of 2. The study also investigated the ability of EPGA to selectively adsorb Cr(VI) ions in the presence of
coexisting ions including CI~, NO;~, SO,%~, PO,*~, Ni*, Cu®*, Zn?*, and Cd** which might influence the adsorption capacity,
which indicated a good ability to adsorb selectively and good regeneration ability [134].

The use of graphene aerogels for the removal of heavy metals from water shows great promise and has the potential
to provide an effective and sustainable solution to heavy metal pollution in water.

Graphene aerogels have also been considered for the removal of organic pollutants such as dyes, pesticides, and
pharmaceuticals which are often found in wastewater and can be harmful to the environment and human health if not
properly treated [85].

Chen et al. [135] investigated the absorption efficiency of lignin-modified graphene aerogels (LGAs) for removal of
petroleum oils and toxic solvents such as toluene, chloroform, and carbon tetrachloride from water. The LGAs showed
superior absorption efficiencies of up to 350 times of their own weight, which is one of the highest amongst the previ-
ously reported absorbents [135]. The LGAs were able to maintain a 96% of their absorption capacity after several compres-
sive and release cycles. A maximum absorption capacity of 522 times their own weight was achieved by the LGAs after
treatment by carbonation. Regeneration of the LGAs could be achieved by the repeated heat treatment and squeezing
method, which yields approximately a full release of adsorbates [135].

Xiao et al. [136] developed a multifaceted graphene oxide/nanofiber aerogel, by a novel introduction of cellulose
nanofibers in graphene aerogels in order to avoid over-stacking of the sheets and improve connectivity of cell walls. The
aerogel was highly stable under water and had an adsorption capacity above 800 mg g~' towards cationic dyes [136].
The density, pore structure and mechanical properties of the aerogel could be influenced by altering the composition
and compression deformation [136].

Amongst the other pollutants, antibiotics are also a serious concern with regards to water pollution, because of their
imminent release during production and use, which poses a toxic threat to animals, humans and aquatic organisms [85]. A
porous graphene oxide-chitosan aerogel (PGO-CS) used as a recyclable adsorbent for tetracycline removal, was reported
by Zhao et al. [137]. The PGO-CS aerogel had an adsorption capacity of around 1.47 x 10> mg g~', ranking it among the
most effective adsorbents for tetracycline. It was well described by the pseudo-first-order kinetics model [137].

@ Discover



Discover Materials (2024) 4:23 | https://doi.org/10.1007/543939-024-00097-3 Review

The use of graphene aerogels for the removal of organic pollutants from water shows great potential. The ability to
mass-produce, modify the mechanical properties and regeneration, could provide a cost-effective and sustainable solu-
tion to water pollution.

The desalination process involves the removal of salt and other impurities from seawater or brackish water to make
it safe for consumption or agricultural use. Conventional desalination methods, such as reverse osmosis and distillation,
require large amounts of energy and are often expensive. Graphene aerogels offer a potential solution to these chal-
lenges because they have a high surface area-to-volume ratio, which allows them to efficiently adsorb and remove ions
and other impurities from water. Additionally, they have a low thermal conductivity, which can help reduce energy costs
in desalination processes.

One example of using graphene aerogels for water desalination involves incorporating them into a membrane. The
membrane can selectively filter out salt ions while allowing water molecules to pass through. This approach has the
potential to be more efficient and cost-effective than conventional desalination methods.

Ma et al. [138] synthesized a self-floating composite graphene aerogel doped with Enteromorpha and modified
polyethylene glycol (PEG), (referred to as PEGA), and used solar energy for desalination, in order to explore functional
materials as a solar-energized evaporator with an enhanced evaporation rate and pollutant tolerance. Their analyses
showed that modifying PEG enhanced the hydrophilic functionality of PEGA, which increased the evaporation rate and
photothermal conversion efficiency up to 2.55 kg m=2 h™" and 105.71%, respectively [138]. In this study, the seawater
ion removal rate exceeded 99.99% via the PEGA conducted solar evaporation [138].

4.3 Graphene and cellulose composite aerogels

Graphene-cellulose composite aerogels (GCCA) represent an interesting field of research with a high potential for further
development. These composite aerogels have been shown to exhibit improved mechanical and electrical properties
compared to aerogels fabricated from the individual components, due to the combination of their unique properties.
For example, the addition of graphene to cellulose aerogels can increase their electrical conductivity, while the pres-
ence of cellulose can improve the mechanical strength and thermal stability of the graphene aerogels [139]. A study
conducted by Takeno et al. [140] on the effect of cellulose nanofibers (CNFs) on the mechanical and structural proper-
ties of poly (vinyl alcohol) (PVA) hydrogels cross-linked dually by a freezing/thawing method and borax as a cross-linker,
showed that the addition of cellulose nanofibers and crosslinking with PVA and borax significantly improved the tensile
performance of the aerogels [140].

The large surface area and high porosity of GCCAs make them ideal materials for use in adsorption. Shadkam et al.
[141] investigated the adsorption performance of reduced graphene oxide-cellulose nanocrystal hybrid aerogels rein-
forced with waste paper extracted cellulose fibres, for adsorption of toluene. Using the Langmuir isotherm, a maximum
adsorption capacity of 454 mg g™ for toluene was achieved from aqueous medium [141].

The unique properties of GCCAs makes it possible to develop highly flexible and super-lightweight materials, due to
the ability of cellulose to prevent volumetric shrinkage of graphene aerogels [142]. lllera et al. [143] demonstrated that
aqueous dispersions of graphene can be stabilized by cellulose nanocrystals colloids, which allows the preservation of
the intrinsic properties of graphene nanosheets by advancing noncovalent interactions between cellulose and graphene.
Table 5 compares the significant properties of cellulose based aerogels and graphene oxide-cellulose composite aerogels.

4.3.1 Synthesis of graphene-cellulose composite aerogels

Various methods have been developed for synthesizing cellulose-graphene composite aerogels, such as the reduction
of graphene oxide in the presence of cellulose, the incorporation of graphene sheets into cellulose aerogels, and the
assembly of graphene-coated cellulose fibres.

Due to its simplicity and scalability, the hydrothermal method is a popular technique for synthesizing graphene-
cellulose composite aerogels [87]. The fabrication method involves several key steps. Initially, graphene oxide (GO) is
prepared using either the Hummers method or a modified version as outlined by Ghazitabar et al. [144]. The synthe-
sized GO is then dispersed in a liquid to achieve a homogeneous solution. Concurrently, cellulose nanofibers (CNFs)
are obtained by mechanical or chemical treatment of cellulose fibres, followed by their dispersion in a liquid to create
a uniform solution. Subsequently, the solutions of GO and CNFs are combined in a predetermined ratio and thoroughly
mixed, ensuring a consistent mixture through sonication. This uniform mixture is subjected to hydrothermal treatment
within a Teflon-lined autoclave, operating at temperatures between 180 and 220 °C and pressures of 5-15 bar for a

@ Discover



| https://doi.org/10.1007/543939-024-00097-3

(2024) 4:23

Discover Materials

Review

924N0S 950|Nn||3 3y} uo buipuadap
‘s|abolae 331sodwod 01 pasedwod spoyiaw buissadoid 1ajdwis aAjoAul Ay

UOI1eZIWOISND puUe Uoljez

-lleuonduny 4oy saniunyoddo yiim ‘[eryusiod uonedyipow [es1uwsyd Jejiwis
suonjedidde [eondo

1oy Buimoj|e ‘61| 91qisiA 03 Jualedsuel) 9q ued s|abolae 50|N|[93 SWOS

Ayigels ainjesadway
yb1y pue AUAIDNPUOD [EWIBY) MO Y)IM ‘sa1piadoad uonensul [ewsayl pooo

sa1uadoud ybramiybi|
03 buiINquod ‘sjelralew pijos ||e JO 1S9MO| 3y} Buowe ualjo ‘AHsusp Mo

sjoboiae 3so|n||93 40 34n3dNJ3s snolod dy} 03 parngue eale adepns YbiH
spoyiaw buissadoid pue

924N0S 950|N||32 aY3 uo Hulpuadap ‘Y1bualls |esrueydaw ybiy o) 33esdpo
Aypeded uondiospe pue

eaJe 3deyns ybiy 03 bunnguuod ‘sasod pajdauuodialul yim Ausosod ybiH

uolew.oy 931sodwod Jo uolleziwiydo pue spixo

suaydeub jo uonesodiodul se yons ‘spoyiaw buissadoid xa|dwod aiop
suonedidde >yidads 4oy sansadoud

paio|ie} Buljgeus ‘uoI1edYIPOW [edIWSYD 10} AJ|IIBSISA JDYO S|eLIslew yiog
apixo auaydeib jo ainjeu anbedo

9y} 01 anp sjabolae as50|n|93 aind 03 pasedwod Aduasedsuesy padnpay
apixo auaydeub jo aduasaid ay3 0} paynquiiie

‘s|obouse as0|Nn||33 aind 0} pasedw0d A}AI}DNPUOD [ewIaY} paroidw]
apixo auaydeib jo sduasaid

9y} 01 anp sjabouae 3sojn|a2 aind 03 pasedwod Aysusp Jaybiy Apybils
$393ys apixo auaydeib jo uoi}

-Ippe 3y} 031 anp s|aboise aso|n||9d aind 03 pasedwod eale d3e4Ins JaybiH
apixo auaydeub jo

1233 Buidiojulal 3y 01 snp sssuyns pue Yyibualls [edlueydswl padueyus
Apeded uondiospe pue eale

9de4INS padueyUa Ul Bulynsal ‘saiod pa3dauu0dIaul yum Aysosod ybiH

A1xa|dwod buissadold

[e1zuaod uoledyIpow [edjwaY)
Aoualedsues)

ANAIRDNPUOD JeWIBY

Aysuag

eaJe adeyNg

yibuans |esjueydaly

Aysoiod

s|aboiae aso|n||aD

s|aboJae a31sodwod 3sojn||@3-apixo auaydeln

Ayadouyg

sjobolae 250|292 pue sjabolae 331s0dwod 350|N||3D-aPIX0 duaydeld usamiaq sisAjeue aappesedwo) §3jqel

@ Discover



Discover Materials (2024) 4:23 | https://doi.org/10.1007/543939-024-00097-3 Review

specific duration. During this process, the CNFs and GO self-assemble, forming a 3D network structure. Following the
hydrothermal treatment, the resulting hydrogel is extracted from the autoclave after cooling to room temperature. The
hydrogel undergoes multiple washes with deionized water to eliminate any unreacted chemicals and is subsequently
freeze-dried to achieve a porous aerogel. For enhanced electrical conductivity of the aerogel, the GO component can
be reduced to obtain a reduced graphene oxide (rGO) aerogel. This reduction process involves treating the aerogel with
a suitable reducing agent, such as hydrazine hydrate or sodium borohydride [144]. Figure 9 indicates the synthesis of
graphene oxide-cellulose composite aerogel using the mild chemical reduction method [144].

Besides the methods used in the reduction of graphene oxide and the drying technique used to obtain the aerogels,
when producing cellulose-graphene composites aerogels, there are two crucial factors that must be considered. The
first consideration is whether to maintain the intact structure of the original cellulose network. If the cellulose network
remains undisturbed, the resulting composite aerogels can benefit from the inherent mechanical strength of the original
cellulose. However, it can be challenging to integrate a second phase into the cellulose network, and therefore disin-
tegrating the cellulose has been employed as a strategy to combine cellulose and graphene [145]. The second factor
to consider, is the method of incorporating graphene platelets into the cellulose network. Troncoso and Torres [145]
synthesized bacterial cellulose-graphene based nanocomposites. In their study, graphene was introduced after the syn-
thesis of bacterial cellulose fibres or during the bacterial cellulose synthesis. The graphene platelets were incorporated
by immersing a pristine cellulose pellicle in a graphene dispersion [145].

In the first and second approaches used in the study by Troncoso and Torres [145] described above, cellulose was
produced in an unmodified medium resulting in a cellulose pellicle. The cellulose pellicle was either preserved or disin-
tegrated. To disintegrate the cellulose, homogenization or pulping equipment was utilized to obtain a cellulose wet gel
which was then combined with a GO dispersion. To ensure a homogeneous dispersion, sonication or another method
was used. The resulting cellulose-GO dispersion was then dried, pressed or filtered to form an aerogel or solid film [145].
In cases where the network structure of cellulose was preserved, the GO was integrated through an impregnation step.
Subsequently, the cellulose pellicle with GO was dried or pressed [145]. Alternatively, a GO dispersion was poured onto
a cellulose pellicle and vacuum-dried to create a film in a single step [145].

In another study, flexible and ultra-light graphene—recycled cellulose nanofibre aerogels were produced by Hovi-
atdoost et al. [139] using a similar method described by Ghazitabar et al. [144]. Graphene oxide pre-adsorbed with zinc
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Fig. 9 Schematic of graphene oxide-cellulose composite aerogel synthesis by the mild chemical reduction method [144]
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oxide (ZnO) was reduced using a mixture of L-Ascorbic Acid (LAA) and sodium bisulphite (NaHSO;). A hydrogel was then
formed after heating the mixture at 90 °C for 6 h, which was then freeze-dried to form the aerogels [139].

Moharram et al. [146] formed aerogel-like beads from porous graphene oxide crosslinked with cellulose, by air-drying
the beads at ambient conditions for two days. In another study by Pinto et al. [147] a novel method which includes
addition of dimethyl sulfoxide (DMSO) to the mixture during gelation and using reduction by thermal treatment with
ammonia gas to induce crosslinking, was used to form aerogels from bacterial cellulose and graphene oxide. The com-
posite aerogels exhibited considerable improvements in both thermal stability and electrical conductivity. As a result,
these versatile aerogels have great promise as environmentally-friendly and sustainable substitute materials for a range
of applications such as lightweight packaging, atmosphere and water treatment filters, and energy-related uses [147].

In a study conducted by Pircher et al. [148], fragile, ultra-lightweight, open-porous, and transversally isotropic bacterial
cellulose (BC) aerogels were strengthened with biocompatible polymers such as polylactic acid (PLA), poly-caprolactone
(PCL), cellulose acetate (CA), and poly(methyl methacrylate) (PMMA) at varying BC/polymer ratios. To incorporate the
secondary polymer into the BC matrix and transform the resulting composite organic gels into aerogels, the techniques
of supercritical carbon dioxide anti-solvent precipitation and simultaneous extraction of the anti-solvent using super
critical CO, were employed [148].

Xia et al. [149] conducted a study on a straightforward and scalable bottom-up approach for producing 3D porous
hybrid aerogels (HAs) composed of one-dimensional cellulose nanofibres (CNFs), multiwalled carbon nanotubes (MWC-
NTs), and two-dimensional graphene oxide (GO). Following the incorporation of Fe;0, nanoparticles (~ 200 nm) into the
HA substrate, a high-performance flexible electrode made of CNF/MWCNT/reduced-GO (RGO)/Fe;0, was created. This
electrode exhibited a large capacitance of 1193 mF cm™2, outstanding rate capability, and high durability [149].

4.3.2 Application of graphene-cellulose composite aerogels in waste water treatment

Recently, GCCAs have emerged as promising materials for water treatment due to their unique properties, including high
porosity, large surface area, and electrical conductivity. The hydrothermal process used to manufacture GCCAs promotes
the formation of a strong interfacial interaction between cellulose and graphene, resulting in improved mechanical
properties and enhanced adsorption performance of the composite aerogels [139].

The ability of GCCAs to adsorb different types of water pollutants, such as heavy metals, organic dyes, and phar-
maceuticals, has been the subject of investigation. For instance, Arabkhani and Asfaram [150] developed a novel 3D
magnetic bacterial cellulose nanofibre/graphene oxide polymer aerogel comprising of bacterial cellulose nanofibres,
Fe;O, nanoparticles, GO nanosheets, and poly(vinyl alcohol), which achieved 93% adsorption efficiency, in the removal
of malachite green (MG) dye from aqueous solution [150].

In another study, Ghazitabar et al. [151] reported the use of novel graphene aerogel/cellulose fibres/magnetite nano-
particles (GCM) composites, in the removal of Au from an industrial alkaline cyanide solution. The GCM composites
showed a high gold adsorption capacity of 130 mg g™', along with a mechanical strength of 7 kPa at 50% strain, which
indicates the possibility of using the GCM composites in industrial applications [151].

The sources of cellulose are abundant. Joshi et al. [152] synthesized GCCAs using cellulose derived from fruit-waste to
study its adsorption efficiency for the removal of dyes. The composite aerogels achieved an adsorption removal efficiency
of 98%, which was much higher than the adsorption efficiency of GO powder, activated carbon, cellulose aerogels, and
graphene aerogels [152].

Results from a study conducted by Shadkam et al. [141] displayed promising potential for graphene-cellulose based
aerogels to perform as a new class of adsorbents. Reduced graphene-oxide/cellulose nanocrystal hybrid aerogels rein-
forced with waste-paper extracted cellulose-fibres resulted in a maximum adsorption capacity of 454 mg g~ for the
removal of toluene from an aqueous medium [141].

One of the advantages of cellulose-graphene composite aerogels is their regeneration ability and reusability, which is
crucial for practical applications [139]. Several regeneration methods have been investigated, including thermal regenera-
tion, chemical regeneration, and bio regeneration. In one approach, the regeneration of the aerogels involved an initial
stage in which metal ions from the aerogels were removed by dehydrating the material using mechanical compression,
followed by a continuous addition of ethylenediaminetetraacetic acid (EDTA) solution until the original form is restored
[153].

A study by Hoviatdoost et al. [139] also demonstrated that GCCAs could be effectively regenerated using either
mechanical (squeezing) or thermal desorption (heat treatment). The aerogels maintained a high absorption capacity of
84%, after 10 cycles of being compressed and released [139]. Another study by Joshi et al. [152] also demonstrated the

@ Discover



Discover Materials (2024) 4:23 | https://doi.org/10.1007/543939-024-00097-3 Review

ability to regenerate graphene-fruit waste derived cellulose aerogels for removal of dyes, by rinsing in a NaOH solution
[152]. This further indicates the sustainability of GCCAs.

Mi et al. [142] fabricated a highly compressible ultra-light anisotropic cellulose/graphene aerogel by bidirectional
freeze drying for selective oil absorption. The aerogel’s remarkable elasticity allows for quick and effective retrieval of
absorbed oil through straightforward mechanical squeezing. This feature ensures exceptional performance consistency
even after multiple uses [142].

The unique combination of high compressibility and efficient oil recovery through mechanical squeezing sets modi-
fied GCCAs apart from other aerogels. Consequently, modified GCCA shows great potential as a highly effective material
for targeted oil absorption and recovery. Table 6 represents the advantages and disadvantages of other water treatment
methods, compared to using aerogels.

5 Discussion: future prospects of cellulose and graphene-based aerogels in wastewater
treatment

5.1 Cellulose based aerogels

Cellulose-based aerogels have shown great potential for water treatment applications due to their high surface area,
porosity, and ability to adsorb contaminants. However, as outlined in the sections above, there are still some challenges
in their application for water treatment. It was noted that cellulose-based aerogels have limited stability in water, which
tends to limit their effectiveness for long-term water treatment applications. This can be addressed through the devel-
opment of crosslinking methods or the incorporation of other materials into the cellulose aerogels that improve their
stability.

Furthermore, while cellulose-based aerogels have shown good adsorption capacities and removal efficiencies for
certain contaminants such as heavy metals and organic pollutants, their adsorption capacity for several other emerging
contaminants such as pharmaceuticals has not been fully investigated. Further research is needed to develop cellulose-
based aerogels with improved adsorption properties for emerging and a wider range of contaminants. Further research
is also necessary to develop nanocellulose-based adsorbents that can simultaneously remove multiple species from a
multicomponent contaminant system, similar to those found in actual polluted water and wastewater.

Also, the scalability of the production of cellulose-based aerogels for water treatment is still a challenge. Current meth-
ods for the production of cellulose-based aerogels are generally expensive and time-consuming, limiting their practical
use on a large scale. Investigating the scale-up of production processes is essential to meet a potential increase in the
industrial demand for cellulose-based aerogels. Therefore, research efforts should focus on developing cost-effective
and scalable methods for the production of cellulose-based aerogels to make them more accessible for water treatment
applications.

Additionally, the post-treatment regeneration or disposal processes of nanocellulose-based aerogels for long-term
use require further study. This review showed that many research studies on nanocellulose aerogels lack multiple adsorp-
tion-desorption runs or effective biodegradation procedures. Magnetic nanocellulose composites in the form of aerogels
could be explored as they would allow for easy separation from sludge and an extended lifespan. Furthermore, research
on nanocellulose aerogels for the removal of emerging contaminants could be expanded. Additionally, impregnating
nanocellulose aerogels with photocatalytic nanomaterials for synchronous adsorption and photodegradation can be
explored further for water remediation applications.

Several other critical aspects require further investigation to advance the field of cellulose-based aerogels. For instance,
there is a pressing need to develop more cost-effective production methods for cellulose-based aerogels to make them
commercially viable. Moreover, enhancing their mechanical properties, particularly stiffness and strength, is crucial to
broaden their applicability. Functionalization of these aerogels involving the integration of nanoparticles or chemical
groups presents a promising pathway to enhancing specific properties which for instance could hence their removal
capacities and efficiencies for pollutants from water. Studies on the environmental impact of the production, utilization
and disposal of cellulose-based aerogels are imperative to ensure sustainability.

Besides their potential effectiveness in water treatment applications, there is wide scope to utilise cellulose based
aerogels in in other applications such in energy storage, catalysis, and biomedical engineering, which requires further
research to unlock their full potential. By addressing knowledge gaps on cellulose based aerogels outlined in this study, a
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new field of study can emerge, focusing on high-performance and functionalized cellulose aerogels tailored for advanced
industrial-scale applications.

The future of cellulose aerogels in the water field holds significant promise for addressing water purification and
desalination challenges. With their unique properties and tuneable characteristics, cellulose aerogels offer versatile
solutions for enhancing water treatment processes. Moving forward, research efforts should focus on optimizing aerogel
synthesis methods to improve cost-effectiveness, mechanical properties, and functionalization capabilities. Integration
of cellulose aerogels into advanced water treatment technologies, such as membrane filtration systems and capacitive
deionization devices, is anticipated to drive innovations in water purification and desalination. Additionally, exploring
the scalability of cellulose aerogel production and investigating their performance in real-world applications will be
critical for realizing their full potential in addressing global water scarcity issues.

Cellulose, as a raw material for aerogel production, offers several compelling attributes. Cellulose is abundantly avail-
able and renewable, being the most prevalent organic polymer on Earth, sourced from various forms such as wood,
cotton, and agricultural waste. This abundance ensures a sustainable supply chain for aerogel production, aligning with
environmentally friendly practices. Additionally, cellulose is highly biocompatible and biodegradable, making it suit-
able for applications where environmental impact and biocompatibility are crucial considerations, such as biomedical
engineering and water treatment. Its biocompatibility ensures minimal adverse effects on living organisms, while its
biodegradability ensures environmentally responsible end-of-life disposal. Furthermore, cellulose-based aerogels can be
engineered to possess high surface area and porosity, characteristics vital for efficient water treatment processes. These
aerogels offer ample sites for the adsorption of contaminants in water, enhancing the overall effectiveness of water treat-
ment technologies. Overall, cellulose stands as a versatile and sustainable material choice for aerogel production, offering
a combination of abundance, biocompatibility, and high surface area for diverse applications, including water treatment.

5.2 Graphene based aerogels

Graphene-based aerogels have shown great potential for water treatment applications due to their high surface area,
mechanical strength, and excellent electrical and thermal conductivity. However, similar to cellulose based aerogels,
their application in water and wastewater treatment is fraught with challenges.

From the studies reviewed, one of the major challenges is the scalability and cost-effective production of graphene-
based aerogels. The current methods for producing graphene-based aerogels are often expensive and time-consuming,
which limits their practical use on a larger scale. Therefore, there is a need to develop more scalable and cost-effective
production methods.

Another challenge is the limited selectivity of graphene-based aerogels for certain contaminants. While graphene-
based aerogels have excellent adsorption properties for a wide range of contaminants such as heavy metals, organic
pollutants, and dyes, their selectivity for specific contaminants is limited. Further research is needed to develop gra-
phene-based aerogels with enhanced selectivity for specific contaminants and adsorption efficiency of other emerging
pollutants.

Additionally, the long-term stability of graphene-based aerogels in water is another challenge. Graphene-based aero-
gels (without functionalization) tend to aggregate and lose their structure in water over time, which limits their effective-
ness for long-term water treatment applications. Strategies such as surface functionalization and the incorporation of
other materials can improve the stability of graphene-based aerogels in water.

Also, the potential environmental impacts of graphene-based aerogels are not yet fully understood. The release of
graphene-based nanomaterials into the environment may have unintended consequences and potential adverse effects.
Further research is needed to understand the potential environmental impact of graphene-based aerogels and develop
strategies to mitigate any negative effects.

Graphene, with its remarkable properties, holds significant promise for enhancing aerogel performance in various
applications. Graphene exhibits exceptional mechanical strength and stiffness, making it an ideal candidate for rein-
forcing aerogel structures. This reinforcement enhances the mechanical properties of aerogels, ensuring durability and
resilience in demanding environments. Additionally, graphene’s high electrical conductivity is advantageous for appli-
cations requiring efficient electron transport, such as capacitive deionization for water desalination. The conductivity
of graphene facilitates rapid charge transfer within the aerogel matrix, improving the efficiency of water treatment
processes. Moreover, graphene’s excellent adsorption properties are noteworthy, attributed to its large surface area and
high adsorption capacity. These properties enable graphene to effectively adsorb diverse contaminants, including heavy
metals, organic pollutants, and microorganisms, from water sources. By leveraging graphene’s exceptional mechanical
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strength, electrical conductivity, and adsorption properties, graphene-based aerogels offer promising solutions for vari-
ous environmental and water treatment challenges, demonstrating their potential for advancing sustainable and efficient
water purification technologies.

Overall, graphene-based aerogels have great potential for water treatment applications, but there are still some chal-
lenges that need to be addressed to fully realize their potential.

5.3 Graphene-cellulose composite aerogels

This review showed that graphene-cellulose composite aerogels (GCCAs) have gained significant interest for water
treatment applications due to the combined properties of both materials. However, there are also still some challenges
in their application for water treatment.

One of the main challenges is the production of uniform graphene-cellulose composite aerogels. The production of
these composite materials often requires the use of harsh chemicals and high temperatures, which can result in non-
uniform materials with reduced properties. Developing more efficient and uniform production methods for graphene-
cellulose composite aerogels is crucial for their practical application.

The potential environmental impacts of graphene-cellulose composite aerogels need to be explored further. As with
graphene-based aerogels, there is a need to understand the potential environmental impact of the graphene-cellulose
composite aerogels on the environment and develop strategies to mitigate any negative effects.

While graphene-cellulose composite aerogels have shown improved properties and removal capacities and efficien-
cies for pollutants from water compared to aerogels prepared from the individual materials, further research is needed
to fully understand the mechanisms behind their adsorption processes and optimize their performance for a wide range
of contaminants. The regeneration ability and reusability of the composite aerogels make them an attractive option for
practical applications.

Combining cellulose and graphene in a composite aerogel offers a compelling solution for advancing water treat-
ment technologies. This synergistic approach harnesses the unique properties of both materials to achieve enhanced
performance. Cellulose provides structural integrity, biocompatibility, and a high surface area for adsorption, while gra-
phene contributes exceptional mechanical strength, electrical conductivity, and adsorption properties. As a result, the
composite aerogel exhibits superior performance compared to its individual components, boasting improved adsorption
capacity, mechanical stability, and conductivity. Moreover, the composite aerogel’s versatility allows it to be tailored to
specific water treatment needs by adjusting the composition and structure. It can be further functionalized with specific
groups or nanoparticles to target particular contaminants, making it adaptable for various water treatment applications,
including desalination, heavy metal removal, organic pollutant adsorption, and microbial disinfection. By leveraging the
synergistic properties of cellulose and graphene, composite aerogels offer promising solutions for addressing complex
water treatment challenges, demonstrating their potential to enhance the efficiency and sustainability of water purifica-
tion processes.

5.4 Developmental trends in aerogels for water treatment applications

Aerogels for water treatment applications have undergone significant evolution over time, reflecting advancements in
scientific understanding, technological innovations, and emerging challenges. In the past research efforts on aerogels
were mostly exploratory and primarily focused on investigating the potential of novel materials for water treatment,
with an emphasis on understanding basic principles and feasibility. Early studies often involved proof-of-concept experi-
ments demonstrating the efficacy of materials such as cellulose and graphene-based aerogels in water purification and
desalination. Additionally, method development, including synthesis techniques and prototype device construction,
laid the foundation for subsequent advancements.

Presently, research efforts on aerogels have shifted towards optimization and scale-up of synthesis processes, enhance-
ment of material properties, and interdisciplinary collaboration among researchers from various fields to address com-
plex challenges. There is a noticeable transition towards application-oriented research, targeting specific water quality
issues such as heavy metal contamination, organic pollutants, and microbial pathogens. Furthermore, integration of
advanced materials such as aerogels with existing water treatment technologies, for instance membrane filtration and
ion exchange, is gaining traction to enhance treatment efficiency.

It is envisaged that future work on aerogels will prioritize sustainability and environmental impact, with a focus on
developing eco-friendly materials and processes for water treatment. Advanced functionalization of aerogels tailored
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for targeted pollutant removal, antimicrobial activity, and selective ion exchange is anticipated to drive future research
directions. Moreover, the development of aerogel based smart materials and sensing technologies capable of real-time
monitoring and adaptive response to changing water quality conditions holds promise for innovation. Exploration of
emerging applications, such as decentralized water treatment systems and resource recovery from wastewater, is likely
to shape future research and development efforts in the field.

5.5 Future direction in the application of aerogels in water treatment

In the realm of water treatment using aerogels, several promising avenues for future research and development emerge.
Firstly, it is imperative to prioritize sustainability and green chemistry principles in material synthesis and water treatment
processes. This necessitates the development of eco-friendly materials and methods aimed at minimizing energy con-
sumption, waste generation, and environmental impact. Additionally, further exploration of advanced functionalization
techniques is warranted to tailor material properties for specific water treatment applications. This includes incorporating
functional groups, nanoparticles, and nanocomposites to enhance adsorption capacity, selectivity, and antimicrobial
activity. Moreover, integrating smart materials and sensing technologies into water treatment systems holds significant
promise. This integration enables real-time monitoring, adaptive control, and predictive analytics, ultimately improving
efficiency and performance.

Continued advancements in nanotechnology and the development of novel nanomaterials offer opportunities for
enhancing water treatment capabilities, particularly in targeted pollutant removal, membrane technology, and cataly-
sis. Addressing the challenges of decentralized water treatment systems for rural and remote communities is essential,
emphasizing the need for research focused on the design, optimization, and implementation of small-scale, low-cost
technologies suitable for decentralized applications.

Furthermore, exploring resource recovery from wastewater streams and promoting circular economy principles are
integral to sustainable water management. Future research endeavours should investigate methods for recovering valu-
able resources such as energy, nutrients, and materials from wastewater while minimizing environmental impact. Lastly,
encouraging cross-disciplinary collaboration among researchers from diverse fields will foster innovation and address
complex water challenges holistically.

5.6 Future applications of aerogels in small scale and large-scale water purification systems

Water purification systems span the whole spectrum of small-scale point-of-use applications to large-scale municipal
systems, each posing unique challenges and opportunities for the utilization of advanced materials such as aerogels.
Historically, the trends in the application of aerogels for water purification have evolved from exploratory laboratory
studies to pilot-scale demonstrations, showcasing their potential across different scales. Looking ahead, the future of
aerogels in water purification is projected to witness a continued transition towards practical implementation in both
small-scale and large-scale systems.

At the small-scale point of use, aerogels offer compact, efficient, and cost-effective solutions for household water
purification. Aerogel-based filters and cartridges can effectively remove contaminants such as heavy metals, organic
pollutants, and microbial pathogens from drinking water, ensuring safe and potable water for individual households.
Future trends in this domain may include the development of portable and user-friendly aerogel-based filtration devices
tailored for diverse settings, including rural and resource-constrained areas.

On the other hand, in large-scale municipal systems, aerogels hold promise for augmenting existing water treatment
processes and addressing specific challenges such as pollutant removal, desalination, and resource recovery. Integration
of aerogel-based adsorbents, membranes, and catalysts into conventional treatment systems can enhance efficiency,
reduce energy consumption, and improve water quality. Future projections in this realm may involve the scaling up
of aerogel production, optimization of manufacturing processes, and deployment of aerogel-based technologies in
municipal water treatment plants.

Commercially available water purification systems based on graphene and cellulose aerogels are gradually emerging,
albeit still in the early stages of development and commercialization. Companies and research institutions are actively
exploring the scalability and viability of aerogel-based water purification technologies for various applications. While
specific commercial products may not yet be widespread, ongoing research and development efforts are paving the
way for the future commercialization of aerogel-based water purification systems.
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5.7 Scaling-up and the environmental impact of producing aerogels

Scaling up the production of aerogels and ensuring the environmental friendliness of the processes used are critical
aspects in advancing their practical applications. Scaling up production involves several key steps. Firstly, optimiza-
tion of synthesis methods is essential to achieve consistent quality and high yield. This includes fine-tuning process
parameters such as precursor concentrations, reaction conditions, and drying techniques to ensure reproducibility
and efficiency on a larger scale.

Batch and continuous processing methods are employed, depending on the specific synthesis route, enabling
either larger volume production in single batches or continuous production with a steady output rate. Specialized
equipment design and engineering are necessary to handle larger material volumes and maintain precise control
over process parameters.

Assessing the economic feasibility of scaled-up production is crucial, considering factors such as capital invest-
ment, operational costs, and market demand. Implementing robust quality control measures and characterization
techniques ensures the consistency, purity, and performance of aerogels produced on a larger scale. Additionally,
environmental friendliness is paramount in aerogel production processes.

Developing green synthesis routes, enhancing energy efficiency, implementing waste management and recycling
strategies, conducting lifecycle assessments, and adhering to regulatory compliance are vital considerations to
minimize environmental impact and promote sustainability. Developing green synthesis routes involves exploring
solvent-free or low-toxicity solvents, eco-friendly catalysts, and renewable precursors to reduce the use of hazardous
chemicals and promote sustainability.

Enhancing energy efficiency in aerogel production processes can significantly reduce carbon emissions and envi-
ronmental footprint. Implementing energy-efficient heating, cooling, and drying techniques, as well as utilizing
renewable energy sources, can contribute to reducing energy consumption and greenhouse gas emissions.

Proper waste management practices and recycling strategies are important considerations in aerogel produc-
tion. Minimizing waste generation, reusing by-products or waste materials, and implementing recycling programs
for unused or defective aerogel products can help mitigate environmental impact and promote circular economy
principles.

Conducting lifecycle assessments (LCAs) of aerogel production processes can provide valuable insights into their
environmental footprint, from raw material extraction to end-of-life disposal. Assessing environmental impacts such
as energy consumption, water usage, greenhouse gas emissions, and waste generation can inform decision-making
and guide efforts towards improving environmental sustainability.

Adhering to regulatory requirements and environmental standards is essential to ensure compliance with envi-
ronmental regulations and mitigate potential risks to human health and the environment. This may include obtain-
ing permits, conducting environmental impact assessments, and implementing pollution prevention measures to
minimize environmental harm.

By addressing these considerations, scaling up the production of aerogels and ensuring environmental friendliness
can contribute to the widespread adoption of aerogel-based technologies in various applications while minimizing
their environmental footprint.

6 Conclusions

This study sought bring out to the forefront the headways made in the development of high-performance and
functionalized cellulose and graphene-based aerogels and their applications in advanced industrial-scale applica-
tions, particularly water treatment. The study also sought to highlight the existing challenges in the development
and utilization of these aerogels in water treatment, and to explore the proposed solutions to overcome these. Thus,
in this study, the state-of-the-art with respect to the synthesis methods, properties, application, effectiveness and
performance in water and wastewater treatment of cellulose, graphene and their composite aerogels was critically
reviewed.

It can be concluded that there is need to develop more cost-effective production methods for cellulose-based
aerogels to make them commercially viable. Large scale production methods for cellulose based aerogels still need
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to be developed. The mechanical properties of the cellulose-based aerogels also need to be enhanced to for their
applicability to be more useful. Cellulose based aerogels offer exciting prospects in water treatment due to their
ability to be functionalised to target specific pollutants. However, the impact of production, utilization and disposal
of cellulose aerogels on the environment still needs to be studied.

The effectiveness of cellulose based aerogels in water treatment, is hampered by their limited long-term stability in
water. There has also been limited studies on their effectiveness in the simultaneously remove multiple pollutants from
multicomponent contaminant systems, similar to those found in actual wastewater. Also, the removal capacities and
efficiencies of the cellulose based aerogels for emerging pollutants such as pharmaceuticals is still yet to be studied. Post
treatment regeneration and disposal of cellulose based aerogels for long term use still needs to be studied.

Regarding graphene-based aerogels, there is need to develop more cost effective and scalable production meth-
ods. The selectivity for graphene-based aerogels for specific pollutants needs to be further enhanced through further
studies. The long-term stability of graphene-based aerogels needs to be further studied, together with the potential
environmental impact.

Cellulose-graphene composite aerogels have shown improved properties, removal capacities and efficiencies for pol-
lutants from water compared to aerogels prepared from the individual materials. However, their production processes
require the use of harsh chemicals and conditions, limiting practical application. Their pollutant removal mechanisms still
need to be understood. The performance of these composite aerogels in the removal of specific pollutants also needs to
be optimized for a wide range of pollutants. Although the regeneration ability and reusability of the composite aerogels
make them an interesting prospect for practical applications, the potential impact of the graphene-cellulose composite
aerogels on the environment also need to be understood and strategies developed to mitigate any negative effects.

Overall, graphene-cellulose composite aerogels have great potential for water treatment applications, particularly in
the removal of heavy metals and organic pollutants. However, the challenges outlined in this study need to be addressed
to fully realize their potential.

Author contributions Conceptualization: [Washington Mhike], [Shepherd M Tichapondwal; literature search, initial analysis and initial draft
preparation: [Karabo G Sekwele]; writing—review and editing: [Washington Mhike], [Shepherd M Tichapondwal; Supervision: [Washington
Mhike], [Shepherd M Tichapondwa].

Funding Financial support for KG Sekwele from the Council for Scientific and Industrial Research (CSIR) and the Department of Science and
Innovation, South Africa (DSI) through the CSIR-DSI InterProgramme Bursary Scheme is acknowledged.

Data availability Not applicable.

Declarations
Ethics approval and consent to partctipate Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Huising N, Schubert U. Aerogels-airy materials: chemistry, structure and properties. Angew Chem Int Ed. 1998;37:22-45. https://doi.org/
10.1002/(SICI)1521-3773(19980202)37:1/2%3c22::AID-ANIE22%3e3.0.CO;2-I.

2. JiangJ, Zhang Q, Zhan X, Chen F. A multifunctional gelatin-based aerogel with superior pollutants adsorption, oil/water separation and
photocatalytic properties. Chem Eng J. 2019;358:1539-51. https://doi.org/10.1016/j.cej.2018.10.144.

3. ZhuWB, Li YQ, Wang J, Wang YY, Huang P, Hu N, Liao K, Fu SY. High-performance fiber-film hybrid-structured wearable strain sensor from
a highly robust and conductive carbonized bamboo aerogel. ACS Appl Bio Mater. 2020;3:8748-56. https://doi.org/10.1021/acsabm.
0c01128.

@ Discover


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/(SICI)1521-3773(19980202)37:1/2%3c22::AID-ANIE22%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1521-3773(19980202)37:1/2%3c22::AID-ANIE22%3e3.0.CO;2-I
https://doi.org/10.1016/j.cej.2018.10.144
https://doi.org/10.1021/acsabm.0c01128
https://doi.org/10.1021/acsabm.0c01128

Review Discover Materials (2024) 4:23 | https://doi.org/10.1007/543939-024-00097-3

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24,

25.
26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

Azum N, Rub MA, Khan A, Khan AAP, Asiri AM. Aerogel applications and future aspects. In: Khan AAP, Ansari MO, Khan A, Asiri AM,
editors. Advances in aerogel composites for environmental remediation. Amsterdam: Elsevier; 2021. p. 357-67. https://doi.org/10.
1016/B978-0-12-820732-1.00019-9.

Thakur A. Graphene aerogel based energy storage materials—a review. Mater Today Proc. 2022;65:3369-76. https://doi.org/10.
1016/j.matpr.2022.05.477.

Pierre AC. History of aerogels. In: Aegerter MA, Leventis N, Koebel MM, editors. Aerogels handbook, Advances in sol-gel derived
materials and technologies. New York: Springer; 2011. p. 3-18. https://doi.org/10.1007/978-1-4419-7589-8_1.

Smirnova |, Gurikov P. Aerogels in chemical engineering: strategies toward tailor-made aerogels. Annu Rev Chem Biomol Eng.
2017;8:307-34. https://doi.org/10.1146/annurev-chembioeng-060816-101458.

Kistler SS. Coherent expanded aerogels. J Phys Chem. 1932;36:52-64. https://doi.org/10.1021/j150331a003.

Peri JB. Infrared study of OH and NH, groups on the surface of a dry silica aerogel. J Phys Chem. 1966;70:2937-45. https://doi.org/
10.1021/j100881a037.

Pierre AC, Pajonk GM. Chemistry of aerogels and their applications. Chem Rev. 2002;102:4243-65. https://doi.org/10.1021/cr010
1306.

Brinker CJ, Keefer KD, Schaefer DW, Ashley CS. Sol-gel transition in simple silicates. J Non Cryst Solids. 1982;48:47-64. https://doi.org/
10.1016/0022-3093(82)90245-9.

Tillotson TM, Hrubesh LW. Transparent ultralow-density silica aerogels prepared by a two-step sol-gel process. J Non Cryst Solids.
1992;145:44-50. https://doi.org/10.1016/50022-3093(05)80427-2.

Vareda JP, Lamy-Mendes A, Durdes L. A reconsideration on the definition of the term aerogel based on current drying trends. Microporous
Mesoporous Mater. 2018;258:211-6. https://doi.org/10.1016/j.micromeso.2017.09.016.

Nadargi DY, Latthe SS, Venkateswara RA. Effect of post-treatment (gel aging) on the properties of methyltrimethoxysilane based silica
aerogels prepared by two-step sol-gel process. J Sol-Gel Sci Technol. 2009;49:53-9. https://doi.org/10.1007/s10971-008-1830-0.
Strom RA, Masmoudi Y, Rigacci A, Petermann G, Gullberg L, Chevalier B, Einarsrud MA. Strengthening and aging of wet silica gels for
up-scaling of aerogel preparation. J Sol-Gel Sci Technol. 2007;41:291-8. https://doi.org/10.1007/s10971-006-1505-7.

Brinker CJ, Scherer GW. Sol-gel science: the physics and chemistry of sol-gel processing. San Diego: Academic Press; 1990. https://doi.
org/10.1016/B978-0-08-057103-4.50011-8.

Hench LL, West JK. The sol-gel process. Chem Rev. 1990;90:33-72. https://doi.org/10.1021/cr00099a003.

Davis PJ, Jeffrey Brinker C, Smith DM. Pore structure evolution in silica gel during aging/drying I. Temporal and thermal aging. J Non
Cryst Solids. 1992;142:189-96. https://doi.org/10.1016/50022-3093(05)80025-0.

Smirnova |, Gurikov P. Aerogel production: current status, research directions, and future opportunities. J Supercrit Fluids. 2018;134:228-
33. https://doi.org/10.1016/j.supflu.2017.12.037.

van Lierop JG, Huizing A, Meerman WCPM, Mulder CAM. Preparation of dried monolithic SiO, gel bodies by an autoclave process.J Non
Cryst Solids. 1986;82:265-70. https://doi.org/10.1016/0022-3093(86)90140-7.

Prakash SS, Brinker CJ, Hurd AJ, Rao SM. Silica aerogel films prepared at ambient pressure by using surface derivatization to induce
reversible drying shrinkage. Nature. 1995;374:439-43. https://doi.org/10.1038/374439a0.

Venkateswara Rao A, Nilsen E, Einarsrud MA. Effect of precursors, methylation agents and solvents on the physicochemical properties of
silica aerogels prepared by atmospheric pressure drying method. J Non Cryst Solids. 2001;296:165-71. https://doi.org/10.1016/50022-
3093(01)00907-3.

Smith DM, Deshpande R, Brinker CJ. Preparation of low-density aerogels at ambient pressure. Mater Res Soc Symp Proc. 1992;271:567-72.
https://doi.org/10.1557/PROC-271-567.

Durées L, Matias T, Patricio R, Portugal A. Silica based aerogel-like materials obtained by quick microwave drying. Materwiss Werksttech.
2013;44:380-5. https://doi.org/10.1002/mawe.201300140.

Pajonk G. Catalytic aerogels. Catal Today. 1997;35:319-37. https://doi.org/10.1016/50920-5861(96)00163-0.

Jin H, Nishiyama Y, Wada M, Kuga S. Nanofibrillar cellulose aerogels. Colloids Surf A Physicochem Eng Asp. 2004;240:63-7. https://doi.
org/10.1016/j.colsurfa.2004.03.007.

Mathieu B, Blacher S, Pirard R, Pirard JP, Sahouli B, Brouers F. Freeze-dried resorcinol-formaldehyde gels. J Non Cryst Solids. 1997;212:250-
61. https://doi.org/10.1016/50022-3093(97)00025-2.

Ziegler C, Wolf A, Liu W, Herrmann AK, Gaponik N, Eychmuller A. Modern inorganic aerogels. Angew Chem Int Ed. 2017;56:13200-21.
https://doi.org/10.1002/anie.201611552.

Revin VV, Pestov NA, Shchankin MV, Mishkin VP, Platonov VI, Uglanov DA. A study of the physical and mechanical properties of aerogels
obtained from bacterial cellulose. Biomacromol. 2019;20:1401-11. https://doi.org/10.1021/acs.biomac.8b01816.

Hrubesh LW. Aerogel applications. J Non Cryst Solids. 1998;225:335-42. https://doi.org/10.1016/50022-3093(98)00135-5.

Gu W, Yushin G. Review of nanostructured carbon materials for electrochemical capacitor applications: advantages and limitations
of activated carbon, carbide-derived carbon, zeolite-templated carbon, carbon aerogels, carbon nanotubes, onion-like carbon, and
graphene. Wiley Interdiscip Rev Energy Environ. 2013;3:424-73. https://doi.org/10.1002/wene.102.

Siddique JA, Ansari SP, Yadav M. Carbon aerogel composites for gas sensing. In: Khan AAP, Ansari MO, Khan A, Asiri AM, editors. Advances
in aerogel composites for environmental remediation. Amsterdam: Elsevier; 2021. p. 49-73. https://doi.org/10.1016/B978-0-12-820732-1.
00004-7.

Gurav JL, Jung I-K, Park H-H, Kang ES, Nadargi DY. Silica aerogel: synthesis and applications. J Nanomater. 2010;,2010:1-11. https://doi.
org/10.1155/2010/409310.

Worsley MA, Pauzauskie PJ, Olson TY, Biener J, Satcher JH Jr, Baumann TF. Synthesis of graphene aerogel with high electrical conductivity.
J Am Chem Soc. 2010;132:14067-9. https://doi.org/10.1021/ja1072299.

Zhu Z, Jiang L, Liu J, He S, Shao W. Sustainable, highly efficient and superhydrophobic fluorinated silica functionalized chitosan aerogel
for gravity-driven oil/water separation. Gels. 2021;7:66.

Huang X, Tan C, Yin Z, Zhang H. 25th anniversary article: hybrid nanostructures based on two-dimensional nanomaterials. Adv Mater.
2014;26:2185-204. https://doi.org/10.1002/adma.201304964.

@ Discover


https://doi.org/10.1016/B978-0-12-820732-1.00019-9
https://doi.org/10.1016/B978-0-12-820732-1.00019-9
https://doi.org/10.1016/j.matpr.2022.05.477
https://doi.org/10.1016/j.matpr.2022.05.477
https://doi.org/10.1007/978-1-4419-7589-8_1
https://doi.org/10.1146/annurev-chembioeng-060816-101458
https://doi.org/10.1021/j150331a003
https://doi.org/10.1021/j100881a037
https://doi.org/10.1021/j100881a037
https://doi.org/10.1021/cr0101306
https://doi.org/10.1021/cr0101306
https://doi.org/10.1016/0022-3093(82)90245-9
https://doi.org/10.1016/0022-3093(82)90245-9
https://doi.org/10.1016/S0022-3093(05)80427-2
https://doi.org/10.1016/j.micromeso.2017.09.016
https://doi.org/10.1007/s10971-008-1830-0
https://doi.org/10.1007/s10971-006-1505-7
https://doi.org/10.1016/B978-0-08-057103-4.50011-8
https://doi.org/10.1016/B978-0-08-057103-4.50011-8
https://doi.org/10.1021/cr00099a003
https://doi.org/10.1016/S0022-3093(05)80025-0
https://doi.org/10.1016/j.supflu.2017.12.037
https://doi.org/10.1016/0022-3093(86)90140-7
https://doi.org/10.1038/374439a0
https://doi.org/10.1016/S0022-3093(01)00907-3
https://doi.org/10.1016/S0022-3093(01)00907-3
https://doi.org/10.1557/PROC-271-567
https://doi.org/10.1002/mawe.201300140
https://doi.org/10.1016/S0920-5861(96)00163-0
https://doi.org/10.1016/j.colsurfa.2004.03.007
https://doi.org/10.1016/j.colsurfa.2004.03.007
https://doi.org/10.1016/S0022-3093(97)00025-2
https://doi.org/10.1002/anie.201611552
https://doi.org/10.1021/acs.biomac.8b01816
https://doi.org/10.1016/S0022-3093(98)00135-5
https://doi.org/10.1002/wene.102
https://doi.org/10.1016/B978-0-12-820732-1.00004-7
https://doi.org/10.1016/B978-0-12-820732-1.00004-7
https://doi.org/10.1155/2010/409310
https://doi.org/10.1155/2010/409310
https://doi.org/10.1021/ja1072299
https://doi.org/10.1002/adma.201304964

Discover Materials (2024) 4:23 | https://doi.org/10.1007/543939-024-00097-3 Review

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Hasan M, Gopakumar DA, Arumughan V, Pottathara YB, Sisanth KS, Pasquini D, Braci¢ M, Seantier B, Nzihou A, Thomas S, et al. Robust
superhydrophobic cellulose nanofiber aerogel for multifunctional environmental applications. Polymers. 2019;11:495. https://doi.org/
10.3390/polym11030495.

Fijalkowski M, Coufal R, Ali A, Adach K, Petrik S, Bu H, Karl CW. Flexible hybrid and single-component aerogels: synthesis, characteriza-
tion, and applications. Langmuir. 2023;39:16760-75. https://doi.org/10.1021/acs.langmuir.3c01811.

Xiong J, Zhang D, Lin H, Chen Y. Amphiprotic cellulose mediated graphene oxide magnetic aerogels for water remediation. Chem Eng
J.2020;400:125890. https://doi.org/10.1016/j.cej.2020.125890.

Nguyen VT, Ha LQ, Nguyen TDL, Ly PH, Nguyen DM, Hoang D. Nanocellulose and graphene oxide aerogels for adsorption and removal
methylene blue from an aqueous environment. ACS Omega. 2022;7:1003-13. https://doi.org/10.1021/acsomega.1c05586.

Hao X, Yang S, Tao E, Li Y. High efficiency and selective removal of Cu(ll) via regulating the pore size of graphene oxide/montmorillonite
composite aerogel. J Hazard Mater. 2022;424:127680. https://doi.org/10.1016/j.jhazmat.2021.127680.

Yang J, Liu D, Song X, Zhao Y, Wang Y, Rao L, Fu L, Wang Z, Yang X, Li Y, et al. Recent progress of cellulose-based hydrogel photocatalysts
and their applications. Gels. 2022;8:270. https://doi.org/10.3390/gels8050270.

Moon RJ, Martini A, Nairn J, Simonsen J, Youngblood J. Cellulose nanomaterials review: structure, properties and nanocomposites. Chem
Soc Rev. 2011;40:3941-94. https://doi.org/10.1039/C0CS00108B.

Long L-Y, Weng Y-X, Wang Y-Z. Cellulose aerogels: synthesis, applications, and prospects. Polymers. 2018;10:623. https://doi.org/10.3390/
polym10060623.

Darabitabar F, Yavari V, Hedayati A, Zakeri M, Yousefi H. Novel cellulose nanofiber aerogel for aquaculture wastewater treatment. Environ
Technol Innov. 2020;18:100786. https://doi.org/10.1016/j.eti.2020.100786.

Ratke L. Monoliths and fibrous cellulose aerogels. In: Aegerter MA, Leventis N, Koebel MM, editors. Aerogels handbook. New York:
Springer; 2011. p. 173-90. https://doi.org/10.1007/978-1-4419-7589-8_9.

George J, Sabapathi SN. Cellulose nanocrystals: synthesis, functional properties, and applications. Nanotechnol Sci Appl. 2015;8:45-54.
https://doi.org/10.2147/NSA.S64386.

Shayestehkia M, Khademieslam H, Bazyar B, Rangavar H, Taghiyari HR. Effects of cellulose nanocrystals as extender on physical and
mechanical properties of wood cement composite panels. BioResources. 2020;15:8291-302. https://doi.org/10.15376/biores.15.4.
8291-8302.

AzizT, Farid A, Haqg F, Kiran M, Ullah A, Zhang K, Li C, Ghazanfar S, Sun H, Ullah R, et al. A review on the modification of cellulose and its
applications. Polymers. 2022;14:3206. https://doi.org/10.3390/polym14153206.

Chang Kon-Win J, Duret X, Berberi V, Zahedi-Niaki H, Lavoie J-M. Two-step thermochemical cellulose hydrolysis with partial neutraliza-
tion for glucose production. Front Chem. 2018;6:117. https://doi.org/10.3389/fchem.2018.00117.

Sehaqui H, de Larraya UP, Liu P, Pfenninger N, Mathew AP, Zimmermann T, Tingaut P. Enhancing adsorption of heavy metal ions onto
biobased nanofibers from waste pulp residues for application in wastewater treatment. Cellulose. 2014;21:2831-44. https://doi.org/10.
1007/510570-014-0310-7.

Tan C, Fung BM, Newman JK, Vu C. Organic aerogels with very high impact strength. Adv Mater. 2001;13:644-6.

Ishida O, Kim DY, Kuga S, Nishiyama Y, Brown RM. Microfibrillar carbon from native cellulose. Cellulose. 2004;11:475-80. https://doi.org/
10.1023/B:CELL.0000046410.31007.0b.

Fischer F, Rigacci A, Pirard R, Berthon-Fabry S, Achard P. Cellulose-based aerogels. Polymer. 2006;47:7636-45. https://doi.org/10.1016/j.
polymer.2006.09.004.

Gavillon R, Budtova T. Aerocellulose: new highly porous cellulose prepared from cellulose-NaOH aqueous solutions. Biomacromol.
2008;9:269-77. https://doi.org/10.1021/bm700972k.

Pinnow M, Fink HP, Fanter C, Kunze J. Characterization of highly porous materials from cellulose carbamate. Macromol Symp.
2008;262:129-39. https://doi.org/10.1002/masy.200850213.

Buchtova N, Budtova T. Cellulose aero-, cryo- and xerogels: towards understanding of morphology control. Cellulose. 2016;23:2585-95.
https://doi.org/10.1007/s10570-016-0960-8.

Deng M, Zhou Q, Du A, van Kasteren J, Wang Y. Preparation of nanoporous cellulose foams from cellulose-ionic liquid solutions. Mater
Lett. 2009;63:1851-4. https://doi.org/10.1016/j.matlet.2009.05.064.

Alakalhunmaa S, Parikka K, Penttild PA, Cuberes MT, Willfér S, Salmén L, Mikkonen KS. Softwood-based sponge gels. Cellulose.
2016;23:3221-38. https://doi.org/10.1007/s10570-016-1010-2.

Schmenk B, Ratke L, Gries T. Solution spinning process for porous cellulose aerogel filaments. In: Aachen-Dresden International Textile
Conference, Dresden, Germany, 4-5 December 2008.

Hacker C, Gries T, Popescu C, Ratke L. Solution spinning process for highly porous, nanostructured cellulose fibers. Chem Fibers Int.
2009;59:85-7.

Cai J, Kimura S, Wada M, Kuga S, Zhang L. Cellulose aerogels from aqueous alkali hydroxide-urea solution. Chemsuschem. 2008;1:149-54.
https://doi.org/10.1002/cssc.200700039.

Paletto A, Notaro S. Secondary wood manufactures’ willingness-to-pay for certified wood products in Italy. For Policy Econ. 2018;92:65-72.
https://doi.org/10.1016/j.forpol.2018.04.002.

Khan MA, Wahid A, Ahmad M, Tahir MT, Ahmed M, Ahmad S, Hasanuzzaman M. World cotton production and consumption: an over-
view. In: Ahmad S, Hasanuzzaman M, editors. Cotton production and uses: agronomy, crop protection, and postharvest technologies.
Singapore: Springer Singapore; 2020. p. 1-7. https://doi.org/10.1007/978-981-15-1472-2_1.

Subramanian K, Sarkar MK, Wang H, Qin Z-H, Chopra SS, Jin M, Kumar V, Chen C, Tsang C-W, Lin CSK. An overview of cotton and polyester,
and their blended waste textile valorisation to value-added products: a circular economy approach—research trends, opportunities
and challenges. Crit Rev Environ Sci Technol. 2022;52:3921-42. https://doi.org/10.1080/10643389.2021.1966254.

Kusuma HS, Permatasari D, Umar WK, Sharma SK. Sugarcane bagasse as an environmentally friendly composite material to face the
sustainable development era. Biomass Convers Biorefin. 2023. https://doi.org/10.1007/513399-023-03764-2.

Longati AA, Batista G, Cruz AJG. Brazilian integrated sugarcane-soybean biorefinery: trends and opportunities. Curr Opin Green Sustain
Chem. 2020;26:100400. https://doi.org/10.1016/j.cogsc.2020.100400.

@ Discover


https://doi.org/10.3390/polym11030495
https://doi.org/10.3390/polym11030495
https://doi.org/10.1021/acs.langmuir.3c01811
https://doi.org/10.1016/j.cej.2020.125890
https://doi.org/10.1021/acsomega.1c05586
https://doi.org/10.1016/j.jhazmat.2021.127680
https://doi.org/10.3390/gels8050270
https://doi.org/10.1039/C0CS00108B
https://doi.org/10.3390/polym10060623
https://doi.org/10.3390/polym10060623
https://doi.org/10.1016/j.eti.2020.100786
https://doi.org/10.1007/978-1-4419-7589-8_9
https://doi.org/10.2147/NSA.S64386
https://doi.org/10.15376/biores.15.4.8291-8302
https://doi.org/10.15376/biores.15.4.8291-8302
https://doi.org/10.3390/polym14153206
https://doi.org/10.3389/fchem.2018.00117
https://doi.org/10.1007/s10570-014-0310-7
https://doi.org/10.1007/s10570-014-0310-7
https://doi.org/10.1023/B:CELL.0000046410.31007.0b
https://doi.org/10.1023/B:CELL.0000046410.31007.0b
https://doi.org/10.1016/j.polymer.2006.09.004
https://doi.org/10.1016/j.polymer.2006.09.004
https://doi.org/10.1021/bm700972k
https://doi.org/10.1002/masy.200850213
https://doi.org/10.1007/s10570-016-0960-8
https://doi.org/10.1016/j.matlet.2009.05.064
https://doi.org/10.1007/s10570-016-1010-2
https://doi.org/10.1002/cssc.200700039
https://doi.org/10.1016/j.forpol.2018.04.002
https://doi.org/10.1007/978-981-15-1472-2_1
https://doi.org/10.1080/10643389.2021.1966254
https://doi.org/10.1007/s13399-023-03764-2
https://doi.org/10.1016/j.cogsc.2020.100400

Review Discover Materials (2024) 4:23 | https://doi.org/10.1007/543939-024-00097-3

68.

69.

70.

71.

72.

73.

74,

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.
96.

97.

98.

99.

Sun X, He M, Li Z. Novel engineered wood and bamboo composites for structural applications: state-of-art of manufacturing technology
and mechanical performance evaluation. Constr Build Mater. 2020;249:118751. https://doi.org/10.1016/j.conbuildmat.2020.118751.
Kaam R, Nfornkah BN, Chimi CD, Nguefack JA, Tchamba M, Zapfack L. Bamboo biomass: a strategy for climate change mitigation and
adaptation, and forest landscape restoration (FLR) in Cameroon. In: Palombini FL, Nogueira FM, editors. Bamboo science and technology.
Singapore: Springer Nature Singapore; 2023. p. 397-428. https://doi.org/10.1007/978-981-99-0015-2_14.

Dewa L, Tichapondwa SM, Mhike W. Adsorption of hexavalent chromium from wastewater using polyaniline-coated microcrystalline
cellulose nanocomposites. RSC Adv. 2024;14:6603-16. https://doi.org/10.1039/D3RA08027G.

Mhike W, Dewa L, Tichapondwa SM. Adsorption of hexavalent chromium from wastewater using microcrystalline cellulose. Chem Eng
Trans. 2023;103:661-6. https://doi.org/10.3303/CET23103111.

Reshmy R, Philip E, Madhavan A, Pugazhendhi A, Sindhu R, Sirohi R, Awasthi MK, Pandey A, Binod P. Nanocellulose as green material for
remediation of hazardous heavy metal contaminants. J Hazard Mater. 2022;424:127516. https://doi.org/10.1016/j.jhazmat.2021.127516.
Mo L, Pang H, LuY, Li Z, Kang H, Wang M, Zhang S, Li J. Wood-inspired nanocellulose aerogel adsorbents with excellent selective pollut-
ants capture, superfast adsorption, and easy regeneration. J Hazard Mater. 2021;415:125612. https://doi.org/10.1016/j.jhazmat.2021.
125612.

Li M, Tang C, Fu S, Tam KC, Zong Y. Cellulose-based aerogel beads for efficient adsorption- reduction- sequestration of Cr(VI). Int J Biol
Macromol. 2022;216:860-70. https://doi.org/10.1016/j.ijbiomac.2022.07.215.

Li K, Zhang X, Qin Y, Li Y. Construction of the cellulose nanofibers (CNFs) aerogel loading TiO(2) NPs and its application in disposal of
organic pollutants. Polymers. 2021;13:1841. https://doi.org/10.3390/polym13111841.

Aoudi B, Boluk Y, Gamal E-D. Recent advances and future perspective on nanocellulose-based materials in diverse water treatment
applications. Sci Total Environ. 2022;843:156903. https://doi.org/10.1016/j.scitotenv.2022.156903.

Sharma PR, Chattopadhyay A, Sharma SK, Geng L, Amiralian N, Martin D, Hsiao BS. Nanocellulose from spinifex as an effective adsorbent
to remove cadmium(ll) from water. ACS Sustain Chem Eng. 2018;6:3279-90. https://doi.org/10.1021/acssuschemeng.7b03473.

Maatar W, Boufi S. Poly(methacylic acid-co-maleic acid) grafted nanofibrillated cellulose as a reusable novel heavy metal ions adsorbent.
Carbohydr Polym. 2015;126:199-207. https://doi.org/10.1016/j.carbpol.2015.03.015.

Phanthong P, Reubroycharoen P, Kongparakul S, Samart C, Wang Z, Hao X, Abudula A, Guan G. Fabrication and evaluation of nanocel-
lulose sponge for oil/water separation. Carbohydr Polym. 2018;190:184-9. https://doi.org/10.1016/j.carbpol.2018.02.066.

Karzar Jeddi M, Laitinen O, Liimatainen H. Magnetic superabsorbents based on nanocellulose aerobeads for selective removal of oils
and organic solvents. Mater Des. 2019;183:108115. https://doi.org/10.1016/j.matdes.2019.108115.

Nassar G, Daou E, Najjar R, Bassil M, Habchi R. A review on the current research on graphene-based aerogels and their applications.
Carbon Trends. 2021;4:100065. https://doi.org/10.1016/j.cartre.2021.100065.

Hu H, Zhao Z, Wan W, Gogotsi Y, Qiu J. Ultralight and highly compressible graphene aerogels. Adv Mater. 2013;25:2219-23. https://doi.
org/10.1002/adma.201204530.

Li J, Li J, Meng H, Xie S, Zhang B, Li L, Ma H, Zhang J, Yu M. Ultra-light, compressible and fire-resistant graphene aerogel as a highly
efficient and recyclable absorbent for organic liquids. J Mater Chem A. 2014;2:2934. https://doi.org/10.1039/C3TA14725H.

Zu G, Kanamori K, Nakanishi K, Lu X, Yu K, Huang J, Sugimura H. Superelastic multifunctional aminosilane-crosslinked graphene aerogels
for high thermal insulation, three-component separation, and strain/pressure-sensing arrays. ACS Appl Mater Interfaces. 2019;11:43533-
42. https://doi.org/10.1021/acsami.9b16746.

Pinelli F, Piras C, Rossi F. A perspective on graphene based aerogels and their environmental applications. FlatChem. 2022;36:100449.
https://doi.org/10.1016/j.flatc.2022.100449.

Chen W, Yan L. In situ self-assembly of mild chemical reduction graphene for three-dimensional architectures. Nanoscale. 2011;3:3132-7.
https://doi.org/10.1039/CTNR10355E.

Zhi D, LiT, Li J, Ren H, Meng F. A review of three-dimensional graphene-based aerogels: synthesis, structure and application for microwave
absorption. Compos B: Eng. 2021;211:108642. https://doi.org/10.1016/j.compositesb.2021.108642.

AgarwalV, Zetterlund PB. Strategies for reduction of graphene oxide—a comprehensive review. Chem Eng J. 2021;405:127018. https://
doi.org/10.1016/j.cej.2020.127018.

Kim H, Abdala AA, Macosko CW. Graphene/polymer nanocomposites. Macromolecules. 2010;43:6515-30. https://doi.org/10.1021/ma100
572e.

Jung SM, Mafra DL, Lin CT, Jung HY, Kong J. Controlled porous structures of graphene aerogels and their effect on supercapacitor per-
formance. Nanoscale. 2015;7:4386-93. https://doi.org/10.1039/C4NR07564A.

Stankovich S, Dikin DA, Dommett GH, Kohlhaas KM, Zimney EJ, Stach EA, Piner RD, Nguyen ST, Ruoff RS. Graphene-based composite
materials. Nature. 2006;442:282-6. https://doi.org/10.1038/nature04969.

Kim J, Cote LJ, Kim F, Yuan W, Shull KR, Huang J. Graphene oxide sheets at interfaces. J Am Chem Soc. 2010;132:8180-6. https://doi.org/
10.1021/ja102777p.

Pei S, Cheng H-M. The reduction of graphene oxide. Carbon. 2012;50:3210-28. https://doi.org/10.1016/j.carbon.2011.11.010.

Li H, Yu C, Chen R, Li J, Li J. Novel ionic liquid-type Gemini surfactants: synthesis, surface property and antimicrobial activity. Colloids
Surf A Physicochem Eng Asp. 2012;395:116-24. https://doi.org/10.1016/j.colsurfa.2011.12.014.

Bai H, Li C, Wang X, Shi G. On the gelation of graphene oxide. J Phys Chem C. 2011;115:5545-51. https://doi.org/10.1021/jp1120299.
Adhikari B, Biswas A, Banerjee A. Graphene oxide-based hydrogels to make metal nanoparticle-containing reduced graphene oxide-
based functional hybrid hydrogels. ACS Appl Mater Interfaces. 2012;4:5472-82. https://doi.org/10.1021/am301373n.

Huang J, Li Z, Wu X, Wang J, Yang S. Poly(vinyl alcohol)-mediated graphene aerogels with tailorable architectures and advanced proper-
ties for anisotropic sensing. J Phys Chem C. 2019;123:3781-9. https://doi.org/10.1021/acs.jpcc.8b11327.

Zhao Z,Wang X, Qiu J, Lin J, Xu D, Zhang C, Lv M, Yang X. Three-dimensional graphene-based hydrogel/aerogel materials. Rev Adv Mater
Sci. 2014;36:137-51.

Tang Z, Shen S, Zhuang J, Wang X. Noble-metal-promoted three-dimensional macroassembly of single-layered graphene oxide. Angew
Chem Int Ed. 2010;49:4603-7. https://doi.org/10.1002/anie.201000270.

@ Discover


https://doi.org/10.1016/j.conbuildmat.2020.118751
https://doi.org/10.1007/978-981-99-0015-2_14
https://doi.org/10.1039/D3RA08027G
https://doi.org/10.3303/CET23103111
https://doi.org/10.1016/j.jhazmat.2021.127516
https://doi.org/10.1016/j.jhazmat.2021.125612
https://doi.org/10.1016/j.jhazmat.2021.125612
https://doi.org/10.1016/j.ijbiomac.2022.07.215
https://doi.org/10.3390/polym13111841
https://doi.org/10.1016/j.scitotenv.2022.156903
https://doi.org/10.1021/acssuschemeng.7b03473
https://doi.org/10.1016/j.carbpol.2015.03.015
https://doi.org/10.1016/j.carbpol.2018.02.066
https://doi.org/10.1016/j.matdes.2019.108115
https://doi.org/10.1016/j.cartre.2021.100065
https://doi.org/10.1002/adma.201204530
https://doi.org/10.1002/adma.201204530
https://doi.org/10.1039/C3TA14725H
https://doi.org/10.1021/acsami.9b16746
https://doi.org/10.1016/j.flatc.2022.100449
https://doi.org/10.1039/C1NR10355E
https://doi.org/10.1016/j.compositesb.2021.108642
https://doi.org/10.1016/j.cej.2020.127018
https://doi.org/10.1016/j.cej.2020.127018
https://doi.org/10.1021/ma100572e
https://doi.org/10.1021/ma100572e
https://doi.org/10.1039/C4NR07564A
https://doi.org/10.1038/nature04969
https://doi.org/10.1021/ja102777p
https://doi.org/10.1021/ja102777p
https://doi.org/10.1016/j.carbon.2011.11.010
https://doi.org/10.1016/j.colsurfa.2011.12.014
https://doi.org/10.1021/jp1120299
https://doi.org/10.1021/am301373n
https://doi.org/10.1021/acs.jpcc.8b11327
https://doi.org/10.1002/anie.201000270

Discover Materials (2024) 4:23 | https://doi.org/10.1007/543939-024-00097-3 Review

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111,

112.

113.

114,

115.

116.

117.
118.

119.

120.

121.

122.

123.
124.

125.

126.

127.

128.

120.

130.

ZhuW, Jiang X, Liu F, You F, Yao C. Preparation of chitosan-graphene oxide composite aerogel by hydrothermal method and its adsorp-
tion property of methyl orange. Polymers. 2020;12:2169. https://doi.org/10.3390/polym12092169.

Zhou L, Xu Z. Ultralight, highly compressible, hydrophobic and anisotropic lamellar carbon aerogels from graphene/polyvinyl alcohol/
cellulose nanofiber aerogel as oil removing absorbents. J Hazard Mater. 2020;388:121804. https://doi.org/10.1016/j.jhazmat.2019.121804.
Shen J,Yan B, Shi M, Ma H, Li N, Ye M. Synthesis of graphene oxide-based biocomposites through diimide-activated amidation. J Colloid
Interface Sci. 2011;356:543-9. https://doi.org/10.1016/j.jcis.2011.01.052.

Wang D, Jin Z, Pang X, Jiang X, Lu Y, Shen L. Fabrication and functionalization of biological graphene aerogel by reusing microorganism
in activated sludge and ionic dyes. Chem Eng J. 2020;392:124823. https://doi.org/10.1016/j.cej.2020.124823.

XuY,Wu Q, SunY, Bai H, Shi G. Three-dimensional self-assembly of graphene oxide and DNA into multifunctional hydrogels. ACS Nano.
2010;4:7358-62. https://doi.org/10.1021/nn1027104.

Kamble GS. Introductory chapter: graphene oxide: applications and opportunities. In: Kamble G, editor. Graphene oxide. London: InTech;
2018. p. 116-24. https://doi.org/10.5772/intechopen.79640.

ChenY,YangL, XuS,Han S, Chu S, Wang Z, Jiang C. Ultralight aerogel based on molecular-modified poly(m-phenylenediamine) crosslink-
ing with polyvinyl alcohol/graphene oxide for flow adsorption. RSC Adv. 2019;9:22950-6. https://doi.org/10.1039/C9RA04207E.

Sui Z-Y,Wang C, Yang Q-S, Shu K, Liu Y-W, Han B-H, Wallace GG. A highly nitrogen-doped porous graphene—an anode material for lithium
ion batteries. J Mater Chem A. 2015;3:18229-37. https://doi.org/10.1039/C5TA05759K.

Elaloui E, Pierre AC, Pajonk GM. Influence of the sol-gel processing method on the structure and the porous texture of nondoped alu-
minas. J Catal. 1997;166:340-6. https://doi.org/10.1006/jcat.1997.1540.

Lai KC, Hiew BYZ, Lee LY, Gan S, Thangalazhy-Gopakumar S, Chiu WS, Khiew PS. Ice-templated graphene oxide/chitosan aerogel as an
effective adsorbent for sequestration of metanil yellow dye. Bioresour Technol. 2019;274:134-44. https://doi.org/10.1016/j.biortech.
2018.11.048.

de Luna MS, Ascione C, Santillo C, Verdolotti L, Lavorgna M, Buonocore GG, Castaldo R, Filippone G, Xia H, Ambrosio L. Optimization
of dye adsorption capacity and mechanical strength of chitosan aerogels through crosslinking strategy and graphene oxide addition.
Carbohydr Polym. 2019;211:195-203. https://doi.org/10.1016/j.carbpol.2019.02.002.

Zhao C, Yu C, Zhang M, Yang J, Liu S, Li M, Han X, Dong Y, Qiu J. Tailor-made graphene aerogels with inbuilt baffle plates by charge-
induced template-directed assembly for high-performance Li-S batteries. J Mater Chem A. 2015;3:21842-8. https://doi.org/10.1039/
C5TA05146K.

Qiu H-J, Liu L, Wang Y. Template-directed fabrication of 3D graphene-based composite and their electrochemical energy-related applica-
tions. Sci Bull. 2016;61:443-50. https://doi.org/10.1007/511434-016-1024-z.

Rethinasabapathy M, Kang S-M, Jang S-C, Huh YS. Three-dimensional porous graphene materials for environmental applications. Carbon
Lett. 2017;22:1-13. https://doi.org/10.5714/CL.2017.22.001.

Wang Z, Shen X, Han NM, Liu X, Wu Y, Ye W, Kim J-K. Ultralow electrical percolation in graphene aerogel/epoxy composites. Chem Mater.
2016;28:6731-41. https://doi.org/10.1021/acs.chemmater.6b03206.

Attaran M. The rise of 3-D printing: the advantages of additive manufacturing over traditional manufacturing. Bus Horiz. 2017;60:677-88.
https://doi.org/10.1016/j.bushor.2017.05.011.

Smay JE, Gratson GM, Shepherd RF, Cesarano lii J, Lewis JA. Directed colloidal assembly of 3D periodic structures. Adv Mater.
2002;14:1279-83. https://doi.org/10.1002/1521-4095(20020916)14:18%3c1279::AID-ADMA1279%3e3.0.CO;2-A.

Lewis JA. Direct ink writing of 3D functional materials. Adv Funct Mater. 2006;16:2193-204. https://doi.org/10.1002/adfm.200600434.
Jiang Y, Xu Z, Huang T, Liu Y, Guo F, Xi J, Gao W, Gao C. Direct 3D printing of ultralight graphene oxide aerogel microlattices. Adv Funct
Mater. 2018. https://doi.org/10.1002/adfm.201707024.

Melchels FPW, Feijen J, Grijpma DW. A review on stereolithography and its applications in biomedical engineering. Biomaterials.
2010;31:6121-30. https://doi.org/10.1016/j.biomaterials.2010.04.050.

Guo B, Liang G, Yu S, Wang Y, Zhi C, Bai J. 3D printing of reduced graphene oxide aerogels for energy storage devices: a paradigm from
materials and technologies to applications. Energy Storage Mater. 2021;39:146-65. https://doi.org/10.1016/j.ensm.2021.04.021.
Hensleigh RM, Cui H, Oakdale JS, Ye JC, Campbell PG, Duoss EB, Spadaccini CM, Zheng X, Worsley MA. Additive manufacturing of complex
micro-architected graphene aerogels. Mater Horiz. 2018;5:1035-41. https://doi.org/10.1039/C8MH00668G.

Allen MJ, Tung VC, Kaner RB. Honeycomb carbon: a review of graphene. Chem Rev. 2010;110:132-45. https://doi.org/10.1021/cr900
070d.

Geim AK, Novoselov KS. The rise of graphene. Nat Mater. 2007;6:183-91. https://doi.org/10.1038/nmat1849.

Zhou'Y, He J, Chen R, Li X. Recent advances in biomass-derived graphene and carbon nanotubes. Mater Today Sustain. 2022;18:100138.
https://doi.org/10.1016/j.mtsust.2022.100138.

Chin BLF, Loy ACM, Cheah KW, Chan YH, Lock SSM, Yiin CL. Graphene-based nanomaterials for CO, capture and conversion. In: Mazari
SA, Mubarak NM, Tripathi M, editors. Nanomaterials for carbon dioxide capture and conversion technologies. Amsterdam: Elsevier; 2023.
p. 211-43. https://doi.org/10.1016/B978-0-323-89851-5.00011-1.

Vasseghian Y, Dragoi E-N, Aimomani F, Le VT. Graphene derivatives in bioplastic: a comprehensive review of properties and future per-
spectives. Chemosphere. 2022;286:131892. https://doi.org/10.1016/j.chemosphere.2021.131892.

Tichapondwa SM, Tshemese S, Mhike W. Adsorption of phenol and chromium (V1) pollutants in wastewater using exfoliated graphite.
Chem Eng Trans. 2018;70:847-52.

Tshemese SJ, Mhike W, Tichapondwa SM. Adsorption of phenol and chromium (V1) from aqueous solution using exfoliated graphite:
equilibrium, kinetics and thermodynamic studies. Arab J Chem. 2021;14:103160. https://doi.org/10.1016/j.arabjc.2021.103160.
Tshemese SJ, Mlaba TT, Tichapondwa SM, Mhike W. Removal of chromium (VI) from aqueous solution using exfoliated graphite/poly-
aniline composite. Chem Eng Trans. 2020;81:565-70. https://doi.org/10.3303/CET2081095.

Maleki H, Huising N. Aerogels as promising materials for environmental remediation—a broad insight into the environmental pollut-
ants removal through adsorption and (photo)catalytic processes. In: Hussain CM, Mishra AK, editors. New polymer nanocomposites for
environmental remediation. Amsterdam: Elsevier; 2018. p. 389-436. https://doi.org/10.1016/B978-0-12-811033-1.00016-0.

@ Discover


https://doi.org/10.3390/polym12092169
https://doi.org/10.1016/j.jhazmat.2019.121804
https://doi.org/10.1016/j.jcis.2011.01.052
https://doi.org/10.1016/j.cej.2020.124823
https://doi.org/10.1021/nn1027104
https://doi.org/10.5772/intechopen.79640
https://doi.org/10.1039/C9RA04207E
https://doi.org/10.1039/C5TA05759K
https://doi.org/10.1006/jcat.1997.1540
https://doi.org/10.1016/j.biortech.2018.11.048
https://doi.org/10.1016/j.biortech.2018.11.048
https://doi.org/10.1016/j.carbpol.2019.02.002
https://doi.org/10.1039/C5TA05146K
https://doi.org/10.1039/C5TA05146K
https://doi.org/10.1007/s11434-016-1024-z
https://doi.org/10.5714/CL.2017.22.001
https://doi.org/10.1021/acs.chemmater.6b03206
https://doi.org/10.1016/j.bushor.2017.05.011
https://doi.org/10.1002/1521-4095(20020916)14:18%3c1279::AID-ADMA1279%3e3.0.CO;2-A
https://doi.org/10.1002/adfm.200600434
https://doi.org/10.1002/adfm.201707024
https://doi.org/10.1016/j.biomaterials.2010.04.050
https://doi.org/10.1016/j.ensm.2021.04.021
https://doi.org/10.1039/C8MH00668G
https://doi.org/10.1021/cr900070d
https://doi.org/10.1021/cr900070d
https://doi.org/10.1038/nmat1849
https://doi.org/10.1016/j.mtsust.2022.100138
https://doi.org/10.1016/B978-0-323-89851-5.00011-1
https://doi.org/10.1016/j.chemosphere.2021.131892
https://doi.org/10.1016/j.arabjc.2021.103160
https://doi.org/10.3303/CET2081095
https://doi.org/10.1016/B978-0-12-811033-1.00016-0

Review Discover Materials (2024) 4:23 | https://doi.org/10.1007/543939-024-00097-3

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.
158.

Luo J, Fan C, Xiao Z, Sun T, Zhou X. Novel graphene oxide/carboxymethyl chitosan aerogels via vacuum-assisted self-assembly for
heavy metal adsorption capacity. Colloids Surf A Physicochem Eng Asp. 2019;578:123584. https://doi.org/10.1016/j.colsurfa.2019.
123584.

Yu B, Xu J, Liu J-H, Yang S-T, Luo J, Zhou Q, Wan J, Liao R, Wang H, Liu Y. Adsorption behavior of copper ions on graphene oxide—chitosan
aerogel. J Environ Chem Eng. 2013;1:1044-50. https://doi.org/10.1016/j.jece.2013.08.017.

Liu J, Ge X, Ye X, Wang G, Zhang H, Zhou H, Zhang Y, Zhao H. 3D graphene/8-MnO, aerogels for highly efficient and reversible removal
of heavy metal ions. J Mater Chem A. 2016;4:1970-9. https://doi.org/10.1039/C5TA08106H.

Chen J, Liang Q, Ploychompoo S, Luo H. Functional rGO aerogel as a potential adsorbent for removing hazardous hexavalent chromium:
adsorption performance and mechanism. Environ Sci Pollut Res. 2020;27:10715-28. https://doi.org/10.1007/511356-019-07365-3.
Chen C, Li F, Zhang Y, Wang B, Fan Y, Wang X, Sun R. Compressive, ultralight and fire-resistant lignin-modified graphene aerogels as
recyclable absorbents for oil and organic solvents. Chem Eng J. 2018;350:173-80. https://doi.org/10.1016/j.cej.2018.05.189.

Xiao J, Lv W, Song Y, Zheng Q. Graphene/nanofiber aerogels: performance regulation towards multiple applications in dye adsorption
and oil/water separation. Chem Eng J. 2018;338:202-10. https://doi.org/10.1016/j.cej.2017.12.156.

Zhao L, Dong P, Xie J, Li J, Wu L, Yang S-T, Luo J. Porous graphene oxide-chitosan aerogel for tetracycline removal. Mater Res Express.
2013;1:015601. https://doi.org/10.1088/2053-1591/1/1/015601.

MaT, Kong Y, Liu H, Xu X, Yue Q, Gao B, Gao Y. One-step synthesis of Enteromorpha graphene aerogel modified by hydrophilic polyeth-
ylene glycol achieving high evaporation efficiency and pollutant tolerance. J Colloid Interface Sci. 2023;633:6283-9. https://doi.org/10.
1016/j.jcis.2022.11.145.

Hoviatdoost A, Naderi M, Ghazitabar A, Gholami F. Fabrication of high-performance ultralight and reusable graphene aerogel/cellulose
fibers nanocomposite to remove organic pollutants. Mater Today Commun. 2023;34:105077. https://doi.org/10.1016/j.mtcomm.2022.
105077.

Takeno H, Inoguchi H, Hsieh W-C. Mechanical and structural properties of cellulose nanofiber/poly(vinyl alcohol) hydrogels cross-linked
by a freezing/thawing method and borax. Cellulose. 2020;27:4373-87. https://doi.org/10.1007/510570-020-03083-z.

Shadkam R, Naderi M, Ghazitabar A, Akbari S. Adsorption performance of reduced graphene-oxide/cellulose nano-crystal hybrid aerogels
reinforced with waste-paper extracted cellulose-fibers for the removal of toluene pollution. Mater Today Commun. 2021;28:102610.
https://doi.org/10.1016/j.mtcomm.2021.102610.

Mi H-Y, Jing X, Politowicz AL, Chen E, Huang H-X, Turng L-S. Highly compressible ultra-light anisotropic cellulose/graphene aerogel
fabricated by bidirectional freeze drying for selective oil absorption. Carbon. 2018;132:199-209. https://doi.org/10.1016/j.carbon.2018.
02.033.

lllera D, Wickramaratne C, Guillen D, Jotshi C, Gomez H, Goswami DY. Stabilization of graphene dispersions by cellulose nanocrystals
colloids. In: International Mechanical Engineering Congress and Exposition, Pittsburgh, PA, USA, November 9-15, 2018. https://doi.org/
10.1115/IMECE2018-87830.

Ghazitabar A, Naderi M, Fatmehsari HD. A facile chemical route for synthesis of nitrogen-doped graphene aerogel decorated by Co;0,
nanoparticles. Ceram Int. 2018;44:23162-71. https://doi.org/10.1016/j.ceramint.2018.09.126.

Troncoso OP, Torres FG. Bacterial cellulose-graphene based nanocomposites. Int J Mol Sci. 2020;21:6532. https://doi.org/10.3390/ijms2
1186532.

Moharram MAK, Tohami K, El Hotaby WM, Bakr AM. Graphene oxide porous crosslinked cellulose nanocomposite microspheres for lead
removal: kinetic study. React Funct Polym. 2016;101:9-19. https://doi.org/10.1016/j.reactfunctpolym.2016.02.001.

Pinto SC, Goncalves G, Sandoval S, Lopez-Periago AM, Borras A, Domingo C, Tobias G, Duarte |, Vicente R, Marques P. Bacterial cellulose/
graphene oxide aerogels with enhanced dimensional and thermal stability. Carbohydr Polym. 2020;230:115598. https://doi.org/10.
1016/j.carbpol.2019.115598.

Pircher N, Veigel S, Aigner N, Nedelec JM, Rosenau T, Liebner F. Reinforcement of bacterial cellulose aerogels with biocompatible poly-
mers. Carbohydr Polym. 2014;111:505-13. https://doi.org/10.1016/j.carbpol.2014.04.029.

Xia L, Li X, Wu X, Huang L, Liao Y, Qing Y, Wu Y, Lu X. Fe;0, nanoparticles embedded in cellulose nanofibre/graphite carbon hybrid aerogels
as advanced negative electrodes for flexible asymmetric supercapacitors. J Mater Chem A. 2018;6:17378-88. https://doi.org/10.1039/
C8TA05678A.

Arabkhani P, Asfaram A. Development of a novel three-dimensional magnetic polymer aerogel as an efficient adsorbent for malachite
green removal. J Hazard Mater. 2020;384:121394. https://doi.org/10.1016/j.jhazmat.2019.121394.

Ghazitabar A, Naderi M, Fatmehsari Haghshenas D, Alijani AD. Graphene aerogel/cellulose fibers/magnetite nanoparticles (GCM) com-
posite as an effective Au adsorbent from cyanide solution with favorable electrochemical property. J Mol Lig. 2020;314:113792. https://
doi.org/10.1016/j.molliq.2020.113792.

Joshi P, Sharma OP, Ganguly SK, Srivastava M, Khatri OP. Fruit waste-derived cellulose and graphene-based aerogels: plausible adsorption
pathways for fast and efficient removal of organic dyes. J Colloid Interface Sci. 2022;608:2870-83. https://doi.org/10.1016/j.jcis.2021.11.
016.

Geng B,Wang H, Wu S, Ru J, Tong C, Chen Y, Liu H, Wu S, Liu X. Surface-tailored nanocellulose aerogels with thiol-functional moieties for
highly efficient and selective removal of Hg(ll) ions from water. ACS Sustain Chem Eng. 2017;5:11715-26. https://doi.org/10.1021/acssu
schemeng.7b03188.

Berber MR. Current advances of polymer composites for water treatment and desalination. J Chem. 2020;2020:1-19. https://doi.org/10.
1155/2020/7608423.

Sharma G, Sharma S, Kumar A, Lai CW, Naushad M, Shehnaz, Igbal J, Stadler FJ. Activated carbon as superadsorbent and sustainable
material for diverse applications. Adsorpt Sci Technol. 2022;2022:1-21. https://doi.org/10.1155/2022/4184809.

El-Ghoul Y, AIminderej FM, Alsubaie FM, Alrasheed R, AlImousa NH. Recent advances in functional polymer materials for energy, water,
and biomedical applications: a review. Polymers. 2021;13:4327. https://doi.org/10.3390/polym13244327.

Gan YX. Activated carbon from biomass sustainable sources. C. 2021;7:39. https://doi.org/10.3390/c7020039.

Soonmin H, Kabbashi NA. Review on activated carbon: synthesis, properties and applications. SSRG Int J Eng Trends Technol. 2021;69:124-
39. https://doi.org/10.14445/22315381/IJETT-V69I9P216.

@ Discover


https://doi.org/10.1016/j.colsurfa.2019.123584
https://doi.org/10.1016/j.colsurfa.2019.123584
https://doi.org/10.1016/j.jece.2013.08.017
https://doi.org/10.1039/C5TA08106H
https://doi.org/10.1007/s11356-019-07365-3
https://doi.org/10.1016/j.cej.2018.05.189
https://doi.org/10.1016/j.cej.2017.12.156
https://doi.org/10.1088/2053-1591/1/1/015601
https://doi.org/10.1016/j.jcis.2022.11.145
https://doi.org/10.1016/j.jcis.2022.11.145
https://doi.org/10.1016/j.mtcomm.2022.105077
https://doi.org/10.1016/j.mtcomm.2022.105077
https://doi.org/10.1007/s10570-020-03083-z
https://doi.org/10.1016/j.mtcomm.2021.102610
https://doi.org/10.1016/j.carbon.2018.02.033
https://doi.org/10.1016/j.carbon.2018.02.033
https://doi.org/10.1115/IMECE2018-87830
https://doi.org/10.1115/IMECE2018-87830
https://doi.org/10.1016/j.ceramint.2018.09.126
https://doi.org/10.3390/ijms21186532
https://doi.org/10.3390/ijms21186532
https://doi.org/10.1016/j.reactfunctpolym.2016.02.001
https://doi.org/10.1016/j.carbpol.2019.115598
https://doi.org/10.1016/j.carbpol.2019.115598
https://doi.org/10.1016/j.carbpol.2014.04.029
https://doi.org/10.1039/C8TA05678A
https://doi.org/10.1039/C8TA05678A
https://doi.org/10.1016/j.jhazmat.2019.121394
https://doi.org/10.1016/j.molliq.2020.113792
https://doi.org/10.1016/j.molliq.2020.113792
https://doi.org/10.1016/j.jcis.2021.11.016
https://doi.org/10.1016/j.jcis.2021.11.016
https://doi.org/10.1021/acssuschemeng.7b03188
https://doi.org/10.1021/acssuschemeng.7b03188
https://doi.org/10.1155/2020/7608423
https://doi.org/10.1155/2020/7608423
https://doi.org/10.1155/2022/4184809
https://doi.org/10.3390/polym13244327
https://doi.org/10.3390/c7020039
https://doi.org/10.14445/22315381/IJETT-V69I9P216

Discover Materials (2024) 4:23 | https://doi.org/10.1007/543939-024-00097-3 Review

159.

160.

161.

162.

163.

164.

Khoo PS, llyas RA, Uda MNA, Hassan SA, Nordin AH, Norfarhana AS, Ab Hamid NH, Rani MSA, Abral H, Norrrahim MNF, et al. Starch-based
polymer materials as advanced adsorbents for sustainable water treatment: current status, challenges, and future perspectives. Polymers.
2023;15:3114. https://doi.org/10.3390/polym15143114.

Sarnatskaya V, Shlapa Y, Lykhova A, Brieieva O, Prokopenko I, Sidorenko A, Solopan S, Kolesnik D, Belous A, Nikolaev V. Structure and
biological activity of particles produced from highly activated carbon adsorbent. Heliyon. 2022;8: e09163. https://doi.org/10.1016/j.
heliyon.2022.e09163.

Levchuk I, Rueda Mérquez JJ, Sillanpaa M. Removal of natural organic matter (NOM) from water by ion exchange—a review. Chemos-
phere. 2018;192:90-104. https://doi.org/10.1016/j.chemosphere.2017.10.101.

Gifford M, Chester M, Hristovski K, Westerhoff P. Human health tradeoffs in wellhead drinking water treatment: comparing exposure
reduction to embedded life cycle risks. Water Res. 2018;128:246-54. https://doi.org/10.1016/j.watres.2017.10.014.

Ma R, Qin X, Liu Z, Fu Y. Adsorption property, kinetic and equilibrium studies of activated carbon fiber prepared from liquefied wood by
Zncl2 activation. Materials. 2019;12:1377. https://doi.org/10.3390/ma12091377.

Rea JC, Moreno GT, Lou Y, Farnan D. Validation of a pH gradient-based ion-exchange chromatography method for high-resolution
monoclonal antibody charge variant separations. J Pharm Biomed Anal. 2011;54:317-23. https://doi.org/10.1016/j.jpba.2010.08.030.

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

@ Discover


https://doi.org/10.3390/polym15143114
https://doi.org/10.1016/j.heliyon.2022.e09163
https://doi.org/10.1016/j.heliyon.2022.e09163
https://doi.org/10.1016/j.chemosphere.2017.10.101
https://doi.org/10.1016/j.watres.2017.10.014
https://doi.org/10.3390/ma12091377
https://doi.org/10.1016/j.jpba.2010.08.030

	Cellulose, graphene and graphene-cellulose composite aerogels and their application in water treatment: a review
	Abstract
	1 Introduction
	2 Aerogel fabrication methods
	2.1 Synthesis
	2.2 Aging
	2.3 Drying

	3 Properties of aerogels
	4 Applications of aerogels in water and wastewater treatment
	4.1 Cellulose based aerogels
	4.1.1 Production of cellulose based aerogels
	4.1.2 Application of cellulose based aerogels in water treatment

	4.2 Graphene based aerogels
	4.2.1 Production methods for graphene-based aerogels
	4.2.2 Application of graphene-based aerogels in water treatment

	4.3 Graphene and cellulose composite aerogels
	4.3.1 Synthesis of graphene-cellulose composite aerogels
	4.3.2 Application of graphene-cellulose composite aerogels in waste water treatment


	5 Discussion: future prospects of cellulose and graphene-based aerogels in wastewater treatment
	5.1 Cellulose based aerogels
	5.2 Graphene based aerogels
	5.3 Graphene-cellulose composite aerogels
	5.4 Developmental trends in aerogels for water treatment applications
	5.5 Future direction in the application of aerogels in water treatment
	5.6 Future applications of aerogels in small scale and large-scale water purification systems
	5.7 Scaling-up and the environmental impact of producing aerogels

	6 Conclusions
	References


